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Abstract 
As a natural climate solution, soil organic carbon (SOC) sequestration in 

agroecosystem contributes to the achievement of global climate goals. Paddy soils 

store a huge amount of SOC and play a pivotal role in providing ecosystem services 

(e.g. climate change mitigation and food security). Exploring the magnitude of SOC 

sequestration in paddies as well as its benefits on crop production is vital for 

developing strategies to mitigate climate change and ensure food security. Climate 

change poses a great threat to global food security, and developing climate change 

mitigation strategies is imperative to improve the sustainability and resiliency of 

agriculture.  

In this study, a dataset from seven long-term field experiments (since 1980s/1990s) 

in paddies in the Yangtze River Basin was established. We explored the characteristics 

of SOC sequestration and crop yield as well as their driving factors under different 

fertilisation treatments (CK: no fertiliser application, NPK: application of chemical 

nitrogen, phosphorus and potassium fertilisers, M: application of manure; NPKM: a 

combination of NPK and M) in two rice-based cropping systems (R–W: middle rice–

winter wheat system, R–R: early rice–late rice system). The sustainable yield index 

(SYI) and the coefficient of variation (CV) were used to quantify yield sustainability 

and stability. Random forest (RF) and structural equation modelling (SEM) were 

conducted to quantify the relative importance of different driving factors and their 

direct and indirect effects on SOC sequestration and yield. To identify climate change 

feedback and propose climate change mitigation strategies in the future (2024–2100), 

we calibrated and validated the process-based model SPACSYS with dataset from 

long-term (>30 years) field experiment in R–W system in Southwest China. Two 

future climate change scenarios (SSP1–2.6 and SSP5–8.5) and baseline scenario and 

three mitigation management scenarios including reduced N application rate by 20 % 

(RNA), the introduction of mid-season drainage (MSD) and integrated management 

combining RNA with MSD (IM) were conducted. The main results are as follows:  

(1). The topsoil SOC stock (0–20 cm) significantly increased by 8.6 t ha–1 on average 

under NPKM treatment in R–W system and by 2.5–6.4 t ha–1 on average under 

NPK and NPKM treatments in R–R system compared with CK treatment during 

the last four decades. A higher SOC sequestration rate and a longer SOC 

sequestration duration were found in NPKM treatment than that in NPK 

treatment in both systems. The fertilisation-induced increases of the SOC stock 

in the R–W system (NPK: 15.5 %, NPKM: 31.5 %) were higher than that in the 

R–R system (NPK: 7.4 %, NPKM: 21.6 %). The SEM analysis indicates that soil 

properties, especially initial SOC content, determine the difference in SOC 

sequestration between the two systems.  

(2). The NPKM treatment produced the highest grain yields for both rice and wheat 

in the two systems, followed by NPK/M and CK treatments. The NPK and 

NPKM treatments generally had higher SYI (0.34–0.74) and lower CV (11–32 %) 

than the M and CK treatments (SYI: 0.29–0.62 and CV: 15–44 %). Crop grain 

yields were significantly increased with increasing SOC stock (0–20 cm) and 
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followed a logarithmic regression in both systems. SEM analysis revealed that 

SOC had indirect (through improvements in soil properties) positive impacts on 

crop yields in the R–R system. 

(3). The SPACSYS model performed effectively in simulating yield and nitrogen 

content in grain and straw, SOC stock and methane (CH4) and nitrous oxide (N2O) 

emissions in R–W system. Compared to the baseline scenario, the climate under 

the SSP1–2.6 scenario considering the carbon dioxide (CO2) fertilisation effects 

may benefit wheat yield (28 %) and had no effects on rice yield. In contrast, 

under SSP5–8.5 scenario, whether CO2 fertilisation effects are considered or not, 

both rice and wheat yield could face great loss (i.e., 11.8–29.9 % for rice, 8.3–

19.4 % for wheat). The winter wheat would not be suitable for planting in the 

distant future (2070–2100) due to the incomplete vernalisation caused by 

warming. The switching from winter wheat to spring wheat from 2070 onward 

could totally avoid the yield loss. Under SSP1–2.6 and SSP5–8.5 scenarios, the 

SOC sequestration rate (0–20 cm) could decrease, the IM scenarios could 

significantly reduce CH4 emissions by 55 % and 57 % and N2O emissions by 

23 %, as such reducing the net global warming potential by 69 % compared to 

no adaptation. 

In conclusion, our study reveals that manure amendment on the basis of chemical 

fertilisation is beneficial for both SOC sequestration and crop production in paddies. 

There is a synergy between SOC stock and crop production. In future, crop 

substitution combined with integrated management can achieve the synergy between 

global warming mitigation and food security services from rice paddies in Southwest 

China. Our study provides insights into sustainable agricultural management for food 

security and ecosystem services in paddies. 

Keywords: Food Security; Global Warming Mitigation; Soil organic carbon; Crop 

yield; Greenhouse gas emissions; Process-based model
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Résumé 
La séquestration du carbone organique dans les sols (SOC) des agroécosystèmes 

contribue à la réalisation des objectifs climatiques mondiaux. Les sols de rizières 

peuvent stocker une énorme quantité de SOC et jouent un rôle central dans la 

fourniture de services écosystémiques (par exemple, l’atténuation du changement 

climatique et la sécurité alimentaire). Il est essentiel d’évaluer l’état et le potentiel de 

séquestration du SOC dans les champs ainsi que ses bénéfices sur la production 

agricole pour élaborer des stratégies visant à atténuer le changement climatique et à 

assurer la sécurité alimentaire. Le changement climatique représente une grande 

menace pour la sécurité alimentaire mondiale, et le développement de stratégies 

d’atténuation du changement climatique est en effet impératif pour améliorer la 

durabilité et la résilience de l’agriculture. 

Dans cette étude, une base de données provenant de sept dispositifs expérimentaux 

de terrain de longue durée (depuis les années 1980 /1990) dans le bassin du fleuve 

Yangtze a été établie. Nous avons exploré les caractéristiques liées à la séquestration 

du SOC et au rendement des cultures ainsi que leurs facteurs moteurs sous différents 

traitements de fertilisation (CK: pas d’application d’engrais, NPK: application 

d’engrais chimiques d’azote, de phosphore et de potassium, M: application de fumier; 

NPKM: combinaison de NPK et de M) dans deux systèmes de culture à base de riz 

(R–W: système moyen riz - blé d’hiver, R–R: système de riz précoce et de riz tardif). 

L’indice de rendement durable (SYI) et le coefficient de variation (CV) ont été utilisés 

pour quantifier la durabilité et la stabilité du rendement. Des modélisations par forêts 

aléatoires (RF) et sous forme d’équations structurelles (SEM) ont été effectuées pour 

quantifier l’importance relative des différents facteurs et leurs effets directs et 

indirects sur la séquestration du SOC et le rendement. Afin d’identifier les rétroactions 

sur le changement climatique et de proposer des stratégies d’atténuation du 

changement climatique dans le futur (2024–2100), nous avons calibré et validé le 

modèle SPACSYS à l’aide d’un ensemble de données provenant d’expériences de 

terrain à long terme (>30 ans) dans un système de R–W dans le sud-ouest de la Chine. 

Deux scénarios de changements climatiques futurs (SSP1–2.6 et SSP5–8.5), le 

scénario de référence et trois scénarios de gestion d’atténuation, y compris la 

réduction du taux d’application de N de 20 % (RNA), l’introduction du drainage à mi-

saison (MSD) et la gestion intégrée combinant RNA et MSD (IM) ont été réalisés. 

Les principaux résultats sont les suivants: 

(1). Le stock de SOC de la couche arable (0–20 cm) a augmenté de manière 

significative de 8.6 t ha–1 en moyenne sous traitement NPKM dans le système R–

W et de 2.5 à 6.4 t ha–1 en moyenne sous traitement NPK et NPKM dans le 

système R–R par rapport au traitement CK au cours des quatre dernières 

décennies. Un taux de séquestration du SOC plus élevé et une durée de 

séquestration du SOC plus longue ont été observés dans le traitement NPKM par 

rapport au traitement NPK dans les deux systèmes. Les augmentations induites 

par la fertilisation du stock de SOC dans le système R–W (NPK: 15.5 %, NPKM: 

31.5 %) étaient plus élevées que dans le système R–R (NPK: 7.4 %, NPKM: 
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21.6 %). L’analyse par SEM indique que les propriétés du sol, en particulier la 

teneur initiale en SOC, déterminent la différence de séquestration du SOC entre 

les deux systèmes. 

(2). Le traitement NPKM a produit les rendements céréaliers les plus élevés pour le 

riz et le blé dans les deux systèmes, suivi des traitements NPK/M et CK. Les 

traitements NPK et NPKM présentaient généralement un SYI plus élevé (0.34–

0.74) et un CV plus bas (11–32 %) que les traitements M et CK (SYI: 0.29–0.62 

et CV: 15–44 %). Les rendements céréaliers ont augmenté de façon significative 

avec l’augmentation du stock SOC (0–20 cm) et ont suivi une régression 

logarithmique dans les deux systèmes. L’analyse par SEM a montré que le SOC 

avait des effets positifs indirects (grâce à l’amélioration des propriétés du sol) 

sur les rendements des cultures dans le système R–R. 

(3). Le modèle SPACSYS a réussi à simuler efficacement le rendement et la teneur 

en azote dans le grain et la paille, le stock de SOC et les émissions de méthane 

(CH4) et d’oxyde nitreux (N2O) dans le système R–W. Par rapport au scénario 

de référence, le climat dans le scénario SSP1–2.6 prenant en compte les effets de 

fertilisation du dioxyde de carbone (CO2) pourrait être bénéfique pour le 

rendement du blé (28 %) et n’a eu aucun effet sur le rendement du riz. En 

revanche, dans le scénario SSP5–8.5, que les effets de fertilisation par le CO2 

soient pris en compte ou non, le rendement du riz et du blé pourrait subir de fortes 

pertes (11.8 à 29.9 % pour le riz, 8.3 à 19.4 % pour le blé). Le blé d’hiver ne 

serait pas adapté à la plantation dans un avenir lointain (2070–2100) en raison de 

la vernalisation incomplète causée par le réchauffement climatique. Le passage 

du blé d’hiver au blé de printemps à partir de 2070 pourrait totalement éviter la 

perte de rendement. Dans les scénarios SSP1–2.6 et SSP5–8.5, le taux de 

séquestration du SOC (0–20 cm) pourrait diminuer, les scénarios IM pourraient 

réduire considérablement les émissions de CH4 de 55 % et 57 % et les émissions 

de N2O de 23 %, réduisant ainsi le potentiel net de réchauffement planétaire de 

69 % par rapport à l’absence d’adaptation. 

En conclusion, notre étude montre que l’amendement avec du fumier en 

complément de la fertilisation chimique est bénéfique tant pour la séquestration du 

SOC que pour la production agricole dans les rizières. Il existe une synergie entre le 

stock de SOC et la production végétale. À l’avenir, la substitution des cultures 

combinée à la gestion intégrée peut créer une synergie entre l’atténuation du 

réchauffement climatique et les services de sécurité alimentaire des rizières du sud-

ouest de la Chine. Notre étude fournit un aperçu d’une gestion agricole durable pour 

la sécurité alimentaire et les services écosystémiques dans les agrosystèmes rizicoles. 

Mots clés: Sécurité alimentaire; Atténuation du réchauffement climatique; Carbone 

organique du sol; Rendement des cultures; Émissions de gaz à effet de serre; Modèle 

basé sur les processus



 

V 

 

Acknowledgements 
It has been a precious journey in persuing my doctoral degree. I would like to 

express my sincere gratitude to the people who supported and helped me throughout 

this journey. 

I would like to express my deepest gratitude to my supervisors Prof. Gilles Colinet 

and Prof. Shuxiang Zhang for their invaluable supervision, exceptional academic 

expertise, and constant support during the course of my PhD degree. Their insights 

and dedication have been pivotal to the success of this study. I would also like to 

extend my sincere thanks to Prof. Nan Sun and Prof. Minggang Xu for their expert 

guidance, constructive feedback, and unwavering support all through my studies. 

Special thanks to Prof. Nan Sun, her boundless patience, understanding, and 

encouragement have been the cornerstones of my PhD journey. I’m particularly 

grateful to Prof. Jeroen Meersmans for his expert advice, insightful discussions, 

positive energy and enthusiasm. His guidance and encouragement have been 

invaluable. I want to express my heartfelt appreciation to Prof. Lianhai Wu for his 

profound knowledge, rigorous scientific attitude, and thought-provoking questions, 

which have made significant contributions to publications during my PhD. I am also 

thankful to all the thesis committee and jury members Prof. Bernard Longdoz, Prof. 

Joost Wellens, Prof. Jan Bogaert and Prof. Georges Martial Ndzana for their valuable 

comments and suggestions throughout this academic pursuit, which have helped to 

improve the quality of my work.  

I would like to thank the China Scholarship Council for the funding opportunity to 

undertake my studies at Water, Soil & Plant Exchanges Laboratory at Gembloux 

Agro-Bio Tech, University of Liège (ULiège). Additionally, thanks to the Institute of 

Agricultural Resources and Regional Planning, Chinese Academy of Agricultural 

Sciences (CAAS) for providing the valuable opportunity to study abroad. Thanks to 

Mr. Mingjun Zhang for organising this wonderful joint PhD program between ULiège 

and CAAS.  

I acknowledge the financial support I received from the National Key Research and 

Development Program of China (2021YFD1901205), the National Natural Science 

Foundation of China (42177341), the UK–China Joint Centre for Sustainable 

Intensification in Agriculture (CSIA) and National Key R&D Program of China 

(2021YFD190100202). Thanks to all the colleagues from the long-term fertilisation 

experimental sites for their support. 

Thanks to teachers Prof. Wenju Zhang, Prof. Changai Lu, Prof. Huimin Zhang, Prof. 

Yinghua Duan, Prof. XiaoJun Shi, Prof. Chunsheng Hu, Zhijian Mu, Junqi Yang, Lei 

Wu, Chuang Liu, Andong Cai, Bin Wang, Xianmei Zhang, Xubo Zhang, for their 

constructive comments and motivation in my studies.  

I would like to thank my friends, colleagues and research team – Hu Xu, Qiong 

Wang, Shuo Liang, Sibylle Comeliau, Katia Berghmans, Nicolas Kovacs, Xingjuan 

Zhu, Mengni Zhang, Xulun Man, Yangyang Liu, Hongbo Yang, Ning Ding, 

Shengchang Huai, Xin Li, Yuqiao Long, Jinshan Lian, He Zhang, Tao Sun, Qiqi 

Wang, Jintong Zhao, Zixin Li, for a cherished time spent together in Belgium. And 



 

VI 

 

thanks to Lingyun Tang, Fengling Ren, Yalin Li, Jianghua Jiao, Xinchun Gu, Yashi 

Zhang, Luping Zhang, Miaomiao Li, Naiyu Zhang, Ran Li, Yinjie Zhang, Liping Xu, 

Dou Ye, for making my academic experience and life in China truly wonderful 

through their generous help and support. 

Finally, I would like to thank my family. My parents, sisters and brother, you’ve 

supported me every step of the way. Thank you for always being there for me. Thanks 

to my niblings for bringing laughter and joy into our family.  

 

Shuhui Wang 

December 2024 in Beijing, China



 

VII 

 

Table of contents 

Abstract ................................................................................................................... I 

Résumé .................................................................................................................. III 

Acknowledgements ................................................................................................ V 

Table of contents ................................................................................................. VII 

List of figures ..................................................................................................... XIII 

List of tables ........................................................................................................ XV 

List of acronyms ................................................................................................ XVI 

Chapter 1  General introduction ................................................................................1 

1. Background .......................................................................................................3 

1.1. Rice production .........................................................................................3 

1.2. SOC sequestration .....................................................................................5 

1.3. GHG emissions in paddies ........................................................................9 

1.4. Challenges facing rice fields under climate change ................................ 12 

1.5. Adaptation and mitigation strategies ....................................................... 13 

1.6. Agroecosystem model ............................................................................. 16 

2. Scientific questions and hypotheses ................................................................ 17 

3. Overview of the study sites and experimental design ..................................... 17 



 

VIII 

 

4. SPACSYS model description ......................................................................... 23 

5. Objectives ....................................................................................................... 25 

Chapter 2  Soil organic carbon sequestration affected by fertilisation in rice-based 

cropping systems over the last four decades ............................................................. 27 

1. Introduction .................................................................................................... 30 

2. Materials and methods ................................................................................... 32 

2.1. Site description ....................................................................................... 32 

2.2. Experimental design ............................................................................... 32 

2.3. Agronomic management and soil sampling ........................................... 33 

2.4. C input .................................................................................................... 33 

2.5. Calculations ............................................................................................ 37 

2.6. Statistical analysis ................................................................................... 37 

3. Results ............................................................................................................ 38 

3.1. Average crop grain yield, straw yield and C input under different 

fertilisation treatments ...................................................................................... 38 

3.2. SOC stocks under different fertilisation treatments ................................ 40 

3.3. Relationships of SOC stock changes (0–20 cm) and its change rate with 

cumulative C input and experimental duration ................................................. 41 



 

IX 

 

3.4. SOC stock ratio and the fertilisation-induced changes of the SOC stock 

under different fertilisation treatments .............................................................. 42 

3.5. Factors driving SOC sequestration in rice-based cropping systems ........ 43 

4. Discussion ....................................................................................................... 45 

4.1. Fertilisation and crop rotation effects on SOC stock ............................... 45 

4.2. SOC sequestration rate and duration ....................................................... 45 

4.3. Factors driving SOC sequestration .......................................................... 46 

4.4. Limitation of this study ........................................................................... 47 

5. Conclusion ...................................................................................................... 47 

6. Supplementary material .................................................................................. 48 

Chapter 3  Soil organic carbon stock impacts on crop yields in rice-based cropping 

systems under different long-term fertilisation ......................................................... 55 

1. Introduction ..................................................................................................... 58 

2. Materials and methods .................................................................................... 59 

2.1. Site description ........................................................................................ 59 

2.2. Experimental design ................................................................................ 60 

2.3. Field management and measurements ..................................................... 60 

2.4. Calculation ............................................................................................... 61 



 

X 

 

2.5. Statistical analysis ................................................................................... 61 

3. Result .............................................................................................................. 62 

3.1. Relative grain yield, yield stability, and yield sustainability .................. 62 

3.2. Relationship between SOC stock and relative grain yield ...................... 64 

3.3. Factors influencing relative grain yield .................................................. 64 

4. Discussion ...................................................................................................... 66 

4.1. Fertilisation impacts on crop yield, stability, and sustainability ............. 66 

4.2. Driving factors of crop yields under long-term fertilisation ................... 67 

4.3. Contribution of SOC to crop yields ........................................................ 67 

4.4. Implications for SOC sequestration ........................................................ 68 

5. Conclusion ...................................................................................................... 69 

6. Supplementary material .................................................................................. 70 

Chapter 4  Strategies to reduce CH4 and N2O emissions whilst maintaining crop yield 

in rice–wheat system under climate change using SPACSYS model ...................... 77 

1. Introduction .................................................................................................... 80 

2. Materials and methods ................................................................................... 81 

2.1. Study site and experimental design ........................................................ 81 

2.2. Measurements ......................................................................................... 83 



 

XI 

 

2.3. The SPACSYS model .............................................................................. 84 

2.4. Model calibration and validation ............................................................. 84 

2.5. Simulation scenarios ................................................................................ 84 

2.6. Statistical analysis ................................................................................... 87 

3. Results ............................................................................................................. 87 

3.1. Model calibration and validation ............................................................. 87 

3.2. Crop grain yields under different climate change and mitigation 

management scenarios ....................................................................................... 91 

3.3. SOC stock under different climate change and mitigation management 

scenarios ............................................................................................................ 92 

3.4. CH4, N2O emissions and GWPN under different climate change and 

mitigation management scenarios ..................................................................... 93 

4. Discussion ....................................................................................................... 95 

4.1. Model performance ................................................................................. 95 

4.2. Climate change impacts on crop yields ................................................... 95 

4.3. GHG emissions mitigation under climate change ................................... 96 

4.4. Uncertainties and limitations ................................................................... 97 

5. Conclusion ...................................................................................................... 98 

6. Supplementary material .................................................................................. 99 



 

XII 

 

Chapter 5  General discussion and conclusions .................................................... 105 

1. General discussion ........................................................................................ 107 

1.1. Meeting the growing demand for crop production ............................... 107 

1.2. SOC-based strategy for climate change mitigation .............................. 108 

1.3. Synergies between food security and climate change mitigation ......... 110 

1.4. Implications for climate change mitigation policies ............................. 111 

2. General conclusions and recommendations ................................................. 112 

3. Uncertainties and perspectives ..................................................................... 114 

References .............................................................................................................. 117 

Appendix ................................................................................................................ 155 



 

XIII 

 

List of figures 
Figure 1-1: Rice harvested area (a), total production (b) and grain yield (c) in the 

world and China from 1961 to 2022 (FAO). ...............................................................4 

Figure 1-2: Percentage of rice production in different countries in 2019 (FAOSTAT, 

USDA). ........................................................................................................................5 

Figure 1-3: CH4 production, oxidation and emissions from paddies. Derived from 

(Le Mer and Roger, 2001). ........................................................................................ 10 

Figure 1-4: Microbial sources of N2O in soil. Adapted from Baggs (2008). ......... 11 

Figure 1-5: The spatial distribution of seven long-term experimental sites in both 

the middle rice–winter wheat system and early rice–late rice system located across the 

middle and lower reaches of the Yangtze River Basin.. ............................................ 18 

Figure 1-6: The structure of SPACSYS model. Adopted from Wu et al. (2007). .. 23 

Figure 1-7: The plant growth component, soil N & C component and soil water 

component of SPACSYS model. Adopted from Wu et al. (2007). ........................... 24 

Figure 1-8: The input and output data of SPACSYS model. Adopted from Wu et al. 

(2015a). ...................................................................................................................... 24 

Figure 1-9: The framework of this thesis. .............................................................. 26 

Figure 1-10: The flowchart of this study. ............................................................... 26 

Figure 2-1: Geographic locations of seven long-term experimental sites (A) and 

distributions of soil organic carbon stock in the topsoil (0–20 cm) under different 

fertilisation treatments over the last four decades with the rice–wheat system (B) and 

double rice system (C).. ............................................................................................. 32 

Figure 2-2: Flowchart of the methodology. ............................................................ 38 

Figure 2-3: C input under different fertilisation treatments in rice–wheat system (A) 

and double rice system (B) during the last four decades... ........................................ 40 

Figure 2-4: The total soil organic carbon (SOC) stock (0–20 cm) under different 

fertilisation treatments in rice–wheat system (A) and double rice system (B) during 

the last four decades.. ................................................................................................ 41 

Figure 2-5: Relationships of SOC stock changes (∆SOC) (0–20 cm) (A) and its 

change rate (SOCR) (B) with cumulative C input and experimental duration under 

different fertilisation treatments in paddies during the last four decades. ................. 42 

Figure 2-6: Differences in SOC stock ratio (%SOC) (A) and the fertilisation-induced 

changes of the SOC stock (%∆SOC) (B) between the two systems (rice–wheat system 

and double rice system) under NPK and NPKM treatments. .................................... 43 

Figure 2-7: Structural equation modelling (SEM) (A, B) and random forest (RF) (C, 

D) analyses of the fertilisation-induced changes of the SOC stock (%∆SOC) with 

explanatory variables in rice–wheat system (A, C) and double rice system (B, D).. 44 

Figure 3-1: The spatial distribution of seven long-term experimental stations based 

on rice–wheat system and rice–rice system located in the middle and lower reaches of 

the Yangtze River Basin. ........................................................................................... 60 

Figure 3-2: Relative crop grain yields with different fertilisation treatments in the 

rice–wheat system (a–b) and rice–rice system (c–d). ................................................ 63 



 

XIV 

 

Figure 3-3: The relationships between SOC stock (0–20 cm) and relative crop grain 

yields in both the rice–wheat system (a) and rice–rice system (b). .......................... 64 

Figure 3-4: Structural equation modelling (SEM) analysis of the relative grain yields 

with explanatory variables (climate, fertiliser input and soil properties) in the rice–

wheat system (a) and rice–rice system (b). ............................................................... 65 

Figure 4-1: Average annual temperature and precipitation at the experimental site 

from 1991 to 2020. ................................................................................................... 82 

Figure 4-2: Observed and simulated crop yield and N content from 1991 to 2019.

 .................................................................................................................................. 88 

Figure 4-3: Observed and simulated SOC stock in the top 20 cm of soil depth in the 

rice–wheat rotation system from 1991 to 2019. ....................................................... 90 

Figure 4-4: Observed and simulated CH4 and N2O emission fluxes for model 

calibration and validation at the experimental site in the rice–wheat rotation system 

between May 1, 2014, and May 31, 2015. ................................................................ 90 

Figure 4-5: Rice and wheat yields in conventional cropping system (a, b) and 

adaptive cropping system (c, d) under different climate change and mitigation 

management scenarios from 2024 to 2100. .............................................................. 92 

Figure 4-6: SOC stock in the top 20 cm of soil depth in adaptive cropping system 

under different climate change and mitigation management scenarios from 2024 to 

2100. ......................................................................................................................... 93 

Figure 4-7: CH4 (a) and N2O emissions (b) in adaptive cropping system under 

different climate change and mitigation management scenarios from 2024 to 2100.

 .................................................................................................................................. 94 

Figure 4-8: Net global warming potential (GWPN) in adaptive cropping system 

under different climate change and mitigation management scenarios from 2024 to 

2100.. ........................................................................................................................ 94 

Figure 5-1: The conclusion of this study. ............................................................ 113 

Figure 5-2: Synergy or trade-off between SOC stock and different ecosystem 

services. .................................................................................................................. 115 

 



 

XV 

 

List of tables 
Table 1-1: Classification of rice types under different rice cropping systems in China.

 .....................................................................................................................................5 

Table 1-2: Optimised N fertiliser reduction to reduce GHG emissions or N losses 

without loss of crop production in rice-based cropping systems in China. ............... 15 

Table 1-3: Basic information of the seven long-term experimental sites. .............. 19 

Table 1-4: Soil types and initial soil properties of the seven long-term experimental 

sites. ........................................................................................................................... 19 

Table 1-5: Changes in crop varieties at the seven long-term experimental sites. ... 20 

Table 1-6: The application rates of chemical fertilisers under NPK and NPKM 

treatments at the seven long-term experimental sites. ............................................... 21 

Table 1-7: The types, application rates and nutrient contents of organic fertilisers 

under M and NPKM treatments at the seven long-term experimental sites. ............. 22 

Table 1-8: SPACSYS model’s application in the world. ....................................... 25 

Table 2-1: Location, weather condition and soil properties at the beginning of the 

seven long-term experiments in the Yangtze River Basin......................................... 34 

Table 2-2: Inorganic nitrogen (N), phosphorus (P), potassium (K) fertilisers (kg ha−1) 

and manure application rates in each cropping season under different fertilisation 

treatments at seven long-term experimental sites in the Yangtze River Basin. ......... 35 

Table 2-3: Average grain yield of wheat and rice in two cropping systems from the 

seven long-term experiments in the Yangtze River Basin......................................... 39 

Table 2-4: Average straw yield of wheat and rice in two cropping systems from the 

seven long-term experiments in the Yangtze River Basin......................................... 39 

Table 3-1: Sustainable yield index (SYI) and coefficient of variation (CV, %) in 

crop grain yields under different fertilisation treatments in two rice-based cropping 

systems at the seven long-term experimental sites. ................................................... 63 

Table 4-1: The initial soil basic physicochemical characteristics (measured in 1991) 

at the long-term experimental site. ............................................................................ 82 

Table 4-2: Fertiliser application rate for each crop at the experimental site during 

1991–2019. ................................................................................................................ 83 

Table 4-3: Characteristics of different meteorological elements for each climate 

change and baseline scenario. .................................................................................... 86 

Table 4-4: Designed scenarios combining climate change scenarios with mitigation 

management scenarios. .............................................................................................. 86 

Table 4-5: Statistical analysis describing the performance of the SPACSYS model 

for the simulations of crop yield, crop N content, SOC stock, daily CH4 and N2O 

emissions in the rice–wheat rotation system. ............................................................ 89 

  



 

XVI 

 

List of acronyms 
[CO2] Carbon dioxide concentration 

AK Available potassium 

Al Aluminum 

AN Available nitrogen 

AP Available phosphorus 

BD Bulk density 

CH4 Methane 

Fe Iron 

GHG Greenhouse gas 

Gt Gigatons 

GWP Global warming potential 

GWPN Net global warming potential 

IPCC The Intergovernmental Panel on Climate Change 

iPOM Intra-aggregate particulate organic matter 

K Potassium 

MAP Annual precipitation 

MAT  Mean annual temperature 

Mha Million hectares 

Mts Million tons 

N Nitrogen 

N2O Nitrous oxide 

NH4
+ Ammonium 

NO3
− Nitrate 

Non-CO2 Non-carbon dioxide 

O2 Oxygen 

P Phosphorus 

SIC Soil inorganic carbon 

SOC Soil organic carbon 

SOM Soil organic matter 

TK Total potassium 

TN Total nitrogen 

TP Total phosphorus 



 

1 

 

 

Chapter 1  
 

General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of it was extracted from: Shuhui Wang, Nan Sun, Xubo Zhang, Chunsheng Hu, 

Yuying Wang, Wei Xiong, Shuxiang Zhang, Gilles Colinet, Minggang Xu, Lianhai 

Wu. Assessing the impacts of climate change on crop yields, SOC sequestration and 

N2O emissions in wheat–maize rotation system. Soil & Tillage Research, 2024, 240, 

106088. https://doi.org/10.1016/j.still.2024.106088



 

2 

 

 

 



 

Chapter 1 General introduction  

3 

 

1.  Background 
Rice (Oryza sativa L.) is a staple food for over half of the global population, 

providing about 20 % of the global calories consumed by humans with 11 % of global 

cropland (Wailes, 2005; FAO, 2019). Ensuring rice production is crucial for global 

food security. Rice paddies store large amounts of soil organic carbon (SOC) due to 

retarded decomposition of soil organic matter (SOM) under anaerobic conditions (Liu 

et al., 2021). However, rice paddies are a main source of non-carbon dioxide (non-

CO2) greenhouse gas (GHG) emissions such as methane (CH4) and nitrous oxide 

(N2O). Globally, CH4 and N2O emissions from paddies have been estimated as 6,300 

kg CO2-eq ha−1 yr−1 (FAO, 2018) and 280 kg CO2-eq ha−1 yr−1 (Carlson et al., 2017), 

contributes about 22 % and 11 % to the total anthropogenic CH4 and N2O emissions 

(IPCC, 2021; FAO, 2020). Nowadays, rice paddies are facing serious challenges in 

the context of climate change such as increased food demand, shortened growth 

periods, decreased planting area, shortage of irrigation water source, scarcity of labor 

availability, and degraded soil quality (Tilman et al., 2011; Haefele et al., 2014). 

Producing more food while safeguarding the environment is an important issue for 

mankind. Therefore, adaptation measures that increase SOC stock, reduce GHG 

emissions and maintain rice production must be adopted to enhance the sustainability 

and resilience of rice cropping systems in the future. 

1.1. Rice production 
Globally, rice paddy fields occupy an area of 165 million hectares (Mha), producing 

776 million tons (Mts) of milled rice in 2022 (Figure 1-1a, b). Paddy fields account 

for 23 % of the total area of cereal crop cultivation (FAO, 2020). Over the past six 

decades, rice yield has improved by 152 % from 1869 to 4705 kg ha−1 between 1961 

and 2022 (Figure 1-1c). Rice grows in 115 countries in 2020 (FAO, 2022), the top ten 

countries produce 84 % of the world’s rice production, with the top nine producers 

located in Asia (Figure 1-2).  

China is the world’s largest rice producer and consumer, rice production reached 

210 Mts in 2022 (Figure 1-1b), accounting for 28 % of the global total rice production, 

followed by India (23.5 %), Indonesia/Bangladesh (7.2 %), and Vietnam (5.7 %) 

(Figure 1-2). Over past four decades, China’s rice production has increased by 47 % 

compared to 1980 despite a 14 % decrease in the harvested area. This was attributed 

to the significant increase in grain yield. Rice yield has increased by 70 % from 4144 

to 7076 kg ha−1 between 1980 and 2022 (Figure 1-1c). In China, rice is usually 

cultivated in three types of cropping systems, including single rice, middle 

rice−upland rotation and early rice−late rice rotation, which account for 15.5, 43.4, 

and 41.1 %, respectively, of the total rice production (Guo et al., 2017) (Table 1-1). 

Rice production is influenced by the interactions between cultivars, climate 

conditions, soil properties, and agronomic management practices. Since the onset of 

the Green Revolution in the late 1960s, many technological and agronomic 

improvements have been developed to maintain high crop yield, including the 

adoption of high-yielding cultivars, intensive use of fertiliser and irrigation water, and 

improved planting methods (Cassman, 1999).  
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Figure 1-1: Rice harvested area (a), total production (b) and grain yield (c) in the world and 

China from 1961 to 2022 (FAO).   
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Figure 1-2: Percentage of rice production in different countries in 2019 (FAOSTAT, USDA). 

Table 1-1: Classification of rice types under different rice cropping systems in China. 

Rice 

type 

Transplanti

ng date 

Harvest  

date 

Rotation 

system 

Growing  

region 

Percent of rice 

production  

Single 

rice 

Mid-early 

May 

Mid-late 

September 

One- 

season rice 

in a year 

Northern 

China 
15.5 % 

Middle 

rice 

Late May-

early June 

Late September-

early October 

Paddy-

upland 

rotation 

Southwestern 

and Central 

China 

43.4 % 

Early 

rice 

Late April-

early May 
Mid to late July Double 

season rice 

in a year 

Southern 

China 
41.1 % 

Late 

rice 
Late July 

Late October-

early November 

1.2. SOC sequestration 
The global terrestrial ecosystem contains 2500 gigatons (Gt) soil carbon (to 1 m 

depth), including 1550 Gt of SOC and 950 Gt of soil inorganic carbon (SIC). The C 

pool is about 3.3 times that of atmospheric pool (760 Gt) and 4.5 times that of biotic 

pool (560 Gt), therefore, C sequestration in soils has been considered a promising 

measure for mitigating the increasing CO2 concentration in the atmosphere (Lal, 2004). 

In agroecosystems, the amount of soil organic carbon (SOC) stored within the soil 

profile is the ultimate result of the balance between C input, mainly come from manure 

amendment, crop residues incorporation (straw, stubble, and roots) and 

rhizodeposition, and C loss through the decomposition of SOM by microorganisms or 

erosion (Álvaro-Fuentes et al., 2012). When C input > C loss, SOC stock will increase; 
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while when C input < C loss, SOC stock will decrease. SOC sequestration refers to 

transferring atmospheric CO2 into the soil C pool as part of the SOM or by slowing 

decomposition (Smith, 2005; Lal, 2014). Therefore, any factor that affects the C input 

or output process could have an influence on SOC sequestration. SOC sequestration 

mainly depends on edaphic, climate conditions and agricultural management practices 

(e.g. manure addition, fertilisation, irrigation, tillage, straw retention, cropping 

systems, cover crops) (Lal, 2004; West and Six, 2007). Similarly, the decomposition 

of SOM mainly depends on the internal soil properties, including soil physical, 

chemical and biological properties, and environmental factors such as climatic 

conditions (temperature, precipitation) and agronomic management practices (land 

uses, cropping systems, and tillage) (West and Six, 2007; Wan et al., 2011).  

Enhancing SOC stock in terrestrial ecosystem is considered as a cost-effective and 

environmentally friendly measure to sequester anthropogenic CO2 emission (Fang et 

al., 2007). In 2015, the “4 per 1000” (4 ‰) initiative was launched in Paris, suggested 

that an annual increase of 4 ‰ of the world soil surface C stocks (top 30 to 40 cm, 

860 Gt) would nearly compensate the annual atmospheric CO2 increase (4.3 Gt). 

Study has indicated that the sequestration rate of 4 ‰ can be achieved under the best 

management practices in global soils (SOC unsaturated), and higher sequestration rate 

might be viable in soils with low initial SOC stock (< 30 t C ha−1 in the topsoil) 

(Minasny et al., 2017). However, the potential for C sequestration in soil is finite 

(Stewart et al., 2007), soil C will approach a new steady state following a change in 

land use (West and Six, 2007). When the land management changes again, soil may 

sequester additional C until the maximum SOC level, which represents SOC 

saturation. SOC saturation level depends on soil texture (silt- and clay-protected), soil 

structure (microaggregate-protected), and the biochemical complexity of SOM 

compounds (Six et al., 2002). SOC sequestration duration refers to the time to which 

soil C steady state is reached (West and Six, 2007).  

Rice paddies cover 11 % of the world’s cropland (Wailes, 2005; FAO, 2019). Paddy 

soils are anthropogenic soils (Anthrosols) for rice cultivation, characterised by 

frequent flooding and puddles (Liu et al., 2021). Paddy soils are a quantitively 

important organic carbon pool, contain 18 Pg SOC worldwide (0–100 cm soil), in 

which China, India and Indonesia together contributes more than half of the global 

paddy SOC pool (Liu et al., 2021). Flooded paddy soils usually store more C than 

adjacent upland soils, this may be ascribed to their differences in C input, SOM 

decomposition rate, SOC sequestration efficiency, and their SOC stabilisation (Yan 

et al., 2013). The management-induced periodic flooding and drainage processes in 

paddy soils lead to the repeated redox alternations, which intensify mineral 

weathering and leaching processes, increase the total iron oxide contents and its 

crystallinity, accelerate the formation of ferrihydrite, thus contribute to the 

accumulation of SOC (Kögel-Knabner et al., 2010). In subtropics and tropics climatic 

zones, the high temperature and abundant rainfall allows two or three rice cropping 

seasons per year. Study demonstrated that the belowground C input in rice cropping 

system is usually higher than that in upland cropping system (e.g. maize, wheat) due 

to the higher root biomass (Liu et al., 2019a), this contributes to the formation of stable 



 

Chapter 1 General introduction  

7 

 

SOC (Sokol and Bradford, 2018). The decomposition of SOM is much slower in 

paddy soils due to the lack of oxygen (O2) and other terminal electron acceptors under 

waterlogging than that in upland soils, this result in the accumulation of SOM (Wu, 

2011a). Paddy soils are enriched with plant-derived C rather than microbial-derived 

C due to the retarded microbial decomposition under anaerobic conditions caused by 

flooding (Chen et al., 2021). In paddy soils, the mechanisms of SOM stabilisation are 

suggested as its occlusion in aggregates and its interactions with clay minerals and 

iron oxides (Kögel-Knabner et al., 2010).  

1.2.1. Measures to increase SOC stock 

Optimising agricultural management for increasing SOC accumulation is vital for 

the mitigation of climate change. Different agricultural management can result in 

changed C inputs or C losses, thereby affecting SOC stock (West and Six, 2007). The 

cropland management practices aimed at enhancing SOC stock include organic (Li et 

al., 2021a) and chemical fertilisation (Tang et al., 2023), straw retention (Hao et al., 

2022), no tillage (Kan et al., 2021), diversified crop rotation (Witcombe et al., 2023), 

cover crop (Jian et al., 2020), and biochar addition (Xu et al., 2024). Increasing C 

input into soil is regarded as the most efficient practice to increase SOC stock in 

agricultural soils (Fujisaki et al., 2018). Liner and logarithmic relation have been 

employed to reveal the relationship between SOC sequestration and C input (Mandal 

et al., 2008; Cai et al., 2019). C sequestration efficiency (i.e. ∆SOC/∆C input) was 

used to quantify the conversion efficiency of applied organic matter in enhancing SOC 

stock in cropland. Studies have reported that the C sequestration efficiency ranged 

between 8.2 % and 12 % in global cropland soils from C-enhanced management 

practices (e.g. manure application, tillage reduction, crop rotation ect.) (Maillard and 

Angers, 2014; Fujisaki et al., 2018).  

(1). Organic fertilisation  

Organic fertilisation can increase SOC directly as an external C input. In addition, 

it can increase soil fertility and improve soil structure by increasing soil nutrient and 

SOM content and thereby enhancing SOC indirectly by increasing C input from crop 

biomass (Liang et al., 2011; Kidd et al., 2017; Luo et al., 2018). Based on a balanced 

database, study has indicated that manure-C input was the most important factor 

influencing SOC stock changes in global agricultural soils, contributing 72 % and 34 % 

of the increase in SOC stock compared to mineral fertilised and unfertilised treatments 

(Li et al., 2021a).  

(2). Chemical fertilisation 

The application of chemical fertilisers can promote the production of crop biomass, 

thus increasing the organic C input to soil through the return of crop residues and root 

exudates, and subsequent SOC stock. Nitrogen (N) and phosphorus (P) additions 

significantly increased SOC stock in global terrestrial ecosystem by 8.3 % (Tang et 

al., 2023) and 2.6 % (Luo et al., 2023). N deficiency accelerates SOC decomposition 

in temperate degraded grasslands (Zeng et al., 2023). Studies has indicated that the 

SOC sequestration in China’s cropland was attributed to the increased input of 

chemical fertilisers (Wu, 2011b; Zhao et al., 2018).  
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(3). Straw retention  

Crop residues are an important source of increasing SOC stock in agro-ecosystems, 

with an estimated production of 4 Gt yr−1 globally (Lal, 2008). Study has reported that 

straw return can increase SOC content by 12.8 % in global agricultural soils (Liu et 

al., 2014). Plant residues can be converted to microbial-derived C by microorganisms, 

which has recently been considered more stable than plant-derived C in some cases 

(Sokol and Bradford, 2018).  

(4). No-tillage 

Tillage can affect soil physical properties including soil compaction, soil hydraulic 

properties, and soil aggregate stability, thus influencing the root penetration, water 

and nutrients availability, and C sequestration (Blanco-Canqui and Ruis, 2018). Study 

has revealed that no-tillage increased the macroaggregate (>2 mm) content, soil 

structural stability, mean weight diameter, and the SOC stock (Qi et al., 2022).  

(5). Cover crop 

   Cover cropping has been recognized as effective to reduce erosion, reduce N 

leaching, suppressing weeds, increase crop production, improve soil health, and 

mitigate climate change (Blanco‐Canqui et al., 2015; Kaye and Quemada, 2017; 

Vendig et al., 2023). Study has indicated that incorporating cover crops into crop 

rotations leads to a significant SOC increase by 15.5 % in global agricultural soils 

(Jian et al., 2020). 

(6). Diversified cropping systems 

Monocropping systems are widespread all over the world, which have been 

considered to result in soil quality degradation and the aggravation of pests and 

diseases (Wang et al., 2022a). Diversified cropping systems (i.e. crop rotation, 

multiple cropping, or intercropping) promote soil microbiome functions and soil 

health (Wang et al., 2022a; Yang et al., 2024). Research has demonstrated that 

diversified cropping systems enhance SOC stock by increasing soil aggregation and 

stability (Yan et al., 2022). 

(7). Biochar addition 

   Biochar is a C-rich solid formed by pyrolysis of biomass, which is highly 

recalcitrant. The Intergovernmental Panel on Climate Change (IPCC) has suggested 

biochar application as carbon dioxide removal (CDR) method for abating climate 

change by SOC sequestration (Masson-Delmotte et al., 2008; Woolf et al., 2010). 

Study has identified that biochar application can increase SOC stock indirectly by 

promoting aggregation and the physical stabilisation of SOM (Burrell et al., 2016; 

Wang et al., 2017a). Biochar applications can also benefit crop yields, improve soil 

health, and enhance ecosystem services (Lal, 2010b; Amelung et al., 2020; Lehmann 

et al., 2020).  

1.2.2. Relationship between SOC and crop yield 

Organic C in agricultural soils contributes positively to soil quality and crop 

productivity (Lal, 2004, 2006, 2010b; Oldfield et al., 2019; Wiesmeier et al., 2019; 

Lin et al., 2023; Ma et al., 2023; Vendig et al., 2023). The low SOM content may lead 

to low agronomic productivity, especially for degraded soils (Lal, 2020a). Numerous 
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studies have investigated the relationships between SOC stock and crop yield (Pan et 

al., 2009; Zhang et al., 2016a; Schjønning et al., 2018). For example, study reported 

that with every 1 t ha−1 increase in SOC stock in the root zone, the crop yield for wheat, 

rice, and maize could increase by 20–70, 10–50, and 30–300 kg ha−1, respectively (Lal, 

2006). Another research quantified that increasing the current SOC levels to optimum 

could increase the global three most important crop production (wheat, rice and maize) 

by 120 Tg yr−1 (4.3 %) (Ma et al., 2023). Three mechanisms could explain the benefit 

of enhancing SOC stock on crop yields: (1) increase plant available water capacity; 

(2) improve soil structure or other physical properties; (3) increase plant available 

nutrients (Lal, 2006, 2020b).  

The effects of SOC on crop yield depend on different endogenous and exogenous 

factors, and the interaction among them as influenced by land use and agronomic 

management (Lal, 2020a). Due to the complex and interacting factors influencing 

SOC and crop yield, making the direct cause-effect relationship between them 

difficult to establish (Lal, 2020b). Moreover, the positive effect between SOC and 

crop yield operates in both directions (Ma et al., 2023). Studies indicated that the 

increase in crop production also has a positive impact on SOC stock through 

increment of crop residues and belowground biomass (Li et al., 2023; Siddique et al., 

2024). Therefore, it is necessary to explore the cause-effect relationship between SOC 

and crop yield using data from long-term field experiments (Lal, 2020a). 

Increasing SOC not only benefits crop production, but also contributes to 

minimising environmental effects (Lal, 2004, 2010a). For example, study estimated 

that the enhancement of SOC helps to reduce current global chemical N fertiliser 

application by 5 % and 7 % across global maize and wheat fields (Oldfield et al., 

2019). Optimising SOC levels for crop production could substantially reduce the 

application of chemical N, P and potassium (K) fertilisers, thus resulting in a 

significant reduction in GHG emissions of 3.36 Mt CO2-eq in China’s Huang-Huai 

winter wheat cropping system (Dang et al., 2024). As such, exploring SOC-oriented 

agricultural management practices could be crucial for accelerating the transition to 

sustainable agriculture. 

1.3. GHG emissions in paddies 
The atmospheric concentrations of non-CO2 GHG such as CH4 and N2O have 

increased by 150 % and 20 % since the pre-industrial time (IPCC, 2014). Agriculture 

is estimated to account for 10–12 % of total anthropogenic GHG emissions (Smith et 

al., 2007). Although rice is the most important stable crop, rice cropping systems are 

a substantial source of anthropogenic GHG emissions. Study indicated that rice-based 

cropping systems produced the highest among all the cereal cropping systems, 

accounting for 48 % of the global total crop GHG emissions (Carlson et al., 2017). 

Specifically, rice paddies contribute 22 % and 11 % of the global agricultural CH4 and 

N2O emissions, respectively (IPCC, 2021; FAO, 2020).  

1.3.1. CH4 emission 

Rice growth requires a lot of water, every 1 kg of rough rice needs 2.5 cubic meters 

of water (Bouman, 2009). Flood irrigation is the most commonly used method of 
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irrigation for rice cultivation in many countries (Kumar and Ladha, 2011). This results 

in large CH4 emissions due to the decomposition of SOM under anaerobic conditions 

with absence of O2 and redox potential below −150 mV (Gupta et al., 2021). CH4 is a 

potent greenhouse gas, it can affect the oxidation of the atmosphere by controlling the 

concentrations of tropospheric hydroxyl radicals (Holmes, 2018). The global warming 

potential (GWP) is 273 times that of CO2 over a 100-year time horizon (IPCC, 2021). 

CH4 releases to the atmosphere are the result of CH4 production, oxidation and 

transport processes (Le Mer and Roger, 2001) (Figure 1-3). Water management and 

organic C input have been recognized as the two important factors influencing CH4 

emissions from paddies (Yan et al., 2005). 

(1). CH4 production 

CH4 was produced in anaerobic environments by methanogenic bacteria during the 

anaerobic decomposition of SOM.  

(2). CH4 oxidation 

CH4 can be consumed by aerobic methanotrophs in the rhizosphere and oxidised 

soil-water interface where O2 exists. 

(3). CH4 transport 

CH4 is transferred to the atmosphere through three pathways: diffusion through rice 

aerenchyma, ebullition, and diffusion. 

 

Figure 1-3: CH4 production, oxidation and emissions from paddies. Derived from (Le Mer 

and Roger, 2001). 
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1.3.2. N2O emission 

N2O is a main potent long-lived greenhouse gas and ozone-depleting substance, the 

GWP is 27 times that of CO2 over a 100-year time horizon (IPCC, 2021). Agricultural 

is the main source of anthropogenic N2O emissions, accounting for 60 % of global 

N2O emissions (Smith et al., 2007). N2O emissions to the atmosphere are mainly 

produced through soil nitrification and denitrification processes (Figure 1-4). In paddy 

soils, N2O emissions are usually produced under aerobic conditions during the field 

drainage periods (Pittelkow et al., 2013). 

Chemical N fertiliser application is the most important driver of N2O emissions in 

agriculture (Yue et al., 2018), which is widely applied in cropland to boost crop 

production (Vitousek et al., 2009). During 2001–2015, China and India together 

consumed more than half of the increase in N fertiliser used worldwide (FAO, 2018). 

The excessive and improper use of chemical fertiliser has resulted in large 

environmental risks, including nutrient losses (Liu et al., 2019b), GHG emissions 

(Winiwarter et al., 2018) and soil acidification (Schroder et al., 2011). Previous 

studies have shown that direct N2O emissions were highly correlated with chemical N 

fertiliser application levels in agriculture (McSwiney and Robertson, 2005; Huang et 

al., 2017a; Takeda et al., 2021). It is estimated that about 0.68 %, 1.21 %, and 1.06 % 

of the applied N was released as N2O in rice, wheat and maize field, respectively 

(Linquist et al., 2012a).  

 

Figure 1-4: Microbial sources of N2O in soil. Adapted from Baggs (2008).  

1.3.3. Global warming potential 

The global warming potential (GWP) of CH4 and N2O are 27 and 273 times that of 

CO2 over a 100-year time horizon (IPCC, 2021). Study reported that the GWP of rice 

are 5.7 and 2.7 times that of wheat and maize, respectively (Linquist et al., 2012a). 
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SOC sequestration can compensate for part of the global warming effects caused by 

GHG emissions. Therefore, both SOC sequestration and GHG emissions should be 

considered to comprehensively evaluate the global warming impact of agricultural 

soils (Haque et al., 2014).  

1.4. Challenges facing rice fields under climate change 
Climate change, caused by the increase in concentrations of GHG in the atmosphere, 

is a vital challenge facing humanity (Gupta et al., 2021). Many international 

agreements have been announced to avoid disastrous climate change. For example, 

IPCC suggested limiting global warming below 1.5 degrees Celsius (°C) at the end of 

this century in the Paris agreement in 2016 (UNFCC, 2015). A total of 124 nations 

had pledged to becoming carbon neutral by 2050 or 2060 as of February 2021 to keep 

global warming to 1.5–2°C above preindustrial levels to mitigate global warming and 

extreme climate disasters (Black et al., 2021). Carbon neutrality means having a 

balance between carbon emission and transforming carbon from the atmosphere into 

carbon sinks (Rogelj et al., 2015). However, the average global temperature in 2023 

have already raised by 1.35°C than the pre-industrial period (1850–1900) (Lindsey 

and Dahlman, 2024).  

Climate change with extreme weather conditions such as heat waves, frequent 

drought, floods, poses challenges in meeting global food demand (Wassmann et al., 

2009a, 2009b). The sustainability of rice-based cropping systems is threatened by 

stagnating or declining yields (Ray et al., 2012), shortened crop growth duration 

(Zhang et al., 2023), decreased planting area (Chen et al., 2020), shortage of available 

water resources, reduced soil availability (Haefele et al., 2014) and increased GHG 

emissions (Sun et al., 2023) under future climate change. Researchers have raised 

concerns related to rice yield loss (Chen et al., 2020) and increasing GHG emissions 

in future warming climate (Liu et al., 2018a; Liu et al., 2020b). Future rice-based 

cropping systems must produce more grain while minimising the negative impacts on 

the environment (Yuan et al., 2021).  

(1). Frequent extreme weather events 

Climate change is projected to increase the frequency and intensity of extreme 

weather events such as heat waves, droughts, wildfires, and floods (AghaKouchak et 

al., 2020). The climate hazards significantly negatively influence global crop 

production (Heino et al., 2023). For example, extreme temperatures are predicted to 

decrease global rice yields by 33.6 % in 2090s (Zhu et al., 2022a). 

(2). Increasing food demand 

The global population is projected to exceed 9.7 billion by 2050 (United Nations, 

2019). Food production must be increased by 60–110 % to meet human demand (FAO, 

2012) (Tilman et al., 2011), in which, rice production must be increased by 28 % 

(Alexandratos and Bruinsma, 2012). However, the rate of growth in rice yield has 

been declining in recent years, rice yields have stagnated in some regions around the 

world (Ray et al., 2012). Furthermore, study indicated that food production will be 

decreased by decreasing cropping frequency and yields under warming (Zhu et al., 

2022b).  
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(3). Shortened crop growing periods 

Climate warming will accelerate the development of crop growth and shorten the 

time for photosynthesis, thus decreasing biomass accumulation and crop yield (Chen 

et al., 2009; Wang et al., 2014; Ding et al., 2020). Study indicated that the crop 

growing periods are expected to be shortened in most rice cropping areas in China 

(Sun et al., 2024).  

(4). Shortage of irrigation water resources 

Flood-irrigated rice requires two to three times as much water as other cereal crops 

(Bouman, 2009). Irrigated rice consumes 30 % of the global exploited freshwater 

(Singh, 2012). However, study reported that climate change has threatened the stable 

supply of irrigation water resources (Tan et al., 2016).  

(5). Reduced soil availability 

Globally, one-third of the rice paddies is located in “very poor” soils and about 8.3 

million ha of rice is grown on problem soils (e.g. saline, alkaline/sodic, acid-sulfate, 

and organic soils) (Haefele et al., 2014). Furthermore, study demonstrated that the 

SOC loss caused by indirect effects of climate change (e.g. wildfires) is higher than 

that caused by direct effects of climate change (e.g. rising temperature) (Beillouin et 

al., 2023). 

(6). Increasing GHG emissions 

Warming increases the substrate availability for methanogens, thereby increasing 

CH4 emissions from paddies (Liu et al., 2016; Wang et al., 2018a). Elevated [CO2] 

promotes photosynthesis and crop growth (Kuzyakov et al., 2019), this increases C 

substrate availability (e.g. rhizodeposits, root exudates and residue) for methanogens 

and their abundance, therefore CH4 emissions (Inubushi et al., 2003; Wang et al., 

2018a). Study estimated that CH4 emissions from paddies could be increased by 4–

40 % and 15–23 %, respectively, under future elevated [CO2] and temperature 

conditions (Qian et al., 2023). 

Warming accelerates the decomposition of SOM, increase the availability of 

inorganic N, thereby promoting N2O emissions (Bai et al., 2013; Li et al., 2019). 

Numerous studies have revealed that the positive feedback of N2O emissions in 

response to climate warming (Griffis et al., 2017; Li et al., 2019). Short-term elevated 

[CO2] can increase concentrations of labile soil C and nitrate (NO3
−), increase 

methanogens and denitrifier populations, thus promoting N2O emissions 

(Bhattacharyya et al., 2013). However, long-term elevated [CO2] can decrease N2O 

emissions through reducing the soil ammonium (NH4
+) concentration (Yu et al., 2022). 

1.5. Adaptation and mitigation strategies 
Climate change mitigation refers to reducing anthropogenic forcing of the climate 

system. Food security is a key target in the Sustainable Development Goals (SDGs). 

The focus on climate change mitigation raises food security concerns. Agricultural 

management practices have an important influence on crop yields improvements and 

GHG emissions in rice paddies (Linquist et al., 2012b; Liu et al., 2023a). However, 

GHG emission mitigation strategies in paddy fields are facing the trade-off between 

CH4 and N2O emissions. Agricultural management practices (e.g. introduction of mid-
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season drainage, intermittent irrigation) aimed at reducing CH4 emissions could 

inevitably increase N2O emissions (Feng et al., 2021). For example, study quantified 

that mid-season drainage decreased CH4 emissions by 52 % while increased N2O 

emission by 242 % in rice paddies (Liu et al., 2019c). Developing GHG mitigation 

strategies in paddies have been of key concern (Gupta et al., 2021).  

Optimising strategies to achieve the synergy between climate change mitigation and 

food security services are critical for developing sustainable agriculture. Study have 

revealed that integrated management (slow/controlled-release fertilizer, water-saving 

irrigation and no-tillage) can decrease GHG emissions without yield compromise in 

rice–wheat rotation system (Zhang et al., 2024b). Through implementing region-

specific adaptation strategies, global rice production is expected to increase by 36 %, 

while GHG emissions could be reduced by 23 % (Gao et al., 2025a). Therefore, 

optimised agricultural management measures should be investigated for farmers and 

policymakers to reduce GHG emissions and maintain crop yield. 

(1). Crop cultivar improvement 

Improving rice varieties is considered as the most effective strategy to counter the 

negative effect of climate change on yields (Li et al., 2024a). Many studies have 

suggested developing new rice cultivars to increase yields such as heat-tolerant 

cultivars, high-yielding cultivars (Li et al., 2024b). In addition, different rice cultivars 

have different capacities to transport CH4 and N2O from paddy soils to the atmosphere, 

therefore breeding new cultivars with higher yields and lower CH4 emissions is 

promising in ensuring food security while mitigating climate change. Research 

demonstrated that high-yielding rice cultivars can facilitate CH4 oxidation through 

promoting O2 transport to rhizosphere soils, thus reducing CH4 emissions by 7.1 % 

and increase yield by 10 % in Chinese rice agriculture (Jiang et al., 2017). 

(2). Planting date shift 

Timely adaptation or delayed adaptation of sowing or transplanting dates has been 

recommended as an effective strategy to cope with climate change (Zheng et al., 2012; 

Wang et al., 2022b; Zhang et al., 2023). Planting dates shifts can allow crops to grow 

in a more suitable climate condition. Study quantified that global crop yields can be 

increased by 12 % through adjusting sowing dates and cultivars under climate change 

(Minoli et al., 2022). 

(3). Cropping system change 

Changing cropping systems or crop migration have been discussed as an adaptive 

strategy to limit the adverse effect of climate change on crop production (Sloat et al., 

2020; Guo et al., 2024a, 2024b). Research indicated that climate-sensitive region has 

the potential for land expansion and cropping frequency increase, it can benefit crop 

production by 4.4 % and 4.5 % for Chinese single and triple rice cropping system 

(Guo et al., 2024a). 

(4). Irrigation water management 

Non-continuous flooding such as mid-season drainage and alternate wetting and 

drying irrigation in paddies have been considered beneficial to reduce CH4 emissions 

without sacrificing rice yields, although they can promote N2O emissions (Tariq et al., 
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2017; Liu et al., 2019c; He et al., 2020). A global meta-analysis quantified that non-

continuous flooding reduced CH4 emissions and GWP by 53 % and 44 %, despite N2O 

emissions were increased by 105 % from rice paddies (Jiang et al., 2019). 

(5). Fertiliser management 

The response of GHG emissions to mineral N fertilisation depends on fertiliser type 

and amount. Direct N2O emissions increase linearly (Zou et al., 2005a) or 

exponentially (Shcherbak et al., 2014; Bizimana et al., 2021) with increasing N 

fertilisation levels from agricultural soils. The response of CH4 emissions to N input 

in rice paddies generally increased with the increase of N at low N application levels 

and decreased at high N application levels (Kim et al., 2016; Liao et al., 2021). N 

fertilisation can increase plant biomass, which provides more organic substrates for 

methanogens, and subsequently increase CH4 production (Schimel, 2009). The 

decrease in CH4 emissions at high N fertilisation levels in rice paddies may be 

attributed to the increased N fertilisation-induced CH4 consumption (Kim et al., 2016). 

Mounting studies have revealed that substantial GHG emission mitigations or N losses 

reductions can be obtained through optimised N fertiliser reduction (Table 1-2). 

Enhanced-efficiency N fertilisers (e.g. controlled-release fertilisers, nitrification 

inhibitors and urease inhibitors) can significantly reduce N2O emissions and increase 

crop yields (Xia et al., 2016; Lyu et al., 2021b). 

Table 1-2: Optimised N fertiliser reduction to reduce GHG emissions or N losses without 

loss of crop production in rice-based cropping systems in China. 

Cropping 

systems 

Chemical N application 
Reduction in 

GHG emissions 

or N losses 

Reference 
Traditional 

(kg N ha−1 

yr−1) 

Recommended 

reduction 

Rice–wheat 448 27 % 

52 %  

(apparent N 

losses) 

Fan et al., 

2007 

Rice–wheat 
270 (rice), 220 

(wheat) 

15–25 % (rice), 

20–25 % (wheat) 

59 %  

(apparent N 

losses) 

Hofmeier et 

al., 2015 

Rice planting 

area in nine 

provinces 

186–335 5–35 % 
17–40 % (CH4),  

12–60 % (N2O) 

Tian et al., 

2018 

Single rice  300 20 % 
33 %  

(CH4 and N2O) 

Zhao et al., 

2020 

(6). Organic C input management 

Manure amendment could offset the global rice yield loss caused by extreme 

temperatures through increasing net photosynthetic rate and improving plant tolerance 

to extreme temperatures (Zhu et al., 2022a). However, application of organic materials 

in paddies such as crop straw and manure, can stimulate CH4 emissions substantially 

due to the increased substrate concentration for methanogens (Linquist et al., 2012b). 

Study showed that straw removal significantly decreased CH4 emission by 44.7 % 
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from rice–upland cropping system (Wang et al., 2016). Biochar application has great 

potential for increasing SOC sequestration and soil fertility (Lehmann, 2007). Study 

demonstrated that biochar amendment significantly increased rice yields by 9.1 % and 

decrease GWP by 14 % in global rice paddies (Liao et al., 2021).  

1.6. Agroecosystem model 
Climate change coupled with agronomic practices will affect agricultural production 

and nutrient cycling dramatically. The interactions between the components in 

agricultural systems are complex, making it difficult to use field or laboratory 

experiments to observe these interactions (Shen et al., 2009). Instead, agroecosystem 

models, due to their power to evaluate how systems respond to climate change and 

management practices, have been increasingly used (Lu and Tian, 2013). A number 

of agroecosystem models have been developed and applied to explore crop yield 

production (Timsina and Humphreys, 2006; Tian et al., 2018; Li et al., 2021b; Zhou 

et al., 2023), SOC stock (Yigini and Panagos, 2016; Kaczynski et al., 2017; Mohanty 

et al., 2020), N2O and CH4 (Katayanagi et al., 2016; Tian et al., 2018; Wang et al., 

2018b; Musafiri et al., 2021; Shaukat et al., 2022; Guo et al., 2023) emissions at field, 

regional, and global scales. 

Different agroecosystem models are characterized by different objectives and 

varying levels of complexity (Turkeltaub et al., 2022). DNDC (Denitrification–

Decomposition) simulates C and N biogeochemical cycles in agricultural systems, 

grazed pastures, forests, and wetlands (Li, 1992; Giltrap et al., 2010). APSIM 

(Agricultural Production Systems Simulator) simulates biophysical process in 

agricultural systems with a special interest in the economic and ecological effects of 

different management practices (Keating et al., 2003). DayCent is widely used to 

simulate ecosystem responses to different climate conditions and agronomic practices 

in cropland, grassland, forest and savanna systems (Necpálová et al., 2015). DSSAT 

(Decision Support System for Agrotechnology Transfer) has increasingly been used 

to evaluate the performance of different cropping systems or production technologies 

for decision making (Corbeels et al., 2016). Shepherd et al. (2011) explored over 30 

agricultural models for evaluating the response of diffuse pollution to adaptations and 

mitigation strategies under climate change, and concluded that SPACSYS, DayCent, 

and APSIM performed the best. SPACSYS (Soil-Plant-Atmophere Continuous 

system) is a model with a proven track record in simulating various cropping systems, 

rotations or intercropping, interactions between plant and environment (Wu and 

Shepherd, 2011). It has been widely applied to simulate crop growth and production 

(Wu et al., 2009; Bingham and Wu, 2011; Liang et al., 2018), SOC and soil N stock 

(Wu and Shepherd, 2011; Zhang et al., 2016b), the dynamics of soil water content 

(Wu et al., 2016; Liu et al., 2023b) and N2O emissions (Wu et al., 2015a; Zhang et al., 

2016b) under different soils and climate conditions. Furthermore, the implementation 

of a biological-based denitrification component in SPACSYS enables it to estimate 

different nitrogenous gases emissions (N2O, NO and N2) (Wu et al., 2015a; Liu et al., 

2020a). However, APSIM considers only the denitrification of NO3
−, the intermediate 

products NO2 and NO are neglected (Del Grosso et al., 2020). Moreover, SPACSYS 
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is capable of simulating N and water uptake by plants, as well as input of carbon and 

nutrients to soil more precisely with a detailed three-dimensional root growth sub-

model, while most other models simplify the root system by using root length density 

(Wu et al., 2007). 

2.  Scientific questions and hypotheses 
In this study, based on the background, we are going to answer the following two 

questions: 

(1). What are the characteristics and driving factors of SOC sequestration and crop 

yield in response to long-term fertilisation in paddies? 

(2). What are the feedbacks of climate change on paddies and how to mitigate 

global warming while maintaining crop yield in paddies? 

We assumed that: 

 Fertilisation can significantly increase SOC stock in paddies over the past four 

decades. The main difference in drivers of SOC stock between different rice-

based cropping systems are initial SOC level, C input and climate factor. 

 Fertilisation can significantly increase crop yield in paddies over the past four 

decades. The main drivers of crop yield are fertilisation and their associated 

changes in soil nutrients (SOC, total nitrogen, total phosphorus, etc.).  

 Climate change will promote (low warming scenario) or threat (high warming 

scenario) crop production depends on different climate scenarios. 

 Reducing chemical N fertiliser application combined with mid-season        

drainage irrigation in paddies can reduce CH4 and N2O emissions while 

maintaining crop yield in the context of climate change. 

3.  Overview of the study sites and experimental 
design 
The Yangtze River Basin is a major rice production region in China, accounting for 

44.4 % of the total rice production (Liu et al., 2010). Globally, the Yangtze River 

Basin is one of the hotspots for CH4 emissions (Zhou et al., 2024). This region 

represents a subtropical climate characterized by high temperatures and high 

precipitation in summer. The climate condition allows to planting two to three crops 

within a year. Paddy–upland rotation system and double rice rotation system are the 

two most important cropping systems in this region (Chen et al., 2020).  

In this study, seven long-term experimental sites (since 1980s/1990s) were selected 

from the middle and lower reaches of the Yangtze River Basin in two typical cropping 

systems (i.e. middle rice–winter wheat and early rice–late rice) (Figure 1-5). Basic 

information about the starting year, geographical location, climate condition, and soil 

types and properties of the seven long-term experiments was presented in Table 1-3 

and Table 1-4. Changes in crop varieties at each site were shown in Table 1-5. Four 

treatments were selected to explore the influence of different fertilisation on crop yield 

and SOC sequestration, i.e. no fertiliser (CK), application of chemical nitrogen, 

phosphorus and potassium fertilisers (NPK), application of organic fertiliser (M) and 
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a combination of NPK and M (NPKM). Table 1-6 and Table 1-7 shows the application 

rates of chemical fertilisers and organic fertilisers in different treatments. 

 

Figure 1-5: The spatial distribution of seven long-term experimental sites in both the middle 

rice–winter wheat system and early rice–late rice system located across the middle and lower 

reaches of the Yangtze River Basin. Middle rice–winter wheat system: WH, Wuhan; SN, 

Suining; CQ, Chongqing; SZ, Suzhou; Early rice–Late rice system: NC, Nanchang; JX, 

Jinxian; QY, Qiyang. 
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Table 1-3: Basic information of the seven long-term experimental sites. 

Cropping system Site Starting 

year 

Geographical location Climate condition 

Longitude Latitude Altitude (a.s.l.) 

(m) 

MAT 

(ºC) 

MAP 

(mm) 

EAT 

(ºC) 

AE 

(mm) 

Middle rice–winter 

wheat  

WH 1981 30°28' 114°25' 20 16.7 1300 5190 1500 

SN 1982 30°34' 105°37' 284 17.3 993 NA NA 

CQ 1991 29°48' 106°24' 266 18.3 1293 5600 NA 

SZ 1980 31°32' 120°04' 4 15.7 1100 4947 1576 

Early rice–late rice  

NC 1984 28°57' 115°94' 25 17.5 1600 5400 1800 

JX 1981 28°15' 116°20' 30 18.1 1537 6480 1150 

QY 1982 26°45' 111°52' 120 18.1 1408 3259 NA 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. NA, not available. 

MAT, mean annual temperature; MAP, annual precipitation; EAT, effective accumulated temperature; AE: annual evaporation.  

Table 1-4: Soil types and initial soil properties of the seven long-term experimental sites. 

Site Soil typea Initial soil properties (0–20 cm) 

SOM 

(g kg−1) 

TN 

(g kg−1) 

AN 

(mg kg−1) 

TP  

(g kg−1) 

AP 

(mg kg−1) 

TK  

(g kg−1) 

AK 

(mg kg−1) 

pH BD 

(g cm−3) 

WH Luvisol 27.4 1.80 150.7 1.00 5 30.22 98.5 6.3 1.03 

SN Cambisol 15.9 1.09 66.3 0.59 3.9 22.32 108 8.6 NA 

CQ Cambisol 24.2 1.25 93 0.67 4.3 21.1 88 7.7 1.38 

SZ Anthrosol 24.2 1.43 NA 0.43 8.4 23.7 127 6.8 1.26 

NC Luvisol 25.6 1.36 81.6 0.49 20.8 NA 35 6.5 1.19 

JX Cambisol 28.1 1.49 150.4 1.11 9.5 12.5 97.8 6.9 1.19 

QY Cambisol 19.8 1.5 158 0.48 9.6 14.2 65.9 6.0 NA 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. NA, not available. 
a World Reference Base for soil resources (WRB). SOM, soil organic matter; TN, total nitrogen; AN, available nitrogen; TP, total phosphorus; 

AP, available phosphorus; TK, total potassium; AK, available potassium; BD, bulk density. 
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Table 1-5: Changes in crop varieties at the seven long-term experimental sites. 

 
WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. NA: not available.
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Table 1-6: The application rates of chemical fertilisers under NPK and NPKM treatments at the seven long-term experimental sites. 

Site Season NPK (kg ha−1) NPKM (kg ha−1)a 

N P2O5 K2O N P2O5 K2O 

WH 
Middle rice 90 45 90 90 45 90 

Wheat 60 30 60 60 30 60 

SN 
Middle rice 120 60 60 120 60 60 

Wheat 120 60 60 120 60 60 

CQb 
Middle rice 150 75/60 75/60 150 (225) 75/60 (113/90) 75/60 (113/90) 

Wheat 150/135 75/60 75/60 150/135 (225/202) 75/60 (113/90) 75/60 (113/90) 

SZ 
Middle rice 164 56 138 150 56 138 

Wheat 150 56 138 150 56 138 

NC 
Early rice 150 60 150 150 60 150 

Late rice 180 60 150 180 60 150 

JX 
Early rice 180 90 150 180 90 150 

Late rice 180 90 150 180 90 150 

QY 
Early rice 73 56 34 145 112.6 67.6 

Late rice 73 56 73 145 112.6 145 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; M, application of organic fertiliser; NPKM, a combination of 

NPK and M. 
a Numbers out and in of brackets represent the application rate of chemical fertilisers at low and high levels.  
b Numbers before and after / represent the fertiliser application rate in year of 1991–1996 and 1997–2022.
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Table 1-7: The types, application rates and nutrient contents of organic fertilisers under M and NPKM treatments at the seven long-term 

experimental sites. 

Site Season Organic fertilisera 

Type Application rate (t ha−1)b C content  

(%) 

N content  

(%) 

P content  

(%) 

K content  

(%) 

WH 
Middle rice Pig manure 11.3 (18.8) 28.2 1.51 2.08 1.36 

Wheat Pig manure 11.3 (18.8) 28.2 1.51 2.08 1.36 

SN 
Middle rice Pig manure 15 47.2 2.1 0.8 2.68 

Wheat Pig manure 15 47.2 2.1 0.8 2.68 

CQ 
Middle rice - - - - - - 

Wheat Cattle manure 22.5 27 0.56 0.48 1.31 

SZc 
Middle rice Pig manure 11.4 50 

- - - 
Wheat Rapeseed cake 11.4 50 

NC 
Early rice Astragalus sinicus 25 (35) 5.2 0.3 0.08 0.23 

Late rice Fresh pig manure 18.5 (26) 13.8 0.45 0.19 0.6 

JX 
Early rice Astragalus sinicus 22.5 39.2 3.01 0.21 0.96 

Late rice Pig manure 22.5 41.4 2.09 0.39 0.93 

QY 
Early rice Cattle manure 22.5 40 2.24 1.32 1.39 

Late rice Cattle manure 22.5 40 2.24 1.32 1.39 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

M, application of organic fertiliser; NPKM, a combination of NPK and M. There was no M treatment at NC and JX experimental sites, for 

other experimental sites, the manure application rate of M treatment was the same as that in the NPKM treatment. 
a Organic fertiliser type includes animal manure, cake manure and green manure; The nutrient contents of organic fertiliser at NC experimental 

site was fresh based, dry based at other experimental sites. 
b Numbers out and in of brackets represent the application rate of organic fertiliser at low and high levels.  
c The input of N, P and K from organic fertiliser are 103.1, 82.7 kg and 70.1 kg ha−1 yr−1, respectively. 

- No data.  
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4.  SPACSYS model description 
The SPACSYS model is a weather-driven, field-scale and daily-time-step process-

based model that simulates C and N cycling and water and heat transformation in a 

soil–plant–atmosphere continuum (Wu and Shepherd, 2011) (Figure 1-6). The model 

was published in 2007 (Wu et al., 2007). Since then, it has been gradually improved. 

The processes mainly include plant phenological development, assimilation, 

respiration, root growth and development, N, P and water uptake, partitioning of 

photosynthate, absorbed N and P, SOM decomposition, 

mineralization/immobilization, nitrification/denitrification and N loss pathways 

(Figure 1-7). A user-defined soil profile contains numbers of soil layers with different 

thicknesses. The Richards equation and Fourier’s equation are utilized to describe soil 

water and heat transfers, respectively (Johnsson and Jansson, 1991). Sensitivity 

analysis of the model regarding 61 input parameters and their effects on 27 output 

variables was conducted (Shan et al., 2021). The model’s input information mainly 

includes initial status, initial soil properties, climate conditions, and field management 

practices. The model’s output variables mainly relate to plant growth dynamics, GHG 

emissions, water and energy redistribution, loss, and C & N recycling (Figure 1-8). 

The model has been validated and applied in many countries for different land use 

types, including grassland, upland and paddy (Table 1-8). 

 

Figure 1-6: The structure of SPACSYS model. Adopted from Wu et al. (2007). 
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Figure 1-7: The plant growth component, soil N & C component and soil water component 

of SPACSYS model. Adopted from Wu et al. (2007). 

 

Figure 1-8: The input and output data of SPACSYS model. Adopted from Wu et al. 

(2015a). 
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Table 1-8: SPACSYS model’s application in the world. 

Geographical extent Land use Reference 

Germany, Italy, Switzerland, 

Netherlands, UK 

Grassland Wu et al., 2015b 

Scotland, UK Grassland Wu et al., 2015a 

England, UK Grassland Liu et al., 2018b 

North China Plain, China Upland, winter wheat–

summer maize 

Zhang et al., 2018 

Middle of the Yangtze River 

Basin, China (Jingshan) 

Paddy, winter wheat–rice Liu et al., 2020a 

Canada, France, India, and 

UK 

Grasslands and croplands 

(spring and winter cereals, 

soybean and rapeseed) 

Sándor et al., 2020 

England, UK Upland, continuous wheat Wu et al., 2022 

North China Plain, China Upland, winter wheat–

summer maize 

Wang et al., 2024a 

England, UK Upland, continuous wheat Liang et al., 2024 

Hetao irrigation district, 

Northwest China 

Upland, spring maize Quan et al., 2024 

5.  Objectives 
In this study, we focus on exploring the effect of different long-term fertilisation 

practices on soil carbon sequestration and crop yield in rice-based cropping systems, 

and based on long-term experimental data, to assess possible consequences under 

future climate change and to propose possible practices for adaptation and mitigation 

in rice-based cropping systems (Figure 1-9, 1-10). 

(1). Chapter 1 states the importance of rice paddies in ensuring global food security 

and mitigation GHG emissions and introduces the challenges facing rice 

paddies under climate change. 

(2). Chapter 2 clarifies the characteristics of SOC sequestration in different rice-

based cropping systems. 

(3). Chapter 3 explores the co-benefits of SOC stock and crop yield with 

fertilisation in rice-based cropping systems. 

(4). Chapter 4 assesses climate change feedback and propose adaptation and 

mitigation strategies using process-based agricultural model. 

(5). Chapter 5 discusses the limitations and opportunities. 
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Figure 1-9: The framework of this thesis. 

 

Figure 1-10: The flowchart of this study.
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Abstract 

Enhancing soil organic carbon (SOC) stocks through fertilisation and crop rotation 

will contribute to sustaining crop productivity and mitigating global warming. In this 

study, we analyzed the differences in total SOC stocks and their driving factors in the 

topsoil (0–20 cm) with various fertilisation measures in two puddled lowland rice-

based cropping systems (i.e. rice–wheat rotation and double rice rotation systems) 

over the last four decades from seven long-term experiments in the Yangtze River 

Basin. The soil types include Cambisol, Luvisol and Anthrosol. The treatments 

include no fertilizer application (CK), application of chemical nitrogen, phosphorus 

and potassium fertilizers (NPK) and a combination of NPK and manure applications 

(NPKM). Every year, field was ploughed to a depth of 15–20 cm before wheat sowing 

and rice transplanting. Residue was removed after plant harvesting. Results showed 

that during the last four decades, the average crop grain yield ranged from 1151 ± 504 

kg ha–1 yr–1 under CK treatment to 7553 ± 1373 kg ha–1 yr–1 under NPKM treatment. 

The topsoil SOC stock significantly increased by 8.6 t ha–1 on average under NPKM 

treatment in rice–wheat system and by 2.5–6.4 t ha–1 on average under NPK and 

NPKM treatments in double rice system as compared with CK. A higher SOC 

sequestration rate and a longer SOC sequestration duration were found in NPKM 

treatment than that in NPK treatment in both cropping systems. The highest SOC stock 

ratio (SOC stock in fertilizer treatments to CK) was observed under the NPKM 

treatment in both cropping systems, though no significant difference was found 

between these two cropping systems. However, the fertilisation-induced increase of 

the SOC stock under the NPK and NPKM treatments were 109.5% and 45.8% higher 

in the rice–wheat system than that in the rice–rice system. This indicates that the rice–

wheat system is more conducive for SOC sequestration. RF and SEM analyses 

revealed that the magnitude and influencing factors driving SOC sequestration varied 

between two systems. In the double rice system, continuous flooding weakens the 

influence of precipitation on SOC sequestration and highlights the importance of soil 

properties and C input. In contrast, soil properties, C input and climate factors all have 

important impacts on SOC sequestration in rice–wheat system. This study reveals that 

the rice–wheat system is more favorable for SOC sequestration despite its lower C 

input compared to the double rice system in China’s paddies. 

Keywords:  

Crop rotation, fertilisation, soil organic carbon, paddy soils, the Yangtze River 

Basin. 
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1.  Introduction  
Soil constitutes the largest terrestrial soil organic carbon (SOC) pool in the world 

and plays a key role in ensuring food security and mitigating climate change. Paddy 

soils are more favorable to the accumulation of organic carbon (OC) than upland soils 

due to the presence of floodwater causing anaerobic conditions (Pan and Zhao, 2005). 

All over the world, paddy soils (0–100 cm) contain a considerable SOC pool (i.e. 18 

Pg C), of which China, India and Indonesia together contribute to more than half of 

the global SOC pool of paddies (Liu et al., 2021). More precisely, the surface SOC 

pool (the plow layer and the plowpan) of paddy soils in China has been estimated at 

~1.31 Pg (Pan et al., 2003). Hence, the management of paddy soils may have a great 

impact on the net soil–atmosphere C exchange at the national scale, and therefore, is 

of great significance for the delivery of key ecosystem services such as climate 

regulation. 

Soil organic carbon can be sequestrated in soils as the result of C input and 

mineralization rates which are on its turn affected by climatic conditions, soil 

properties and agronomic practices (e.g. fertilisation, residue retention, irrigation, 

crop rotation, tillage, etc.) (Follett, 2001; Wiesmeier et al., 2019). Consequently, any 

factors that influence the C input and mineralization will influence the SOC stock. 

Improved agronomic practices, such as chemical fertilisers application, manure 

amendment or diversified cropping, have been proved to enhance SOC sequestration 

in agricultural soils (Chen et al., 2014a). For example, a global synthesis with 4803 

paired observations from 369 experimental sites indicated that nitrogen fertilisation 

significantly promoted SOC content by 4.2 % on average (Xu et al., 2021). In addition, 

based on a global synthesis, Li et al. (2021) showed that manure amendment could 

increase SOC stock by 8.96 t C ha–1 on average as compared to unfertiliser treatment.  

Over the last two decades, mounting evidence has demonstrated that the average 

SOC stocks in paddy soils are higher than those in upland soils at both the regional 

(Sun et al., 2015) and global (Wei et al., 2021a) scale. This is mainly attributed to the 

following reasons: (1) the higher residue input in paddy than upland soils (Liu et al., 

2019a); (2) the lower decomposition rate and turnover rate due to the lower microbial 

activity under anaerobic conditions (Qiu et al., 2017); (3) the higher content of 

recalcitrant C fractions in paddy soils such as cell walls derived components like 

lignin (Chen et al., 2021); (4) some specific SOM protection mechanisms in paddy 

soils like “enzyme latch” mechanism or the adsorption of SOM to iron (Fe) oxides 

(Freeman et al., 2001; Wissing et al., 2013). 

In 2021, rice yield accounts for 40 % of China's total grain yield (NBSC, 

https://data.stats.gov.cn/). Rice is typically planted in three cropping systems in China: 

single rice cropping, mainly located in North China, rice–upland cropping, mainly 

located in Central China and double rice cropping, mainly located in South China 

(Huang et al., 2012). The rice production in the three cropping systems accounts for 

15.5 %, 43.4 % and 41.1 %, respectively of China’s total rice production (Guo et al., 

2017). Various cropping systems are characterized by different climatic and soil 

conditions as well as different agronomic practices (e.g. crop varieties, residue 
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retention rate and duration of flooding). For example, the average soil temperature in 

the three cropping systems are 15, 26 and 25℃, respectively (Cai et al., 2003; Yue et 

al., 2005; Yang et al., 2010). Among the three cropping systems, the residue retention 

rate in the single rice cropping is the lowest and the duration of flooding in the double 

rice cropping is the longest (Feng et al., 2013). In the context of climate change, many 

factors constrain the rice planting and production in China, such as the shortage of 

irrigation water resources (Piao et al., 2010), the shortened crop growth duration 

(Zhang et al., 2013a) and the changes in the planting structure (Chen et al., 2020). As 

such, the adoption of new cultivars, shifted sowing date and the optimised usage of 

water and fertilisers is proposed to mitigate the negative effects of global warming 

(Hu et al., 2017; Hussain et al., 2017). 

Cropping systems may affect SOC stocks by influencing the balance between C 

input and C decomposition (Deog-Bae et al., 2005). Previous studies have shown that 

the SOC dynamics in paddy soils are influenced to a large extent by the different C 

input levels depending on the crop rotation (Cha-un et al., 2017). In addition, the 

specific agro-management practices in different rice cropping systems are other 

important drivers of the long-term SOC trends in paddy soils. It is generally 

considered that continuous flooded paddy soils have the greatest potential for 

sequestering SOC as compared to other cropping systems, as continuous flooding can 

retard the microbial decomposition and thus stimulate long-term SOC accumulation 

(Marschner, 2021). For example, Huang et al. (2012) indicated that the double rice 

cropping system leads to a higher increase of the SOC stock than rice-wheat and single 

rice cropping systems under the application of chemical N, P and K fertilisers when 

no SOC saturation trend was found. In addition, the periodic wetting-drying cycles in 

rice–wheat system may affect the aggregate stability and thus decrease the physical 

protection of SOC (Jastrow et al., 2007). However, some studies come to the opposite 

conclusion. For example, Mehmood et al. (2020) showed that the maize–rice cropping 

system enhanced aggregate stability through increasing of small macro-aggregates 

(0.25–2 mm), resulting in more SOC sequestration in comparison with adjacent 

continuous flooded rice following biochar addition. Moreover, the increased diversity 

of soil microbes (Zhou et al., 2014) and the high efficiency of microbial assimilation 

of organic C (Wei et al., 2022) in paddy-upland system than continuous flooded 

paddies may also contributed to the accumulation of SOC. This inconsistency between 

different studies results from the various conditions of the climate, soil and agronomic 

management (Yu et al., 2009; Huang et al., 2012; Tian et al., 2015; Mehmood et al., 

2020). Therefore, an improved understanding of the SOC dynamics in paddy soils in 

response to different cropping systems as well as various fertilisation strategies, is 

critical to improve SOC sequestration in paddy soils and make a contribution to 

mitigating climate change. 

The middle and lower reaches of the Yangtze River Basin is a major rice production 

area in China, which accounts for 44.2 % of the total rice planting area and 44.4 % of 

the total rice production in China (Liu et al., 2011). The long-term experiments 

established in 1980s/1990s in paddies in the middle and lower reaches of the Yangtze 

River Basin provide a good opportunity to explore the SOC sequestration and its 
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influencing factors under different fertilisation measures and rice-based cropping 

systems. Therefore, our study uses this particular data resource to address following 

objectives: 1) explore the impacts of different fertilisation measures and rice-based 

cropping systems (rice–wheat system and double rice system) on SOC sequestration; 

and 2) assess the main influencing factors of SOC sequestration for the two cropping 

systems under fertilisation treatment. 

2.  Materials and methods 

2.1. Site description 
Datasets from long-term experiment (i.e. 1980s/1990s until 2010s) from puddled 

lowland paddy fields located along seven locations along the middle and lower 

reaches of the Yangtze River were used for this study (Figure 2-1). The study area is 

characterized by a subtropical climate with typical cropping systems of rice–wheat 

and double rice rotation. Information about the location, weather condition and soil 

properties at the beginning of the experiments are presented in Table 2-1. 

 

Figure 2-1: Geographic locations of seven long-term experimental sites (A) and distributions 

of soil organic carbon stock in the topsoil (0–20 cm) under different fertilisation treatments 

over the last four decades with the rice–wheat system (B) and double rice system (C). Rice–

wheat system: WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; Double rice system: 

NC, Nanchang; JX, Jinxian; QY, Qiyang. 

2.2. Experimental design 
The rice–wheat rotation was established at sites located in Wuhan (WH), Suining 

(SN), Chongqing (CQ) and Suzhou (SZ), while the rotation of double rice at sites in 

Nanchang (NC), Jinxian (JX) and Qiyang (QY) (Figure 2-1). The treatments include 

(i) no fertiliser application (CK), (ii) application of chemical nitrogen, phosphorus and 

potassium fertilisers (NPK) and (iii) a combination of NPK and manure applications 



Chapter 2 Soil organic carbon sequestration affected by fertilisation in rice-based 

cropping systems over the last four decades 

33 

 

(NPKM). Table 2-2 shows the application rates of urea derived inorganic N, P 

(Calcium superphosphate or monoammonium phosphate), K (Potassium Chloride or 

potassium sulphate) fertilisers as well as manure at the sites. 

2.3. Agronomic management and soil sampling 
Each year, plots were ploughed to a depth of between 15 and 20 cm before wheat 

sowing and rice transplanting. In the rice–wheat system, rice transplanting took place 

somewhere between late May and early June, whereas harvest occurred between late 

September and early October. Subsequently, wheat sowing and harvesting took place 

the following year in late October–early November and late May, respectively. In the 

double rice system, early rice transplanting and harvesting occurred in late April–early 

May and mid to late July, respectively, whereas late rice transplanting and harvesting 

were at late July and late October–early November, respectively. Irrigation was 

implemented in rice season, while no irrigation in wheat season. Pesticide was used 

to control pests and weeds when necessary. Crop plants were harvested manually 

leaving stubbles with a height of 6–15 cm. Harvested plants were collected, air-dried 

and oven-dried for 30 min at 105℃, then heated at 70℃ to a constant weight for 

determination of nutrient contents. Soils were sampled until a depth of 20 cm every 

year. Air-dried soils were sieved through a 2 mm mesh to measure soil pH. Subset 

soil samples were passed through a 0.25 mm sieve for the determination of total SOC 

with a modified Walkley & Black method (Heating solution for 12 minutes under 

220℃, and a correction factor of 1.1 was applied) (Walkley and Black, 1934; 

Meersmans et al., 2009) and total N (TN) content (Black, 1965). Soil bulk density 

(BD) was measured with steel ring (inner diameter, 5 cm) (Vomocil, 1957). 

2.4. C input 
C inputs include crop residues (roots and stubble) and animal manure. A ratio of 

belowground biomass to aboveground biomass was used to estimate the C input of 

roots (Jiang et al., 2014). Root biomass was assumed as 30 % of the total plant biomass 

for wheat with the assumption that 75.3 % of roots are located in the top 20 cm of soil 

(Jiang et al., 2014). Belowground biomass to aboveground biomass ratio was assumed 

as 30 % for rice (Kundu et al., 2007). For wheat, the stubble quantity was estimated 

as 13.1 % (fertiliser treatments) and 18.3 % (control) of the straw yield (t ha–1 yr–1) 

(Xu et al., 2006; Jiang et al., 2014). For rice, the stubble quantity was estimated as 

5.6 % of the straw yield (t ha–1 yr–1) considering all treatments (Huang et al., 2015). 

We applied the national average carbon contents for wheat residues, rice roots and 

rice straw (i. e. 399, 418 and 444 g C kg−1, respectively) on oven-dried basis (NCATS, 

1994). 
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Table 2-1: Location, weather condition and soil properties at the beginning of the seven long-term experiments in the Yangtze River Basin. 

Sitea Initial year Location Climate  Soil properties (0–20 cm) 

Longitude Latitude Altitude 

(a.s.l.) 

MAT MAP  Soil typeb SOM TN TP 

(P2O5) 

TK 

(K2O) 

pH BD 

  m ºC mm   g kg−1  g cm−3 

WH 1981 30°28' 114°25' 20 16.7 1300  Luvisol 27.4 1.80 1.00 30.22 6.3 1.03 

SN 1982 30°34' 105°37' 284 17.3 993  Cambisol 15.9 1.09 0.59 22.32 8.6 NA 

CQ 1991 29°48' 106°24' 266 18.3 1293  Cambisol 24.2 1.25 0.67 21.1 7.7 1.38 

SZ 1980 31°32' 120°04' 4 15.7 1100  Anthrosol 24.2 1.43 0.43 23.7 6.8 1.26 

NC 1984 28°57' 115°94' 25 17.5 1600  Luvisol 25.6 1.36 0.49 NA 6.5 1.19 

JX 1981 28°15' 116°20' 30 18.1 1537  Cambisol 28.1 1.49 1.11 12.5 6.9 1.19 

QY 1982 26°45' 111°52' 120 18.1 1408  Cambisol 19.8 1.5 0.48 14.2 6.0 NA 
a WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 
b World Reference Base for soil resources (WRB).  

MAT, mean annual temperature; MAP, annual precipitation; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total 

potassium; BD, bulk density. 
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Table 2-2: Inorganic nitrogen (N), phosphorus (P), potassium (K) fertilisers (kg ha−1) and manure application rates in each cropping season 

under different fertilisation treatments at seven long-term experimental sites in the Yangtze River Basin. 

Site Season Area 

(m2) 

Replicates  NPK 

(kg ha−1) 

NPKM 

(kg ha−1)a 

Manure (Animal manure, cake 

manure and green manure) 

 N P2O5 K2O N P2O5 K2O Type Amount 

(t ha−1)a 

C 

content 

(%)b 

WH 

Rice 40 3  90 45 90 90 45 90 Pig 

manure 

11.3 

(18.8) 

28.2 

Wheat 40 3  60 30 60 60 30 60 Pig 

manure 

11.3 

(18.8) 

28.2 

SN 

Rice 13 2, 4c  120 60 60 120 60 60 Pig 

manure 

15 47.2 

Wheat 13 2, 4c  120 60 60 120 60 60 Pig 

manure 

15 47.2 

CQd 

Rice 120, 

90c 

1  150 75/60 75/60 150 (225) 75/60 

(113/90) 

75/60 

(113/90) 

- - - 

Wheat 120, 

90c 

1  150/135 75/60 75/60 150/135 

(225/202) 

75/60 

(113/90) 

75/60 

(113/90) 

Cattle 

manure 

22.5 27 

SZ 

Rice 20 2  164 56 138 150 56 138 Pig 

manure 

11.4 50 

Wheat 20 2  150 56 138 150 56 138 Rapeseed 

cake 

11.4 50 

NC 

Early 

rice 

33 3  150 60 150 150 60 150 Astragalus 

sinicus 

25 (35) 5.2 

Late 

rice 

33 3  180 60 150 180 60 150 Fresh pig 

manure 

18.5 

(26) 

13.8 

JX 
Early 

rice 

50 3  180 90 150 180 90 150 Astragalus 

sinicus 

22.5 39.2 
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Late 

rice 

50 3  180 90 150 180 90 150 Pig 

manure 

22.5 41.4 

QY 

Early 

rice 

27 2, 3c  73 56 34 145 112.6 67.6 Cattle 

manure 

22.5 40 

Late 

rice 

27 2, 3c  73 56 73 145 112.6 145 Cattle 

manure 

22.5 40 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; NPKM, a combination of NPK and manure applications. 

-, No fertilizer.  
a Numbers out and in of brackets represent fertiliser application rate with low and high level of chemical fertilisers or manure.  
b The C content of manure at NC site was fresh based, dry based at other sites.  
c Numbers before and after comma represent CK treatment and other treatments at SN and CQ sites, CK and other treatments at QY site. 
d Numbers before and after / represent the fertiliser application rate in year of 1991–1996 and 1997–2022.
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2.5. Calculations 
The total soil organic carbon stock (SOC, t C ha−1) in the top 20 cm soil is estimated 

as:  

 𝑆𝑂𝐶 = 𝑆𝑂𝐶𝐶 × 𝐵𝐷 × 𝐻 × 0.1  (2-1) 

where SOCC is soil C content (g kg−1), BD is soil bulk density (g cm−3), H is the 

thickness (cm), and 0.1 is a conversion coefficient.   

The SOC stock change (∆SOC) and its change rate (SOCR) are calculated by: 

 ∆𝑆𝑂𝐶 = 𝑆𝑂𝐶𝑛 − 𝑆𝑂𝐶𝑖  (2-2) 

 𝑆𝑂𝐶𝑅 = ∆𝑆𝑂𝐶 𝑛⁄   (2-3) 

where SOCn (t C ha−1) is SOC stock in different treatment (CK, NPK and NPKM) of 

the year n, SOCi is the initial SOC stock, n is the experimental duration (year).    

Following Li et al. (2021), SOC stock ratio (%SOC) between a fertiliser treatment 

and CK is defined as:          

 %𝑆𝑂𝐶 = 𝑆𝑂𝐶𝑇𝑛 𝑆𝑂𝐶𝐶𝑛 × 100 %⁄   (2-4) 

where SOCTn and SOCCn (t C ha−1) are SOC stocks in fertiliser (NPK, NPKM) and CK 

treatments in the year n, respectively.  

According to Berhane et al. (2019), the fertilisation-induced changes of the SOC 

stock (%∆SOC) in fertiliser treatments relative to CK are calculated by the following 

formula, in which a positive value indicates fertilisation-induced increase of the SOC 

stock and a negative value indicates fertilisation-induced decrease as compared to its 

initial level. 

 %∆𝑆𝑂𝐶 = (𝑆𝑂𝐶𝑇𝑛 − 𝑆𝑂𝐶𝐶𝑛) 𝑆𝑂𝐶𝑖⁄ × 100 %  (2-5) 

2.6. Statistical analysis 
The statistical software R 4.1.1 has been used for all the analyses. The statistically 

significant differences in SOC stocks among fertilisation treatments and the 

statistically significant differences in SOC stock ratio or the fertilisation-induced 

changes of the SOC stock between the two cropping systems were analyzed by one-

way ANOVA followed by the Fisher’s LSD test (P = 0.05). The relationships of SOC 

stock changes and its change rate with cumulative C input and experimental duration 

were fitted by logarithmic regression. According to Six et al. (2002), soil C saturation 

occurs when the soil is incapable of accumulating additional C following changes in 

cropland management, and as such a new equilibrium has been reached. SOC 

sequestration duration refers to the time during which sequestration occurs (West and 

Six, 2007). With the assumption that a new SOC steady state occurs when the rate of 

SOC stock changes is lower than 0.01 t C ha−1 yr−1, we estimated the SOC 

sequestration duration. 

Random forest (RF) with percentage increases in the MSE (mean squared error) was 

applied to quantify the relative importance of different environmental variables (MAT, 

MAP, C input, TN, initial SOC content and soil pH) (Breiman, 2001). With the “A3” 

package, we obtained the significance of the model and the cross-validated R2 value 

by considering 5000 permutations of the response variable. Using the “rfPermute” 

package, we determined the significance of each driving factor on the response 
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variable (Jiao et al., 2018). Based on the identified factors regulating SOC 

sequestration, a structural equation modelling (SEM) (IBM SPSS Amos 21.0 software) 

was used to clarify the direct and indirect effects of climatic condition (MAT and 

MAP), soil properties (TN, initial SOC content and soil pH) and C input on the 

fertilisation-induced changes of the SOC stock in the two cropping systems. The 

following criteria were used to evaluate the overall performance of the model: The 

chi-square to degrees of freedom ratio (χ2 / df < 2), probability level (P > 0.05), 

comparative fit index (CFI > 0.9), root mean square error of approximation (RMSEA 

< 0.08) and the Akaike information criterion (AIC: the model has a good fit when AIC 

is low) (Wen et al., 2004) (Figure 2-2). 

 

Figure 2-2: Flowchart of the methodology. 

3.  Results 

3.1. Average crop grain yield, straw yield and C input under 

different fertilisation treatments 

The average and dynamic changes of grain and straw yield of wheat and rice in two 

cropping systems are shown in Table 2-3, Table 2-4 and Figure 2-S1. Overall, NPKM 

treatment produced the highest grain and straw yield for both rice and wheat in two 

systems. In rice–wheat system, the C inputs under NPKM treatment are double that 

of NPK treatment and four times that of CK treatment (Figure 2-3A). In double rice 

system, the C inputs under NPKM treatment are threefold that of NPK treatment and 

five times that of CK treatment (Figure 2-3B).  
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Table 2-3: Average grain yield of wheat and rice in two cropping systems from the seven 

long-term experiments in the Yangtze River Basin. 

Rotation Site Average grain yield of 

Wheat/Early rice (kg ha−1) 

Average grain yield of 

Rice/Late rice (kg ha−1) 

CK NPK NPKM CK NPK NPKM 

Wheat–rice 

rotation 
WH 

1151 ± 

504 

2322 ± 

645 

3224 ± 

946 

4184 ± 

1041 

6011 ± 

851 

6454 ± 

914 

SN 
1188 ± 

413 

3216 ± 

790 

3337 ± 

825 

3065 ± 

784 

7147 ± 

767 

7500 ± 

802 

CQ 
1283 ± 

287 

3045 ± 

528 

3028 ± 

599 

3487 ± 

735 

7081 ± 

1094 

6961 ± 

1330 

SZ 
2084 ± 

672 

4200 ± 

1195 

4660 ± 

1284 

5013 ± 

983 

7118 ± 

1207 

7553 ± 

1373 

Rice–rice 

rotation 
NC 

2923 ± 

864 

5553 ± 

788 

5963 ± 

833 

4175 ± 

765 

5816 ± 

885 

6461 ± 

921 

JX 
2585 ± 

597 

4041 ± 

750 

5184 ± 

941 

2998 ± 

678 

4173 ± 

788 

5201 ± 

1083 

QY 
3454 ± 

527 

5113 ± 

1100 

6153 ± 

1055 

2774 ± 

812 

4282 ± 

1367 

5209 ± 

1389 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, 

Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and 

potassium fertilisers; NPKM, a combination of NPK and manure applications. 

Values are means ± standard deviations. 

Table 2-4: Average straw yield of wheat and rice in two cropping systems from the seven 

long-term experiments in the Yangtze River Basin. 

Rotation Site Average straw yield of 

Wheat/Early rice (kg ha−1) 

Average straw yield of 

Rice/Late rice (kg ha−1) 

CK NPK NPKM CK NPK NPKM 

Wheat–rice 

rotation WH 
1589 ± 

588 

3066 ± 

840 

4383 ± 

1333 

4733 ± 

1348 

6131 ± 

1142 

6837 ± 

1269 

SN 
803 ± 

431 

3537 ± 

869 

3670 ± 

908 

1240 ± 

572 

6416 ± 

685 

6758 ± 

726 

CQ 
1167 ± 

273 

2770 ± 

492 

2764 ± 

539 

3795 ± 

766 

7783 ± 

1358 

7648 ± 

1512 

SZ 
2292 ± 

739 

4620 ± 

1314 

5126 ± 

1413 

4406 ± 

827 

6281 ± 

1031 

6691 ± 

1221 

Rice–rice 

rotation 
NC 

2334 ± 

694 

4602 ± 

658 

4653 ± 

638 

3212 ± 

606 

4984 ± 

897 

5193 ± 

974 

JX 
1550 ± 

377 

2715 ± 

588 

3552 ± 

643 

1986 ± 

497 

2894 ± 

603 

4143 ± 

776 

QY 
2096 ± 

552 

3846 ± 

1542 

4891 ± 

1535 

1876 ± 

564 

3656 ± 

1529 

4972 ± 

1963 
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WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, 

Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and 

potassium fertilisers; NPKM, a combination of NPK and manure applications. 

Values are means ± standard deviations. 

 

Figure 2-3: C input under different fertilisation treatments in rice–wheat system (A) and 

double rice system (B) during the last four decades. Small letters indicate significant 

differences between treatments at P < 0.05. CK, no fertiliser application; NPK, application of 

chemical nitrogen, phosphorus and potassium fertilisers; NPKM, a combination of NPK and 

manure applications. IQR: interquartile range. 

3.2. SOC stocks under different fertilisation treatments  

The topsoil SOC stocks (0–20 cm) were 36.2, 39.5 and 44.8 t C ha–1 on average 

under CK, NPK and NPKM treatments, respectively in the rice-wheat system, and 

were 36.0, 38.5 and 42.4 t C ha–1 on average under CK, NPK and NPKM treatments, 

respectively in the double rice system (Figure 2-4). During the last four decades, the 

topsoil SOC stocks significantly increased by 8.6 t ha–1 on average under NPKM 

treatment in the rice–wheat system and by 2.5–6.4 t ha–1 on average under NPK and 

NPKM treatments in the double rice system compared with CK. 
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Figure 2-4: The total soil organic carbon (SOC) stock (0–20 cm) under different fertilisation 

treatments in rice–wheat system (A) and double rice system (B) during the last four decades. 

Small letters indicate significant differences between treatments at P < 0.05. CK, no fertiliser 

application; NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; 

NPKM, a combination of NPK and manure applications. IQR: interquartile range.  

3.3. Relationships of SOC stock changes (0–20 cm) and its 

change rate with cumulative C input and experimental duration 

The SOC stock changes in rice paddies showed a significant logarithmic correlation 

with cumulative C input under all fertilisation treatments (Figure 2-5A). According to 

the regressions of different treatments, the increase in cumulative C input caused 

significant SOC stock increases in the initial stage and then showed non-significant 

SOC stock increases over a longer period of time. And the potential SOC stock 

increases in NPK treatment are much lower than that in NPKM treatment (Figure 2-

5A). The rate of SOC stock changes decreased significantly with increasing 

fertilisation duration and gradually approached zero in NPK and NPKM treatments 

(Figure 2-5B). Moreover, a higher SOC sequestration rate and a longer SOC 

sequestration duration were found in NPKM treatment compared to NPK treatment 

(Figure 2-5B). 
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Figure 2-5: Relationships of SOC stock changes (∆SOC) (0–20 cm) (A) and its change rate 

(SOCR) (B) with cumulative C input and experimental duration under different fertilisation 

treatments (CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus 

and potassium fertilisers; NPKM, a combination of NPK and manure applications) in paddies 

during the last four decades. 

3.4. SOC stock ratio and the fertilisation-induced changes of 

the SOC stock under different fertilisation treatments 

The SOC stock ratio of NPK and NPKM treatments were 109.3 ± 1.4 % (mean ± 

standard error) and 120.4 ± 1.8 %, respectively, in rice–wheat system, and were 108.6 

± 2.2 % and 123.6 ± 2.3 %, respectively, in double rice system (Figure 2-6A). The 

highest SOC stock ratio was observed under NPKM treatment in both cropping 

systems, and no significant difference was found between these two cropping systems 

both in NPK and NPKM treatments (Figure 2-6A). However, the fertilisation-induced 

changes of the SOC stock from its initial level in fertiliser treatments relative to CK 

was higher in rice–wheat system (i.e. NPK: 15.5 %, NPKM: 31.5 %) than that in 

double rice system (i.e. NPK: 7.4 %, NPKM: 21.6 %) (Figure 2-6B). This indicates a 

greater fertilisation-induced increase of the SOC stock under rice–wheat system as 

compared to its initial SOC stock during the 30–40 years of fertilisation. 
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Figure 2-6: Differences in SOC stock ratio (%SOC) (A) and the fertilisation-induced changes 

of the SOC stock (%∆SOC) (B) between the two systems (rice–wheat system and double rice 

system) under NPK and NPKM treatments. Symbols above the paired boxplots indicate 

statistic differences between the systems (one-way ANOVA, ns: non significance, *P < 

0.05). NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; NPKM, 

a combination of NPK and manure applications. IQR: interquartile range. 

3.5. Factors driving SOC sequestration in rice-based cropping 

systems 

The RF and SEM analyses showed that the dominant factors regulating the SOC 

sequestration differed between the two cropping systems (Figure 2-7). RF analysis 

indicated that soil properties (TN, initial SOC content and pH) and climate factors 

(MAT and MAP) together impacts on SOC sequestration in the rice–wheat system 

(Figure 2-7C). Whereas soil properties (initial SOC and TN content), C input and 

MAT play an important role in controlling SOC sequestration in the double rice 

system (Figure 2-7D). SEM confirmed the importance of soil properties with a total 

standardised direct effect of 1.09 in the rice–wheat system. And meanwhile 

highlighted the importance of C input in regulating SOC sequestration, with a 

standardised direct effect of 0.22 in the rice–wheat system (Figure 2-7A and Figure 
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2-S2). While SOC sequestration was dominantly and directly affected by initial SOC 

content, TN content and C input, with standardised direct effects of -0.89, 0.44 and 

0.28, respectively, in the double rice system (Figure 2-7B and Figure 2-S2). 

 

Figure 2-7: Structural equation modelling (SEM) (A, B) and random forest (RF) (C, D) 

analyses of the fertilisation-induced changes of the SOC stock (%∆SOC) with explanatory 

variables in rice–wheat system (A, C) and double rice system (B, D). The red and blue lines 

in (A) and (B) represent positive and negative effects, respectively. The line width and the 

numbers above the lines (standardised path coefficient) corresponding to the strength of the 

path. Solid and dashed lines represent significant and nonsignificant paths, respectively (*P 

< 0.05, **P < 0.01, ***P < 0.001). The R2 value indicates the proportion of variance 

explained by all variables. MAT, mean annual temperature; MAP, mean annual 

precipitation; Initial SOC, soil organic carbon content at the beginning of the experiment; 

TN, soil total nitrogen content; pH, soil pH. 
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4.  Discussion 

4.1. Fertilisation and crop rotation effects on SOC stock 
Many studies have shown the benefits of fertiliser application, manure amendments, 

straw retention, crop rotation and conservation tillage for SOC sequestration (West 

and Post, 2002; Lu et al., 2009). Based on the long-term experimental dataset, our 

study re-quantified the magnitude of SOC stock changes induced by chemical 

fertilisers and manure application in China’s paddies. Our result of SOC increment in 

rice–wheat system (Figure 2-4) is close to the value of 8.96 t C ha–1 reported by Li et 

al. (2021), and the result in double rice system is within the range of 2.5–13.5 t C ha–

1 yr–1 as being reported by Maillard and Angers (2014). Similarly, Rui and Zhang 

(2010) synthesized results from 26 long-term field experiments and concluded that 

the application of crop residue and manure enhanced SOC stock by 0.41 and 0.34 t C 

ha–1 yr–1 over approximately four decades in paddy soils as compared to fields where 

no fertiliser were applied, respectively. Among fertilisation practices, chemical 

fertilisers combined with manure (NPKM) showed the highest SOC stock (Figure 2-

4, Table 2-S1), which seems to be in agreement with the results obtained in previous 

studies (e.g. Brar et al., 2013; Zhu et al., 2015; Atere et al., 2020). This result might 

be explained by the following factors: firstly, in contrary to chemical fertilisers, 

manure applications are causing a direct C input into soil; Secondly, manure 

amendments can increase C input indirectly through enhancing plant productivity; 

Thirdly, the manure amendment derived fresh organic matter input can accelerate the 

formation of microaggregates within macroaggregates, and therefore results in an 

improved sequestration of more stable intra-aggregate particulate organic matter 

(iPOM) (Six et al., 1998, 1999, 2000). 

Our results indicated that fertilisation-induced increase of the SOC stock was higher 

in rice–wheat system than that in double rice system (Figure 2-6B). This may be 

caused by the following reasons: firstly, in rice–wheat system, the aerobic and 

anaerobic cycles caused by flooding and drainage will accelerate the process of iron 

(Fe) or aluminum (Al) oxides being adsorbed by organic compounds (Wei et al., 2022), 

and meanwhile more amorphous Fe oxides are formed with greater reactive mineral 

surface area for C accumulation than crystalline Fe oxides (Wissing et al., 2014); 

Secondly, the frequent drying-rewetting cycles can increase the quantity and diversity 

of soil organisms (Zhou et al., 2014), and as such the higher ratio of microbial biomass 

C to SOC lead to a high microbial C use efficiency (Wei et al., 2022); Thirdly, in 

comparison with continuous waterlogging, drying-rewetting cycles combined with the 

application of manure can improve soil water stable aggregation (Yang et al., 2005). 

4.2. SOC sequestration rate and duration 
The logarithmic correlation between the SOC stock changes and cumulative C input 

under fertiliser treatments indicates that C input acts as the main driving factor of SOC 

stock increases (Figure 2-5A). Furthermore, these results are showing that China’s 

paddy soils are being characterized by a steady state C trend under the current land 

management, indicating C saturation. Based on the equations, we estimated that the 
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SOC sequestration duration is between 50 and 85 years for NPK and NPKM 

treatments in China’s paddy soils (Figure 2-5B). This means that the paddy soils in 

China can continue sequestering C for 11 and 46 years under NPK and NPKM 

treatments, respectively. This result is higher than the estimations from previous 

studies. For example, Tian et al. (2015) reported that the SOC sequestration duration 

are 28–34 and 46–51 years for NPK and NPKM treatments, respectively. Similarly, 

Zhu et al. (2015) estimated that the SOC sequestration duration is 46–55 years under 

NPK and NPKM treatments. The difference between our results and others is probably 

the result of the differences in site-specific conditions, including soil texture, climate 

condition and field management (West and Six, 2007). Specifically, many studies 

have shown that SOC sequestration rates are higher in soils characterized by higher 

clay content (Hassink, 1997; Liu et al., 2014; Gross and Glaser, 2021). In addition, 

differences in field management and land use may result in different C input rates (e.g. 

crop residues and manure) or C losses through decomposition (Ma et al., 2021). Hence, 

in essence, our results seem to confirm the advantage in SOC sequestration in paddy 

soils as compared to other land uses as being highlighted by numerous other studies 

(e.g. Huang et al., 2014; Wissing et al., 2014; Hou et al., 2018).  

Consistent with previous researches (Mandal et al., 2008, Tian et al 2015, Fujisaki 

et al., 2018), in this study, greater SOC sequestration rate and longer SOC 

sequestration duration were found in the NPKM treatment as compared to the NPK 

treatment (Figure 2-5). This is probably the consequence of a higher direct C input 

rate from manure addition as well as enhanced indirect C input rates (e.g. crop residue 

and root derived C) due to higher crop productivity in the NPKM treatment. In essence, 

our study clearly indicates that the application of chemical fertilisers combined with 

manure (NPKM) can be considered as an effective measure to enhance SOC 

sequestration in paddy soils. 

4.3. Factors driving SOC sequestration 
Our results showed that the magnitude and influencing factors driving SOC 

sequestration varied between rice-based cropping systems (Figure 2-7 and Figure 2-

S2). In double rice system, continues flooding weakens the impact of precipitation on 

SOC sequestration and then highlights the importance of soil properties (initial SOC 

and TN content) and field management practice (C input), which control SOC 

sequestration. In contrast, soil properties (TN, initial SOC content and pH), field 

management practice (C input) and climate factors (temperature and precipitation) all 

have important impacts on SOC sequestration in rice–wheat system. Similar results 

have been found in previous studies. For example, Wei et al. (2021) identified a 

smaller impact of climate on SOC stock dynamics in paddy soils as compared to 

corresponding upland soils. Furthermore, a global synthesis indicated that mean 

annual temperature and soil pH are having an important effect on SOC stock changes 

in paddy soils, but the impact of annual total precipitation amount and soil clay content 

is rather limited (Liu et al., 2021).  

Initial SOC content was an important explanatory variable for SOC sequestration, 

which was similar to the findings of Zhao et al. (2018), who found that the initial SOC 
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content explained ~30 % of the variation in SOC stock changes in Chinese croplands. 

This can be explained by the fact that, according to the concept of soil C saturation 

theory, soils with a lower initial SOC content level have a larger potential and a longer 

total duration of C sequestration (Stewart et al., 2007, 2008). In this study, the impact 

of initial SOC content on SOC sequestration is opposite in two systems (Figure 2-7), 

this may be because of the difference in initial SOC content. In rice–wheat system, 

the initial SOC content is relatively lower than that in double rice system (Table 2-1), 

which may have contributed to the higher SOC sequestration.  

Furthermore, our results are in line with previous studies, such as Virto et al. (2012), 

who indicates that C input was another important factor driving SOC sequestration in 

rice-based cropping systems. In this regard, Fujisaki et al. (2018) concluded that the 

SOC stock increases in tropical croplands are mainly driven by C input. Furthermore, 

Zhao et al. (2018) reported that the SOC sequestration in China’s croplands was 

primarily caused by increased OC input (crop residues) due to economic and policy 

changes during 1980–2010. More specifically, according to global synthesis, the C 

retention coefficient of added manure and straw are 12 % and 16 % in cropland, 

respectively (Maillard and Angers, 2014; Liu et al., 2014). The relatively higher total 

effect of C input on SOC sequestration in double rice system (0.43) as compared to 

rice–wheat system (0.32) (Figure 2-7) may be attributed to its higher C input 

associated with its aerobic conditions. In the double rice system, the soil was 

submerged for about 7–8 months throughout the year, which hampered the 

decomposition rate of freshly added organic materials as well as the native SOM as 

compared to the aerobic conditions (Mandal et al., 2008). 

4.4. Limitation of this study 
The results of our study identified the advantage of SOC sequestration under long-

term fertilisation in two puddled lowland rice-based cropping systems, which may 

help to make adaptations of cropping systems in a changing climate, such as a 

conversion from continuous paddies to alternative paddy–upland systems, especially 

in a future context of irrigation water shortages (Schewe et al., 2014). However, the 

climate benefit of SOC sequestration in paddy soils is generally offset by inducing 

GHG emissions (e.g. CH4, N2O). As reported, rice accounts for about half of the total 

crop emissions due to high CH4 emissions (Carlson et al., 2017). Specifically, CH4 

and N2O emissions in paddies have been estimated as 6300 kg CO2-eq ha–1 yr–1 and 

280 kg CO2-eq ha–1 yr–1 globally (Carlson et al., 2017; FAO, 2018). In which the yield-

scaled global warming potential (GWP) of the double rice system is higher than that 

of the paddy–upland system (Feng et al., 2013; Zhang et al., 2019). As such, a more 

comprehensive assessment of SOC sequestration, crop production and GHG 

emissions in terms of CO2 equivalents in paddy soils is needed in further research to 

achieve sustainable rice cultivation. 

5.  Conclusion 
This study explored the difference in total SOC stocks (0–20 cm) and their driving 

factors under different fertilisation treatments in two puddled lowland rice-based 
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cropping systems over the last four decades. Results showed that the SOC stock 

significantly increased by 2.5–8.6 t ha–1 on average under fertilisation in two cropping 

systems as compared to CK over the last four decades. The relationship between the 

rate of SOC stock changes and duration suggests that China’s paddy soils are having 

the potential to continue sequestering carbon for approximately 11–46 years under 

fertilisation. The relatively higher fertilisation-induced increase of the SOC stock 

from its initial level in rice–wheat system than that in double rice system suggesting 

that rice–wheat system is more beneficial to SOC sequestration. Soil properties, C 

input and MAT driving SOC sequestration in double rice system, in contrast, soil 

properties, C input and climate factors all have important impacts on SOC 

sequestration in rice–wheat system. 

6.  Supplementary material 

 

Figure 2-S1: Standardised total, direct and indirect effects of each variable from the 

structural equation modelling (SEM) analysis in rice–wheat system (A) and double rice 

system (B). MAT, mean annual temperature; MAP, mean annual precipitation; Initial SOC, 

soil organic carbon content at the beginning of the experiment; TN, soil total nitrogen 

content; pH, soil pH. 
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Figure 2-S2: The dynamic changes of crop grain yield (A, B) and straw yield (C, D) in rice–

wheat system (A, C) and double rice system (B, D) under different fertilisation treatments 

(CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and 

potassium fertilisers; NPKM, a combination of NPK and manure applications) in paddies 

during the last four decades. WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, 

Nanchang; JX, Jinxian; QY, Qiyang. The discontinuity in some years at the WH, SZ and QY 

sites represents other crops were planted in that year. For CK treatment at QY site, the 

beginning year is 2001. 
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Table 2-S1: Soil organic matter (SOM) content (0–20 cm) under long-term fertilisation at the 

seven experimental sites in the Yangtze River Basin. 

Sites Year 
SOM content (g kg–1) 

CK NPK NPKM 

WH 2015 21.36 ± 4.83 25.54 ± 5.80 34.04 ± 7.11 

SN 2017 18.67 ± 1.83 17.01 ± 0.97 22.98 ± 2.44 

CQ 2018 22.49 ± 1.48 28.15 ± 2.06 29.21 ± 1.10 

SZ 2019 27.23 ± 2.14 31.48 ± 1.95 34.52 ± 3.51 

NC 2017 22.38 ± 0.40 28.62 ± 0.53 37.74 ± 0.61 

JX 2017 31.71 ± 0.63 31.75 ± 0.11 39.11 ± 0.13 

QY 2012 20.70 ± 0.06 26.20 ± 3.40 33.80 ± 4.73 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, 

Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and 

potassium fertilisers; NPKM, a combination of NPK and manure applications. 

Values are means ± standard deviations.
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Abstract 

Rice production in the Yangtze River Basin accounts for 44.4 % of China’s total 

rice production. Exploring the response of crop yields to soil organic carbon (SOC) 

stock under various fertilisation treatments for maintaining high and sustainable crop 

yields is an urgent issue. A database containing information on crop yields, SOC 

content, environmental factors (climate and soil properties), and nutrient input from 

fertilisation was established from seven long-term experimental sites located in the 

middle and lower reaches of the Yangtze River Basin (operational since the 

1980s/1990s) in two lowland rice-based cropping systems (i.e. rice–wheat rotation 

and rice–rice rotation systems). The study considered four treatments: no fertiliser 

application (CK); application of chemical nitrogen, phosphorus, and potassium 

fertilisers (NPK); application of manure (M); and a combination of NPK and M 

(NPKM). Results showed that the NPKM treatment produced the highest crop yields, 

followed by the NPK/M and CK treatments. The NPK and NPKM treatments 

generally had higher sustainable yield indices (SYI, 0.34–0.74) and lower coefficients 

of variation (CV, 11–32 %) than the M and CK treatments (SYI: 0.29–0.62 and CV: 

15–44 %) in both cropping systems across all sites. Crop grain yields were 

significantly increased with increasing SOC stock (0–20 cm) and followed a 

logarithmic regression in both systems, suggesting that a further increase in SOC 

content could lead to higher yields. Structural equation modelling indicated that 

fertilisation, soil properties, and climate together explained 75–77 % of the variance 

in crop yield in the two systems. The primary contributing factors were fertilisation 

and its associated changes in soil nutrients. Chemical fertilisers mainly had direct 

effects on crop yields, while manure had both direct and indirect (through 

improvements in soil properties) effects on crop yields. In the rice–rice system, SOC 

alone had both direct and indirect (through the improved availability of soil nutrients) 

positive effects on crop yields. Our findings emphasise the potential benefits of 

sequestering SOC not only for enhancing crop production but also for improving the 

stability and sustainability of crop yield from paddy fields. 

Keywords:  

Crop yield, soil organic carbon stock, rice-based cropping system, long-term 

fertilisation, Yangtze River Basin. 
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1.  Introduction 
Rice, a staple food source for almost half of the global population, has shown a 

recent trend to stabilize regarding the maximum yield (USDA). China is the world’s 

leading rice producer, contributing 30 % of the global total rice production (USDA). 

In the last six decades, rice production in China has increased more than threefold, 

primarily due to advancements in field management practices such as the cultivation 

of high yield varieties and the increased application of nitrogen (N) fertiliser and 

irrigation (Peng et al., 2009). However, Ray et al. (2012) highlighted the stagnation in 

rice yield in southern China based on the global rice production during 1961–2008. 

Moreover, the total rice planting area in China will likely continue to decrease in the 

future (Deng et al., 2019). Chen et al. (2020) predicted a decrease in rice production 

by 13.5 % for the year 2060 compared to 2015. Therefore, increasing agricultural 

resource efficiency is critical to ensuring sustainable rice production (Chen et al., 

2023).  

As soil organic carbon (SOC) content affects soil physical, chemical and biological 

properties and agro-ecological processes, it is considered one of the key factors for 

ensuring soil quality and maintaining high crop yields (Lal, 2014). An increasing 

number of studies have demonstrated the benefits of increasing SOC on crop 

production and yield stability (Lal, 2006, 2010; Ma et al., 2023; Oldfield et al., 2019; 

Pan et al., 2009; Waqas et al., 2020). For example, linear and non-linear regression 

have been employed to describe the correlation between SOC and grain yield (e.g. Ma 

et al., 2023; Wang et al., 2021a; Wang et al., 2021b; Zhang et al., 2016a). According 

to Lal (2006), rice yield could increase by 10–50 kg ha−1 for every 1 t ha−1 increase in 

the SOC pool. Similarly, Pan et al. (2009) concluded that an increase of 0.43 t ha−1 in 

cereal productivity could be achieved with a 1 % increase of soil organic matter 

(SOM). A recent study indicated that global production of the three most important 

staple crops could increase by 4.3 % through increasing current SOC to optimum 

levels (Ma et al., 2023).  

Defining a specific SOC threshold beyond which its increase will no longer have an 

impact on crop production remains unclear as this depends on local conditionssuch as 

climate and soil properties (Lal, 2020b; Schjønning et al., 2018). Oldfield et al. (2019) 

indicated that the increases in grain yield have levelled off at approximately 2 % SOC 

for maize and wheat. Seremesic et al. (2011) reported that this SOC threshold might 

be less than 1 % in certain stable soils. A recent study quantified the optimum SOC 

level as between 12.7 and 43.9 g kg−1 for the three major crops (i.e. wheat, rice, and 

maize) (Ma et al., 2023). Conversely, some studies claimed that high SOC content is 

unnecessary for maximising crop grain yields as long as there are sufficient nutrient 

and water supplies (Hijbeek et al., 2016; Oelofse et al., 2015). However, Vendig et al. 

(2023) stated that N fertilisers could not substitute for the effects of SOC on crop 

productivity.  

In addition, the cause-effect relationship between SOC and crop yield is difficult to 

characterise due to its complex interactions with climate factors (e.g. temperature, 

precipitation), soil properties (e.g. initial SOC content, soil texture), and agronomic 
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management practices (e.g. fertiliser, irrigation, tillage, residue, and cropping systems) 

(Lal, 2020a; Schjønning et al., 2018). It has been argued that the positive effects of 

enhancing SOC on crop production may be attributed to the improvement of soil 

properties (Schjønning et al., 2018), and study has challenged the importance of SOC 

in crop production under similar soil and climate conditions (Oelofse et al., 2015). Lin 

et al. (2023) found that even though enhancing SOC could improve crop performance 

through nutrient-mediated effects on yield, there was no significant causal relationship. 

Therefore, exploring the cause-effect relationship between SOC and crop yield using 

data from long-term experiments would be beneficial to the development of 

sustainable agriculture (Lal, 2020a).  

Paddy soils are more conducive to SOC accumulation compared to upland soils due 

to their anaerobic conditions (Wu, 2011). Rice production in the Yangtze River Basin 

accounts for 44.4 % of China’s rice production (Liu et al., 2010). Long-term 

experiments spanning 30–40 years in paddy soils in the Yangtze River Basin provide 

opportunities to (a) evaluate crop yield and its stability and sustainability under 

prolonged application of chemical fertilisers and/or manure; (b) explore the 

relationships between SOC and grain yield, and (c) establish the cause-effect 

relationship between SOC and grain yield in the context of variation in soil properties 

using structural equation modelling. 

2.  Materials and methods 

2.1. Site description 
In this study, data were collected from seven long-term field experiments 

established in the 1980s and 1990s based on two dominant rice-based cropping 

systems (i.e. rice–wheat and rice–rice) and located in the middle and lower reaches of 

the Yangtze River Basin (Figure 3-1). This area has a subtropical climate with high 

amounts of rainfall and high temperatures in summer. Information concerning the 

location, climate, initial soil properties, and the starting year of each experiment is 

listed in Table 3-S1.  
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Figure 3-1: The spatial distribution of seven long-term experimental stations based on rice–

wheat system and rice–rice system located in the middle and lower reaches of the Yangtze 

River Basin. Rice–wheat system: WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; 

Rice–rice system: NC, Nanchang; JX, Jinxian; QY, Qiyang. 

2.2. Experimental design 
Four treatments were selected for this study: (1) no fertiliser application (CK); (2) 

application of chemical nitrogen, phosphorus, and potassium fertilisers (NPK); (3) 

application of manure (M); and (4) a combination of NPK and M (NPKM). The 

fertiliser application rates during the growing season for each crop of the seven 

experimental sites including the two cropping systems are listed in Table 3-S2.  

2.3. Field management and measurements 
In the rice–wheat system, rice was transplanted between late May and early June 

and harvested between late September and early October. Wheat was sown between 

late October and early November and harvested in late May. In the rice–rice system, 

early rice was transplanted between late April and early May and harvested during 

mid to late July. Late rice was transplanted in late July and harvested between late 

October and early November. Local conventional field management practices were 

adopted, including pesticide application and tillage. Irrigation was applied during the 

rice growing season. The aboveground biomass was taken during harvesting.  
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In each experimental site, we collected the grains and we sampled the topsoil (upper 

20 cm) to estimate SOC content, soil total nitrogen (TN), total phosphorus (TP) and 

total potassium (TK), available nitrogen (AN), available phosphorus (AP) and 

available potassium (AK), soil pH, and soil bulk density (BD). These soil samples 

were collected after rice harvest in October or November each year. Mean annual 

temperature (MAT) and annual precipitation (MAP) were computed using the data 

downloaded from the National Meteorological Information Center 

(http://data.cma.cn/). 

2.4. Calculation 
Relative grain yield (RY) for different treatments of each crop was used to quantify 

the influence of fertiliser application measures on enhancing crop grain yields 

compared to the conventional fertilisation measure (NPK): 

 RY = YT / YNPK  (3-1) 

where YT is the grain yield of a given crop in the CK, NPK, M or NPKM treatment 

and YNPK is the grain yield of the crop in the NPK treatment. 

The sustainable yield index (SYI) and the coefficient of variation (CV) were used 

to quantify the yield sustainability and yield stability under different fertilisation 

treatments. Higher SYI values (close to 1) and lower CV values indicate higher yield 

sustainability and stability (Han et al., 2020; Qiao et al., 2022a). They are calculated 

as: 

 SYI = (Ymean - SD) / Ymax  (3-2) 

 CV = SD / Ymean × 100 %  (3-3) 

where Ymean and Ymax (kg ha−1) are the average and maximum grain yield of a given 

crop during the experimental period for a fertilisation treatment, respectively, and SD 

is the standard deviation of the crop yield. 

Total soil organic carbon stock (SOC, t C ha−1) is calculated as follows: 

 SOC = SOCC × BD × H × 0.1  (3-4) 

where SOCC is SOC content (g kg−1), H is the depth of soil sampling, which is set to 

20 cm in this study, and 0.1 is a conversion coefficient. 

2.5. Statistical analysis 
The statistically significant differences in relative crop grain yield among 

fertilisation treatments were analysed by one-way ANOVA (LSD, P < 0.05). 

Logarithmic regression analysis was performed to evaluate the relationship between 

SOC stock and relative crop grain yield. Structural equation modelling (SEM) was 

conducted to establish relationships between relative crop grain yield and 

environmental variables, including climate (MAT and MAP), soil properties (i.e. TN, 

TP, TK, AN, AP, AK, SOC, BD, and pH) and fertiliser input in the two cropping 

systems by using AMOS 21.0 (Amos Development Corporation, Chicago, IL, USA). 

SEM can be defined as “using two or more structural [cause-effect] equations to 

model multivariate relationships”. It allows to test the direct and indirect relationships 

between multiple variables in a single model (Grace, 2006). The direct effect describes 

the pathway from the exogenous variable to the outcome while controlling for the 
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mediator. The indirect effect is the pathway from the exogenous variable to the 

outcome through the mediator. The total effect is the sum of the direct and indirect 

effects of the exogenous variable on the outcome (Gunzler et al., 2013). The model 

was evaluated by the following criteria: a chi-square to degrees of freedom ratio (χ2/df ) 

lower than 2, a probability level (P) higher than 0.05, a comparative fit index (CFI) 

higher than 0.9, a root mean square error of approximation (RMSEA) lower than 0.08 

and a low value for the Akaike information criterion (AIC) (Wen et al., 2004). 

3.  Result 

3.1. Relative grain yield, yield stability, and yield sustainability 
The relative grain yield under different fertilisation treatments in the two cropping 

systems are shown in Figure 3-2. Across all sites in the rice–wheat system, the average 

relative grain yield for rice under CK, NPK, M, and NPKM treatments were 0.59, 1, 

0.81, and 1.04, respectively and 0.45, 1, 0.73, and 1.19, respectively, for wheat. In the 

rice–rice system, the averages for early rice were 0.61, 1, 1.03, and 1.14 and 0.71, 1, 

1.04, and 1.15 for late rice under the same treatments. Among all treatments, NPKM 

produced the highest relative grain yield for both rice and wheat in two cropping 

systems. On average, NPKM yielded 4.5–18.8 %, 28.9–63.4 %, and 60.4–167 % 

higher grain yield compared to NPK, M, and CK, respectively, considering the two 

systems.  

The SYI and CV values for grain yield under different fertilisation treatments at 

each site during the experimental period are shown in Table 3-1. The SYI values for 

rice and wheat under all treatments in the rice–wheat system were in the ranges 0.47–

0.74 and 0.29–0.6, respectively, while the corresponding values for early rice and late 

rice under all treatments in the rice–rice system were in the ranges 0.44–0.64 and 

0.34–0.68, respectively. The CV values for rice and wheat grain yield under all 

treatments in the rice–wheat system ranged from 11 % to 26 % and 17–44 %, 

respectively, while for early rice and late rice in the rice–rice system, the 

corresponding values ranged from 14 % to 30 % and 15–32 %, respectively. Similar 

to the relative grain yield, NPK and NPKM generally had higher SYI and lower CV 

values than the M and CK in both cropping systems (Table 3-1). 
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Figure 3-2: Relative crop grain yields with different fertilisation treatments in the rice–wheat 

system (a–b) and rice–rice system (c–d). CK, no fertiliser application; NPK, application of 

chemical nitrogen, phosphorus and potassium fertilisers; M, application of manure; NPKM, a 

combination of NPK and M. 

Table 3-1: Sustainable yield index (SYI) and coefficient of variation (CV, %) in crop grain 

yields under different fertilisation treatments in two rice-based cropping systems at the seven 

long-term experimental sites. 

Rotation system Sites SYI of rice/early rice SYI of wheat/late rice 

CK NPK M NPKM CK NPK M NPKM 

Rice–wheat system WH 0.49 0.62 0.62 0.62 0.29 0.50 0.30 0.47 

 SN 0.52 0.74 0.56 0.74 0.38 0.50 0.49 0.48 

 CQ 0.47 0.54 0.49 0.52 0.57 0.60 0.56 0.54 

 SZ 0.52 0.61 0.57 0.63 0.39 0.44 0.49 0.48 

Rice–rice system NC 0.44 0.64 NA 0.62 0.61 0.66 NA 0.68 

 JX 0.46 0.61 NA 0.51 0.45 0.53 NA 0.52 

 QY - 0.51 0.50 0.59 - 0.34 0.37 0.43 

Rotation system Sites CV of rice/early rice (%) CV of wheat/late rice (%) 

CK NPK M NPKM CK NPK M NPKM 

Rice–wheat system WH 25 14 15 14 44 28 41 30 

SN 26 11 19 11 35 25 24 25 

CQ 21 17 19 21 22 17 29 19 

SZ 19 16 18 18 32 28 27 28 

Rice–rice system NC 30 14 NA 14 19 15 NA 15 

JX 23 19 NA 18 23 19 NA 21 

QY - 22 22 17 - 32 31 27 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, 

Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and 

potassium fertilisers; M, manure application; NPKM, a combination of NPK and M. 
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SYI: sustainable yield index of rice or wheat; CV (%): coefficient of variation in crop grain 

yield. 

NA, not available. 

-, this treatment was obtained in 2000 on the basis of NPK treatment. 

3.2. Relationship between SOC stock and relative grain yield 
Significant correlations between SOC stock and relative grain yield were observed 

with a logarithmic function in the two cropping systems. Relative grain yield 

increased with SOC stock for both rice and wheat, and there was no levelling off in 

these systems (Figure 3-3). The magnitude of the increase in grain yield with SOC 

stock was higher for wheat than for rice in the rice–wheat system (Figure 3-3a), while 

in the rice–rice system, the benefit was greater for early rice than for late rice (Figure 

3-3b). 

 

Figure 3-3: The relationships between SOC stock (0–20 cm) and relative crop grain yields in 

both the rice–wheat system (a) and rice–rice system (b). CK, no fertiliser application; NPK, 

application of chemical nitrogen, phosphorus and potassium fertilisers; M, application of 

manure; NPKM, a combination of NPK and M. 

3.3. Factors influencing relative grain yield 
Structural equation modelling of the relative grain yield with explanatory variables 

is presented in Figure 3-4. The analysis indicated that climate, fertilisation and soil 

properties together explained 75 and 77 % of the variance in relative grain yield in the 

rice–wheat and rice–rice systems, respectively. The direct effect of chemical 

fertilisers (rice–wheat system: 0.63; rice–rice system: 0.73) on relative grain yield was 

higher than that of manure (rice–wheat system: 0.21; rice–rice system: 0.14). 

However, the indirect effect of chemical fertilisers (rice–wheat system: 0.05; rice–rice 

system: 0) on relative grain yield was lower than that of manure (rice–wheat system: 

0.06; rice–rice system: 0.16). In the rice–wheat system, SOC together with other soil 

nutrients (i.e. TN, AN, TP, AP, TK, and AK) had direct positive effects on relative 

grain yield (total effect of 0.26) (Figure 3-4a), while in the rice–rice system, SOC 
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alone had both direct (0.17) and indirect (0.08) positive effects on relative grain yield 

(Figure 3-4b). 

 

Figure 3-4: Structural equation modelling (SEM) analysis of the relative grain yields with 

explanatory variables (climate, fertiliser input and soil properties) in the rice–wheat system 

(a) and rice–rice system (b). The red and blue lines represent positive and negative effects, 

respectively. The line width and numbers above the lines reflect the strength of the path and 

the standardised path coefficients, respectively. Solid and dashed lines represent significant 

and non-significant paths, respectively (*p < 0.05, **p < 0.01, ***p < 0.001). The R2 value 

indicates the proportion of variance explained by all variables. MAT, mean annual 

temperature; MAP, annual precipitation; TN, soil total nitrogen content; AN, available 

nitrogen content, TP, total phosphorus content, AP, available phosphorus content, TK, total 

potassium content, AK, available potassium content, SOC, soil organic carbon stock (0–20 

cm), BD, soil bulk density, pH, soil pH, CI, amount of carbon input, NI, amount of nitrogen 

input, PI, amount of phosphorus input, KI, amount of potassium input. 
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4.  Discussion 

4.1. Fertilisation impacts on crop yield, stability, and 

sustainability 
Fertilisation is considered one of the most effective strategies for enhancing crop 

yield. In our study, fertilisation produced 37–167 % higher crop yield than the 

unfertilised treatment (CK), with the maximum benefits observed in the NPKM 

treatment (Figure 3-2). Moreover, the NPKM treatment produced comparable or even 

higher grain yield stability and sustainability compared to mineral-only fertilisation 

(Table 3-1), emphasising the critical role of manure application in sustaining high 

crop yield. This result can be attributed to the positive impact of manure on soil 

nutrient availability. The present study showed that the NPKM treatment generally 

resulted in the highest levels of SOC, AN, AP, and AK contents after long-term 

fertilisation across all experimental sites (Table 3-S3), thereby improving nutrient 

availability for plant uptake (Table 3-S4) and contributing to increased crop yield. 

This was consistent with the results of previous studies (Cai et al., 2019; Qaswar et 

al., 2020). The combined application of manure and chemical fertilisers not only 

provides abundant nutrients to crops but also improves soil structure that in turn 

enhances water and nutrient uptake by crops (Du et al., 2020; Wang et al., 2017b). 

Manure amendment can also increase crop yield by enhancing microbial biomass and 

enzyme activity (Luo et al., 2018). Studies have demonstrated that increases in 

bacterial abundance and improvements in the microbial community structure can 

effectively increase rice yield (e.g. Wang et al., 2021c; Gu et al., 2009). Furthermore, 

the slow release of nutrients from manure can sustain nutrient availability for many 

years after application (Demelash et al., 2014), which may have contributed to the 

sustainability and stability of soil productivity under the NPKM treatment. In this 

study, the yields of rice and wheat under the M treatment were lower than those under 

the NPK treatment in the rice–wheat system. However, in the rice–rice system, the 

yields of early and late rice under the M treatment were similar to those under the 

NPK treatment. One potential reason for this result could be the difference in N inputs 

between M and NPK in the two cropping systems (Table 3-S5). 

Our results indicated a positive influence of manure amendment on SOC, 

subsequently benefiting crop yield in the rice–rice system (Figure 3-4b). This implies 

that manure application could potentially contribute to global reductions in N fertiliser 

consumption. The enhanced yield associated with higher SOC content may be related 

to improving N use efficiency by crops, given that the increase in SOC following 

manure application can reduce N loss through leaching (Wei et al., 2021b). Numerous 

studies have shown similar results. For example, Xue et al. (2014) found that organic 

supplements combined with appropriate N reduction in the chemical application could 

sustainably benefit the rice–wheat system. Oldfield et al. (2019, 2020) reported that 

crop productivity of unfertilised soils with 4 % SOM was comparable to that of 

fertilised soils with 2 % SOM. As such, it was concluded that inputs from N fertiliser 

could compensate for the yield loss caused by declines in SOM levels. Additionally, 

Ma et al. (2023) suggested that SOC increases could be considered as a 
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complementary strategy to N fertiliser application. Because securing food 

productivity while reducing environmental pollution is one of the most serious 

challenges facing the human population (Springmann et al., 2018), our results provide 

potential measures by which to mitigate chemical N pollution from agricultural fields 

while maintaining high crop productivity. 

4.2. Driving factors of crop yields under long-term fertilisation 
Our analysis revealed that chemical fertiliser, manure amendment, soil nutrients, pH, 

and MAT had significant direct effects on crop yield in the rice–wheat system (Figure 

3-4a), while chemical fertiliser, manure amendment, soil nutrients, and SOC had 

significant direct effects on crop yield in the rice–rice system (Figure 3-4b). 

Consistent with previous studies (e.g. Iizumi et al., 2021; Ma et al., 2023; Oldfield et 

al., 2019), application of chemical fertiliser was undoubtedly the most important 

factor regulating crop yield in the two studied cropping systems. With the increase of 

chemical N fertiliser input, crop yield will first increase and then remain unchanged 

(Li et al., 2020). Ren et al. (2022) indicated that the optimum inorganic N rates were 

170 and 178 kg ha−1 for rice and wheat, respectively, after considering data from 

20,460 on-farm fertilisation experiments in China. Our analysis indicated that the 

direct effect of SOC (0.17) on crop yield was 23.3 % of that attributed to chemical 

fertilisers (0.73) in the rice–rice cropping system (Figure 3-4b). This is comparable to 

a previous study reporting that the yield benefit due to increasing SOC levels was ca. 

20 % that of N fertilisation (Ma et al., 2023). Interestingly, the impact of SOC on crop 

yield varied depending on the cropping system. In the rice–rice system, SOC was an 

important factor affecting crop yield, whereas its influence, along with soil nutrients, 

was significant in the rice–wheat system. The difference may have been due to the 

different soil conditions in the two cropping systems. Soil pH primarily affects crop 

yields by influencing soil nutrient availability and microbial activity (Neina, 2019). 

Consistent with previous studies (Huang et al., 2017b; Luo et al., 2018), there was a 

negative impact of pH on crop yield in the two cropping systems (Figure 3-4). 

Although relatively high model performance was achieved using the selected 

explanatory variables for the two cropping systems (Figure 3-4), some details of the 

determinants of crop yields may have been missed. Consistent with previous studies 

(Luo et al., 2018; Lin et al., 2023; Liu et al., 2023a), we used the mean annual 

temperature and annual precipitation to represent the dynamic changes in annual 

climate conditions over the long-term experimental period at different experimental 

sites (Figure 3-S1). However, this approach ignores the fluctuation in climate 

conditions during the year. Therefore, using explanatory variables with more specific 

time series (e.g. maximum, minimum and average temperatures or accumulated 

precipitation amount in a growing season) should be considered in future research. 

4.3. Contribution of SOC to crop yields 
Increasing studies have been conducted to investigate the relationship between crop 

production and management-induced increase in SOC (e.g. chemical fertilisation, 

manure amendment, residue retention, tillage methods, and cover cropping) (Vendig 

et al., 2023; Wang et al., 2021b; Xu et al., 2019; Zhang et al., 2016a). Our results 
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support the finding that an increase in SOC can positively influence crop production, 

highlighting potential synergies between climate mitigation and food security goals in 

intensive agricultural systems. Consistent with previous studies, increasing SOC was 

more beneficial to wheat than to rice (Iizumi et al., 2021; Lal, 2010). Furthermore, the 

total effects of SOC (0.25) on yield in the rice–rice system were close to those of 

manure (0.30) and soil nutrients (0.27), highlighting the critical role of SOC in crop 

yield (Figure 3-4b). It is worth mentioning that the current maximum SOC levels 

measured in our soils (2.4 % in the rice–wheat system and 3.4 % in the rice–rice 

system) (Figure 3-3) were above the critical level of 2 % (0–20 cm soil depth) that is 

generally considered optimal for soil function (Loveland and Webb, 2003; Oldfield et 

al., 2019). However, the maximum SOC levels in our study were close to the values 

reported by Ma et al. (2023), suggesting that the optimal SOC for crop yield is 

between 3.1 % and 3.2 % for rice, and by Iizumi et al. (2021), who suggested that the 

threshold SOC stock leading to the yield plateau is approximately 60 t C ha−1 for rice. 

This inconsistency could be attributed to differences in soil types, crops, climate zones, 

and agronomic management practices (Lal, 2020a). Our conclusion points in the 

direction of the highest SOC content. Previous studies have also produced 

contradictory results. For example, one study indicated that the magnitude of the 

increase in cereal grain yield due to an increase in SOC content is generally higher in 

the tropics than in temperate zones (Hijbeek et al., 2018). Another study demonstrated 

that the yield benefits of SOC increase were only observed in soils with initial SOC 

levels below 11.6 g kg−1 (Vendig et al., 2023). Therefore, considering different levels 

for the SOC threshold based on local soil and climate conditions would be more 

effective in accelerating the transition to sustainable intensive agriculture. 

The advantages for crop yields resulting from increased SOC may also be linked to 

improvements in soil properties. Higher SOC levels generally lead to increased 

nutrient availability, greater soil water retention, and a more favourable soil structure 

(Lal, 2010, 2020b; Lin et al., 2023). Our analysis indicated a direct positive influence 

of SOC on TN, AN, TP, AP, and AK in the rice–rice system that in turn had an indirect 

positive effect on crop yield (Figure 3-4b), supporting the positive nutrient-mediating 

effect of SOC on yield. Previous research has also demonstrated that an increase in 

SOC can significantly improve nutrient availability for crops. For example, Lin et al. 

(2023) found that SOC directly affected TN, TP, and AP and thus had a positive 

impact on crop yield. 

4.4. Implications for SOC sequestration 
Our study has demonstrated that further increasing SOC levels can increase crop 

yield under both rice–wheat and rice–rice systems (Figure 3-3). These results 

underline the importance of enhancing SOC sequestration through the implementation 

of improved agricultural techniques. Diverse soils and climate types need to adopt 

different strategies for enhancing SOC stock (Oldfield et al., 2019; Waqas et al., 2020). 

For example, studies have suggested that soils with greater yield benefits from 

increasing SOC should be given priority for adopting improved cropland management 

practices such as manure application, legume cover crops, and conservation tillage 
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(Deng et al., 2023; Lessmann et al., 2022; Vendig et al., 2023). For areas with 

excessive N from chemical fertilisers, reducing inorganic N fertiliser application 

combined with organic inputs could maintain both high crop productivity and SOC 

sequestration (Vendig et al., 2023). As such, innovative agricultural management that 

can simultaneously increase SOC and crop yield is a promising approach to benefit 

both food security and climate resilience.  

The anticipated threat to crop productivity posed by climate change has prompted 

consideration of increasing SOC as a potential measure to mitigate its impact (Deng 

et al., 2023; Qiao et al., 2022b). Previous studies have indicated that increasing SOC 

levels could prevent yield losses by 3–5 % with each degree Celsius of warming (Deng 

et al., 2023). Although the use of manure holds promise for increasing SOC 

sequestration and ensuring crop productivity in agricultural soils, there may be 

potential trade-offs due to the emission of greenhouse gases such as methane (Shang 

et al., 2011). Consequently, future studies should focus on a comprehensive 

assessment of the crop-soil-environment system, with a specific focus on the potential 

trade-offs and synergies. Process-based models are widely used for their ability to 

evaluate changes in crop production and soil C and nutrient cycling under various 

climate conditions and agronomic practices. These models will play a crucial role in 

assessment. Therefore, using the modelling approach to develop practical adaptation 

pathways will be essential to creating agricultural resilience against the impacts of 

climate change. 

5.  Conclusion 
The present study found that combining organic manure with chemical fertilisers 

produced the highest crop yields and enhanced yield stability and sustainability for 

wheat and rice in both the rice–wheat and rice–rice systems. Crop grain yields were 

significantly increased with increasing SOC stock (0–20 cm) in the two systems. 

Structural equation modelling indicated that fertilisation, soil properties, and climate 

together explained 75–77 % of the variance in crop yield in the two systems. Chemical 

fertilisers had primarily direct effects on crop yield (rice–wheat system: 0.63; rice–

rice system: 0.73). In contrast, manure had both direct (rice–wheat system: 0.21; rice–

rice system: 0.14) and indirect (rice–wheat system: 0.06; rice–rice system: 0.16) 

effects on crop yield. In the rice–rice system, SOC alone had both direct (0.17) and 

indirect (0.08) positive effects on crop yield. The findings supported several key 

conclusions: (i) increasing SOC levels could contribute to high, stable and sustainable 

crop production in paddy soils; (ii) higher yields could be expected from further 

increases in SOC in both the rice–wheat and rice–rice systems; and (iii) increased 

SOC could affect crop yields through regulating soil nutrients. As such, the present 

study provided motivation for farmers and society to adopt environmentally friendly 

and sustainable agricultural practices. 
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6.  Supplementary material 

 

Figure 3-S1: The dynamic changes of mean annual temperature and annual precipitation over 

the experimental period at different long-term experimental sites.
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Table 3-S1: Location, weather condition and soil properties at the beginning of the study period at the seven long-term experimental sites. 

Adapted from (Wang et al., 2023). 

Sitea Initial year Location Climate  Soil properties (0–20 cm) 

Longitude Latitude Altitude 

(a.s.l.) 

MAT MAP  Soil typeb SOM TN TP 

(P2O5) 

TK 

(K2O) 

pH BD 

  m ºC mm   g kg−1  g cm−3 

WH 1981 30°28' 114°25' 20 16.7 1300  Luvisol 27.4 1.80 1.00 30.22 6.3 1.03 

SN 1982 30°34' 105°37' 284 17.3 993  Cambisol 15.9 1.09 0.59 22.32 8.6 NA 

CQ 1991 29°48' 106°24' 266 18.3 1293  Cambisol 24.2 1.25 0.67 21.1 7.7 1.38 

SZ 1980 31°32' 120°04' 4 15.7 1100  Anthrosol 24.2 1.43 0.43 23.7 6.8 1.26 

NC 1984 28°57' 115°94' 25 17.5 1600  Luvisol 25.6 1.36 0.49 NA 6.5 1.19 

JX 1981 28°15' 116°20' 30 18.1 1537  Cambisol 28.1 1.49 1.11 12.5 6.9 1.19 

QY 1982 26°45' 111°52' 120 18.1 1408  Cambisol 19.8 1.5 0.48 14.2 6.0 NA 
a WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 
b World Reference Base for soil resources (WRB). 

MAT, annual temperature; MAP, annual precipitation; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total 

potassium; BD, bulk density. 
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Table 3-S2: Inorganic nitrogen (N), phosphorus (P), potassium (K) fertilisers and manure application rates in each cropping season under 

different fertilisation treatments at the seven long-term experimental sites. Adapted from (Wang et al., 2023). 

Site Crop Replicates Chemical fertilisation (kg ha−1)a Manurea 

NPK M/NPKM Types Amount  

(t ha−1) N P2O5 K2O N P2O5 K2O 

WH 
Rice 3 90 45 90 90 45 90 Pig manure 11.3 (18.8) 

Wheat 3 60 30 60 60 30 60 Pig manure 11.3 (18.8) 

SN 
Rice 2, 4b 120 60 60 120 60 60 Pig manure 15 

Wheat 2, 4b 120 60 60 120 60 60 Pig manure 15 

CQc 

Rice 1 150 75/60 75/60 150 (225) 75/60 

(113/90) 

75/60 

(113/90) 

- - 

Wheat 1 150/135 75/60 75/60 150/135 

(225/202) 

75/60 

(113/90) 

75/60 

(113/90) 

Cattle manure 22.5 

SZ 
Rice 2 164 56 138 150 56 138 Pig manure 11.4 

Wheat 2 150 56 138 150 56 138 Rapeseed cake 11.4 

NC 

Early 

rice 

3 150 60 150 150 60 150 Astragalus 

sinicus 

25 (35) 

Late 

rice 

3 180 60 150 180 60 150 Fresh pig 

manure 

18.5 (26) 

JX 

Early 

rice 

3 90 45 75 90 45 75 Astragalus 

sinicus 

22.5 

Late 

rice 

3 90 45 75 90 45 75 Pig manure 22.5 

QY 

Early 

rice 

2, 3b 73 56 34 145 112.6 67.6 Cattle manure 22.5 

Late 

rice 

2, 3b 73 56 73 145 112.6 145 Cattle manure 22.5 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 
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NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; M, application of manure; NPKM, a combination of NPK and 

M. 

-, No fertilizer.  

a Numbers out and in of brackets represent fertiliser application rate with low and high level of chemical fertilisers or manure.  

b Numbers before and after comma represent the number of replicates for CK, M and NPK, NPKM treatments, respectively. 

c Numbers before and after / represent the fertiliser application rate in year of 1991–1996 and 1997–2022. 
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Table 3-S3: Initial and current soil properties under different fertilisation treatments in two rice-based cropping systems at the seven long-

term experimental sites. 

Rotation  

system 

Sites Treatmen

ts 
SOC (g kg−1) AN (mg kg−1) AP (mg kg−1) AK (mg kg−1) pH BD (g cm−3) 

Initi

al 

Curre

nt 

Initi

al 

Curre

nt 

Initi

al 

Curre

nt 

Initi

al 

Curre

nt 

Initi

al 

Curre

nt 

Initi

al 

Curre

nt 

Rice–

wheat 

system 

WH 

CK 

15.9 

12.4 

150.

7 

112.2 

5.0 

8.2 

98.5 

105.6 

6.3 

6.6 

1.03 

1.47 

NPK 14.8 134.4 18.3 117.7 6.6 1.51 

M 19.8 190.4 143.6 137.3 6.6 1.54 

NPKM 19.7 189.0 151.3 205.9 6.7 1.56 

SN 

CK 

9.2 

10.8 

66.3 

74.7 

3.9 

2.9 

108.

0 

143.0 

8.6 

8.0 

1.30# 

1.14 

NPK 9.9 74.0 50.3 127.3 7.9 1.08 

M 11.1 80.0 5.5 129.4 8.0 1.16 

NPKM 13.3 106.2 82.2 146.2 7.9 1.08 

CQ 

CK 

14.0 

13.0 

93.0 

78.8 

4.3 

2.6 

88.0 

102.0 

7.7 

8.0 

1.38 

1.34 

NPK 16.3 117.7 24.2 134.5 7.5 1.34 

M 16.6 125.3 8.6 171.3 7.8 1.22 

NPKM 16.9 131.0 34.2 141.0 7.5 1.27 

SZ 

CK 

14.0 

15.2 

138* 

117.8 

8.4 

3.5 

85.0 

96.3 

6.8 

NA 

1.26 

1.32 

NPK 17.2 148.3 10.8 83.3 NA 1.21 

M 18.1 143.0 9.8 80.6 NA 1.24 

NPKM 19.0 162.3 28.9 78.8 NA 1.21 

Rice–rice 

system 

NC 

CK 

14.9 

13.0 

81.6 

89.1 

20.8 

11.0 

35.0 

38.9 

6.5 

5.5 

1.19 

1.26 

NPK 16.6 134.2 52.7 69.9 5.1 1.23 

NPKM 21.9 173.4 100.2 61.2 5.5 0.99 

JX 

CK 

16.3 

18.4 
150.

4 

213.9 

9.5 

3.8 

97.8 

48.0 

6.9 

5.5 

1.19 

1.17 

NPK 18.4 190.5 5.8 50.7 5.5 1.19 

NPKM 22.7 253.7 63.3 60.0 5.6 1.16 

QY 

CK 

12.2 

12.0 

158.

0 

117.7 

9.6 

10.8 

65.9 

NA 

6.0 

6.4 

NA 

1.30 

NPK 15.2 131.4 29.7 NA 6.3 1.23 

M 21.2 171.0 12.3 NA 6.3 1.13 

NPKM 19.6 168.4 47.8 NA 6.4 1.12 
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WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; M, manure application; NPKM, a 

combination of NPK and M. 
* Measured in 1999; # Measured in 1990; NA, not available. 

Table 3-S4: Average nutrients (N, P and K) content of crops under different fertilisation treatments in two rice-based cropping systems at 

the seven long-term experimental sites. 

Rotation 

system 

Sites Treatments N content (%) P content (%) K content (%) 

Rice/Early 

rice 

Wheat/Late 

rice 

Rice/Early 

rice 

Wheat/Late 

rice 

Rice/Early 

rice 

Wheat/Late 

rice 

Rice–wheat 

system 

WH 

CK 1.06 1.96 0.56 0.67 0.34 0.45 

NPK 1.15 1.92 0.57 0.81 0.39 0.48 

M 1.10 1.94 0.55 0.88 0.37 0.48 

NPKM 1.31 2.09 0.56 0.90 0.41 0.51 

SN 

CK 1.30 2.25 0.22 0.29 0.31 0.52 

NPK 1.31 2.17 0.30 0.38 0.37 0.62 

M 1.21 2.14 0.27 0.29 0.30 0.53 

NPKM 1.36 2.44 0.30 0.40 0.35 0.64 

CQ 

CK 1.39 1.72 0.21 0.25 0.24 0.41 

NPK 1.49 2.10 0.30 0.36 0.28 0.48 

M 1.32 1.71 0.25 0.28 0.26 0.43 

NPKM 1.49 2.17 0.30 0.35 0.29 0.48 

SZ 

CK 1.18 1.50 0.31 0.34 0.32 0.30 

NPK 1.21 1.64 0.37 0.42 0.33 0.33 

M 1.14 1.50 0.37 0.44 0.32 0.32 

NPKM 1.21 1.72 0.36 0.44 0.33 0.32 

Rice–rice 

system 

NC 

CK 1.04 0.99 0.52 0.45 0.37 0.37 

NPK 1.36 1.38 0.63 0.54 0.39 0.41 

NPKM 1.35 1.28 0.61 0.52 0.41 0.39 

JX 
CK 0.98 1.02 0.45 0.47 0.35 0.37 

NPK 1.06 1.10 0.52 0.54 0.36 0.38 
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NPKM 1.11 1.15 0.63 0.66 0.38 0.39 

QY 

CK NA 1.19 NA 0.36 NA 0.43 

NPK NA 1.24 NA 0.42 NA 0.45 

M NA 1.24 NA 0.30 NA 0.34 

NPKM NA 1.21 NA 0.37 NA 0.42 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

CK, no fertiliser application; NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; M, manure application; NPKM, a 

combination of NPK and M. 

NA, not available. 

Table 3-S5: N input from NPK treatment and M treatment in two rice-based cropping systems at the seven long-term experimental sites. 

Rotation system Sites NPK M 

Rice/Early rice season Wheat/Late rice season Rice/Early rice season Wheat/Late rice season 

Rice–wheat system 

WH 90 60 117 117 

SN 120 120 69 69 

CQ 150 150/135* 0 180/221 

SZ 164 150 52 52 

Rice–rice system 

NC 150 180 NA NA 

JX 90 90 NA NA 

QY 72.5 72.5 72.5 72.5 

WH, Wuhan; SN, Suining; CQ, Chongqing; SZ, Suzhou; NC, Nanchang; JX, Jinxian; QY, Qiyang. 

NPK, application of chemical nitrogen, phosphorus and potassium fertilisers; M, manure application. 
* Numbers before and after / represent the fertiliser application rate in year of 1991–1996 and 1997–2022.  

NA, not available, M treatment only conducted at QY site in rice–rice system. 
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Abstract 

Context: Climate change is projected to threaten food security and stimulate 

greenhouse gas emissions. Hence, adaptation measures without sacrificing food 

production are required. 

Objective: To assess possible consequences of rice–wheat system under climate 

change and to propose possible practices for mitigation. 

Methods: The Soil-Plant-Atmosphere Continuum SYStem (SPACSYS) model was 

tested using datasets from long-term experiment (1991–2019) assessing the impact of 

different fertilisation on crop production, crop nitrogen (N) content, soil organic 

carbon (SOC) stock, methane (CH4) and nitrous oxide (N2O) emissions in a Cambisol 

under rice–wheat system. The validated SPACSYS was then used to investigate the 

possible mitigation strategies from 2024 to 2100 under climate change scenarios 

(SSP1–2.6 and SSP5–8.5) and the baseline scenario and mitigation management 

scenarios, i.e., (i) reduced N application rate by 20 % (RNA), (ii) the introduction of 

mid-season drainage (MSD) and (iii) integrated management combining RNA with 

MSD (IM). 

Results and conclusions: Results showed that SPACSYS performed effectively in 

simulating yield and N content in grain and straw, SOC stock and CH4 and N2O 

emissions. Scenarios analysis elucidated that RNA would not decrease grain yields 

for either rice or wheat under the two climate change scenarios. Compared to the 

baseline scenario, low level of climate change scenario considering the 

CO2 fertilisation effects (SSP1–2.6_CO2) may benefit wheat yield (28 %) and had no 

effects on rice yield. In contrast, under the SSP5–8.5 scenario, whether 

CO2 fertilisation effects are considered or not, both rice and wheat yield could face 

great loss (i.e., 11.8–29.9 % for rice, 8.3–19.4 % for wheat). The winter wheat would 

not be suitable for planting in the distant future (2070–2100) due to the incomplete 

vernalisation caused by warming. The switching from winter wheat to spring wheat 

from 2070 onward could avoid the yield loss by 8.3–19.4 %. Climate change could 

decrease SOC sequestration rate. Under future climate change scenarios, IM could 

significantly decrease CH4 emissions by 56 % and N2O emissions by 24 %, as such 

reducing the net global warming potential by 69 % compared to no adaptation. Our 

simulations suggest that under climate change, crop switching in rice–wheat system 

combining integrated mitigation practices is possible to mitigate global warming and 

maintain crop production. 

Significance: Our results underscore the significance of integrated adaptation of 

agricultural systems to climate change.  

Keywords: Climate change; crop yield; SOC; GHG; Mitigation; SPACSYS 
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1.  Introduction 
Rice is a staple food for nearly half of the world’s population. Although flooded rice 

planting systems contributed to a large carbon store resulting from the anaerobic 

condition (Liu et al., 2021), it accounts for the largest greenhouse gas (GHG) 

emissions among all the cereal cropping systems due to the high methane (CH4) 

emissions (Carlson et al., 2017). Globally, CH4 and nitrous oxide (N2O) emissions 

from paddies have been estimated as 6.3 t CO2-eq ha−1 yr−1 (FAO, 2018) and 0.28 t 

CO2-eq ha−1 yr−1 (Carlson et al., 2017), contributes about 18 % and 11 % to the total 

anthropogenic CH4 and N2O emissions (IPCC, 2014; FAO, 2020). Furthermore, 

climate change, mainly caused by GHG emissions, characterized by increased 

temperature and atmospheric CO2 concentration, shifted precipitation patterns, 

frequent extreme weather events (Shivanna, 2022), is projected to aggravate GHG 

emissions from agriculture (Liu et al., 2018a; Liu et al., 2020b; Smith et al., 2013) and 

threaten agricultural productivity (Challinor, 2014; Han et al., 2024). Although many 

initiatives have been proposed to limit global warming to well below 2℃, the air 

temperature is expected to rise about 3.2℃ by 2100 (Raftery et al., 2017). Therefore, 

it is critical to optimise agricultural managements designed to mitigate global 

warming without compromising crop production in paddy fields (Bossio et al., 2020; 

Liao et al., 2021). The single rice–winter wheat rotation system is one of the major 

cropping systems in China, contributing to 9.5 % of the total grain production. 

However, the related GHG emissions account for 15 % of the total GHG emissions 

from rice fields (Gao et al., 2018). As such, it is necessary to explore the potential 

mitigations for GHG emissions in the rice–wheat system. 

Process-based agricultural models, capable of considering the complex interactions 

between multiple environmental factors and various agronomic practices, are 

powerful for evaluating the impacts of climate change on agricultural systems and 

proposing GHG mitigation practices in future climate. A wide range of models have 

been developed and applied to simulate crop grain yields, SOC stock and GHG 

emissions in rice cropping systems, including DAYCENT (Guo et al., 2023), DNDC 

(Guo et al., 2024a), WHCNS (Liang et al., 2022), DSSAT (Baishya et al., 2023), 

CERES (Timsina and Humphreys, 2006), APSIM (Gaydon et al., 2017). Moreover, 

the potential risk with different management practices and climatic conditions has 

been assessed with various models. For instance, studies predicted a decreasing trend 

in SOC content without straw incorporation in paddies in South Korea (Ku et al., 

2019), a substantial rice yield loss across China (Liu et al., 2020c) and an enhanced 

GHG intensity of rice production from global paddies (van Groenigen et al., 2012) 

under climate change. As such, based on the model approach, adaptive measures and 

suggestions to improve crop yields and simultaneously mitigating global warming 

have been recommended. For instance, Wang et al. (2022) highlighted the necessity 

of increasing C input in enhancing SOC stock under future climatic conditions and 

Zhou et al. (2023) suggested that the highest crop productivity and lowest CH4 

emissions can be obtained simultaneously by optimising the sowing window for 20 

rice field stations across Hubei Province, China. Similarly, Zhao et al. (2020) 
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recommended a reduced N fertiliser application rate combined with moistening 

irrigation (soil was saturated with water but not covered with a layer of water) for 

reducing GHG emissions while maintaining grain yields in rice–wheat systems. 

Although there have been many studies using models to evaluate the response of 

agricultural systems to field management practices under future climatic conditions, 

few studies have systematically evaluated the net GHG emissions that combining 

SOC sequestration with GHG emissions, while considering crop yields.  

The Soil-Plant-Atmosphere Continuum SYStem model (shorten as ‘SPACSYS’) 

(Wu et al., 2007, 2015) is one of the widely used agricultural models. The model has 

been proved to be effective in simulating crop growth and development, nitrogen (N) 

uptake, SOC sequestration, soil water dynamics and GHG emissions (Wang et al., 

2019; Liu et al., 2020a). It has been widely used to explore the influence of climate 

change on agricultural systems under various agricultural management practices 

including N fertiliser application, organic amendment, irrigation and tillage (Liang et 

al., 2018; Liu et al., 2018b; Zhang et al., 2018; Hassall et al., 2022; Wu et al., 2022b; 

Wang et al., 2024a). It has also been used to optimise planting dates and N fertiliser 

management practices under various soil and climatic conditions (Abalos et al., 2016; 

Liu et al., 2020a; Wu et al., 2020). The new version of the model (Ver. 6.00) allows 

to simulate arable systems, bioenergy crops and intensive and extensive grazing 

systems on grasslands (Wu et al., 2022a; Wang et al., 2024b). Its special features are 

the biological-based denitrification component that can distinguish different 

nitrogenous gases emissions (N2O, NO and N2) (Wu et al., 2015) and the detailed 

three-dimensional root growth sub-modules that can simulate water and nutrients 

uptake by plants accurately (Bingham and Wu, 2011). However, the model lacks 

processes related to soil microbial mediation of carbon-cycle (e.g. microbial 

necromass recycling, active and dormant microbial dynamics) (Chandel et al., 2023). 

In general, SPACSYS is considered as a promising tool for identifying sustainable 

management practices for climate change adaptation. 

In this study, the SPACSYS was calibrated and validated using datasets from an 

experiment on the rice–wheat system with long-term different fertilisation measures. 

The validated model was further applied to assess possible consequences under future 

climate change scenarios (i.e., SSP1–2.6 and SSP5–8.5) for the system and to propose 

possible agricultural management practices (i.e., chemical N fertilisers and irrigation 

management) for adaptation and mitigation in Southwest China. 

2.  Materials and methods 

2.1. Study site and experimental design 
In the present study, dataset was collected from the long-term experiment (1991–

2019) at the National Monitoring Station for Purple Soil Fertility (29°48'N, 106°24'E) 

in Beibei, Chongqing, China. The area has a subtropical climate with a mean annual 

temperature of 19.2°C and mean annual precipitation of 1133 mm between 1991 and 

2020 (Figure 4-1). The soil is classified as Rhodic Cambisol based on “World 
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Reference Base for soil resources” soil classification and its basic physicochemical 

characteristics (measured in 1991) were presented in Table 4-1.  

 

Figure 4-1: Average annual temperature and precipitation at the experimental site from 

1991 to 2020. 

Table 4-1: The initial soil basic physicochemical characteristics (measured in 1991) at the 

long-term experimental site. 

Soil 

layer 

(cm) 

SOM  

(g 

kg−1) 

TN  

(g 

kg−1) 

TP 

(g 

kg−1) 

TK 

(g 

kg−1) 

AN 

(mg 

kg−1) 

AP 

(mg 

kg−1) 

AK 

(mg 

kg−1) 

pH 

(H2O) 

BD 

(g 

cm−3) 

0–20 24.2 1.25 0.67 21.1 93 4.3 88 7.7 1.38 

20–40 23.9 1.35 0.52 20.2 95 4.7 85 7.7 - 

SOM: total soil organic matter; TN: total nitrogen; TP: total phosphorus; TK: total potassium; 

AN: available nitrogen; AP: available phosphorus; AK: available potassium; BD: Soil bulk 

density. 

- No values. 

The cropping system is single rice–winter wheat rotation system. Each year, rice is 

transplanted in mid-May and harvested in late August, whereas winter wheat sown in 

early November and harvested in early May next year. The changes in crop varieties 

during the experimental periods are shown in Table 4-S1. Four treatments were 

considered in this experiment, i.e., no fertiliser application (CK), application of 

chemical N, P and K fertilisers (NPK), application of manure (M) and a combined 

application of NPK and M (NPKM). Detailed information about the experiment has 
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been reported previously (Wang et al., 2020a). The N fertiliser was applied in the form 

of urea in two split doses for both rice and wheat, i.e., 60 % of total application amount 

for a crop as basal fertiliser (before rice transplanted or wheat sown), and the rest 

applied at between the 3rd and 4th leaf expansion for wheat and between 2 and 3 weeks 

after transplantation for rice. The P and K fertilisers were applied as basal fertilisers 

only. Fresh pig manure was applied at 22.5 t ha–1 once a year as basal fertiliser before 

wheat sown for M and NPKM treatments. From 1996, the M treatment was changed 

into rice straw return at 7.5 t dry matter ha–1 (1996–2013) or 4.5 t ha–1 (2014–2017) 

and then switched back to the application of fresh pig manure from 2018. Table 4-2 

shows the fertiliser application rates used during the experiment for N (urea), P 

(calcium superphosphate), K (potassium chloride) fertilisers as well as for manure. 

Wheat was rain-fed and rice was flooded with a waterlogging depth of 5–8 cm till 3 

weeks before harvest and then the field was drained. Pesticide and herbicide were 

applied followed the local conventional practices. Historical (1991–2020) daily 

weather data were downloaded from the National Meteorological Information Center 

(http://data.cma.cn/). 

Table 4-2: Fertiliser application rate for each crop at the experimental site during 1991–2019. 

Treatments1 Rice (kg ha−1)  Wheat (kg ha−1) 

N P2O5 K2O  N P2O5 K2O Manure/Straw2 

CK 0 0 0  0 0 0 0 

NPK3 150 

(135) 

75 

(60) 

75 

(60) 

 150 75 

(60) 

75 

(60) 

0 

M4 0 0 0  0 0 0 22500/ 

4500–7500 

NPKM 150 

(135) 

75 

(60) 

75 

(60) 

 150 75 

(60) 

75 

(60) 

22500 

1 CK, no fertiliser application; NPK, applications of chemical nitrogen, phosphorus and 

potassium fertilisers; M, manure application; NPKM, a combination of NPK and M 

applications.  
2 The average N, P and K content for manure and straw are 0.56, 0.48, 1.31 %, and 0.70, 0.12, 

2.59 %, respectively. 
3 Numbers out and in of brackets represent fertiliser application rate in year of 1991–1996 and 

1997–2019. 
4 The application of manure changed to straw retention during 1996–2016. 

2.2. Measurements  
Soil samples were collected from the 0–20 cm topsoil (with 4 replicates) after rice 

harvest. The SOC content was measured with the wet oxidation method (Snyder and 

Trofymow, 1984) and converted to SOC stock (t C ha–1): 

 SOC = SOCC × BD × 20 × 0.1 (4-1)  

where SOCC is the soil C content (g kg−1), BD is the soil bulk density, and 0.1 is a 

conversion coefficient.  
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The CH4 and N2O emission fluxes in CK and NPK treatments were measured (with 

3 replicates) every 3–5 days during the rice season and every 7–10 days during the 

rest of the period from May 2014 to April 2015 using the static closed chamber 

method (60 cm × 30 cm × 110 cm). Gas samples were collected between 9:00 and 

12:00 a.m. at 0, 10, 20 and 30 min after chambers were closed and analysed using a 

gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) immediately after collection.  

The crop grain and straw were manually collected at harvest and then air-dried and 

weighed. Crop grain and straw samples were oven-dried at 105°C for 30 min and then 

heated at 70°C to constant weight to determine crop N content with the method of 

Kjeldahl. The yield stability and sustainability of rice and wheat under different 

scenarios were evaluated by considering the coefficient of variation (CV) and the 

sustainable yield index (SYI), respectively (Han et al., 2020), which are calculated as 

follows: 

 CV = SD / Ymean * 100 %  (4-2) 

 SYI = (Ymean - SD) / Ymax  (4-3)  

where Ymean and Ymax (kg ha−1) are the mean and maximum values of grain yield for a 

given crop during the study period in each simulation scenario, and SD is the standard 

deviation of the grain yield for a given crop. 

2.3. The SPACSYS model  
The SPACSYS model (Ver 6.00) is a field scale, weather-driven, process-based and 

flexible time step (up to daily) dynamic simulation model (Wu et al., 2007; Wu and 

Shepherd, 2011; Wu et al., 2015; Wu et al., 2022a). It simulates processes in plant 

development and growth, soil heat and water transformation, soil C and N dynamics. 

The actual growth of plant is determined by the potential growth and the limitation of 

leaf N, P concentration and soil water content in the root zone. The SOM pool is 

divided into four sub-pools, fresh organic material, humus, dissolved SOM and 

microbial biomass. The new version of SPACSYS includes a methanogenesis sub-

model that considers the anaerobic oxidation of SOM under anaerobic conditions. Dry 

and wet N deposition was considered by the model. 

2.4. Model calibration and validation  
The model was initially run with parameters obtained from previous results 

(Bingham and Wu, 2011; Liu et al., 2020a). Observations from NPK and M treatments 

were used to calibrate the parameters related to crop and soil processes. The calibrated 

parameters are shown in Table 4-S2. The calibrated model was validated with the data 

from CK and NPKM treatments. 

2.5. Simulation scenarios  
To explore possible practices to mitigate GHG emissions under future climatic 

conditions in paddy fields, different field management practices with various climate 

scenarios were investigated. The daily bias-corrected weather data of the two future 

climate change scenarios (SSP1–2.6 and SSP5–8.5) for 2024–2100 and the baseline 

scenario spans the historical time period 1938–2014 with the UKESM1-0-LL model 

were downloaded from the Coupled Model Inter-comparison Project Phase 6 (CMIP6) 
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(https://esgfnode.llnl.gov/projects/cmip6/). The dataset of the baseline scenario was 

then cycled to 2100 for model simulation. The UKESM1-0-LL model is developed 

by the UK Earth System Modelling project, it performs well with the observations in 

the historical simulation periods (Sellar et al., 2019). Shared Socioeconomic Pathway 

(SSP) 1–2.6 and 5–8.5 represent two distinct pathways: SSP1–2.6 represents 

sustainable development with lower GHG emissions and SSP5–8.5 represents energy 

intensive and fossil-fueled development with higher GHG emissions (O'Neill et al., 

2016). The downloaded data was then downscaled to the location based on 

geographical information with the R ‘raster’ package. A summary of different weather 

elements and CO2 concentrations under each climate change scenario are shown in 

Table 4-3.  

Local traditional management practices for simulation scenarios refer to the 

application of chemical N, P and K fertilisers with N application rate at 285 kg N ha−1 

yr−1 (150 and 135 kg N ha−1 yr−1 for rice and wheat, respectively), and water 

managements of continuous flooding during rice season and rain-fed irrigation during 

wheat season in rice–wheat cropping system. We assume that the straw returning rate 

is 30 %, representing the stubble remaining at harvest. Three mitigation management 

scenarios were considered: reduced N application rate by 20 % (RNA), the 

introduction of mid-season drainage (MSD) during the rice growing period and 

integrated management combining RNA with MSD (IM). Therefore, 11 possible 

scenarios were generated considering a combination of climate scenarios and 

mitigation management practices (Table 4-4). For all the scenarios, we set initial soil 

properties the same values as the observations. Crop cultivars and the 

sowing/transplanting dates were assumed to be identical to those of 2018 (Table 4-

S1). However, winter wheat requires a period of low temperature in winter for 

vernalisation, under the intensive climate change scenario, the increasing temperature 

in winter could hamper winter wheat development (when the development index of 

winter wheat from model output stops at 2, indicating that the crop cannot enter 

reproductive growth and the photosynthetic products will continue to accumulate in 

vegetative organs), we then changed winter wheat to spring wheat, which does not 

require vernalisation and is more suitable for planting under future climatic conditions. 

The annual net global warming potential (GWPN, kg CO2-eq ha−1 yr−1) is calculated 

(IPCC, 2021): 

 𝐺𝑊𝑃𝑁 = 𝐶𝐻4 × 16/12 × 27 + 𝑁2𝑂 × 44/28 × 273 – 𝑆𝑂𝐶𝑟 × 44/12 (4-4) 

 SOCr = SOCn – SOC(n-1)  (4-5) 

where CH4 and N2O are the annual cumulative CH4 (kg C ha−1 yr−1) and N2O emissions 

(kg N ha−1 yr−1), respectively, and SOCr is the annual SOC sequestration rate (kg C 

ha−1 yr−1), SOCn and SOC(n-1) are the SOC stock in the year n and (n-1), respectively. 

The values 27 and 273 are the global warming potential of CH4 and N2O on a 100-

year horizon given by IPCC (2021), 16/12, 44/28 and 44/12 are the conversion factors 

to get the corresponding CO2-eq value.

https://esgfnode.llnl.gov/projects/cmip6/
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Table 4-3: Characteristics of different meteorological elements for each climate change and baseline scenario. 

 
Annual mean maximum 

temperature (℃) 

Annual mean minimum 

temperature (℃) 

Annual precipitation (mm) Annual mean global 

radiation (MJ m-2) 

CO2 concentration 

range (ppm) 

Mean SD Mean SD Mean SD Mean SD 
 

Baseline 21.5 0.6 15.2 0.5 1149.1 207.8 11.4 0.6 400 

SSP1−2.6 24.6 0.7 18.1 0.6 1233.2 245.4 12.7 0.7 425.4−476 

SSP5−8.5 27.0 2.4 20.4 2.3 1241.6 238.7 12.4 0.7 427.8−1148 

Baseline, historical climate (1938–2014, constant CO2 concentration at 400 ppm); SSP1–2.6, strict limits on GHG emissions; SSP 5–8.5, no 

limits on GHG emissions; SD, standard deviation. 

Table 4-4: Designed scenarios combining climate change scenarios with mitigation management scenarios. 

Scenarios abbreviation Climate change scenarios Mitigation management scenarios 

Baseline Downloaded historical data Local traditional management practices* 

SSP1–2.6 SSP1–2.6 with a constant CO2 concentration Local traditional management practices 

SSP1–2.6_CO2 SSP1–2.6 with CO2 fertilisation Local traditional management practices 

SSP1–2.6_CO2_RNA SSP1–2.6 with CO2 fertilisation Reduced N application rate (20 % less N than Baseline) 

SSP1–2.6_CO2_MSD SSP1–2.6 with CO2 fertilisation Mid-Season Drainage (continuous flooding with mid-

season drainage in rice growing season) 

SSP1–2.6_CO2_IM SSP1–2.6 with CO2 fertilisation Integrated management (combining RNA with MSD) 

SSP5–8.5 SSP5–8.5 with a constant CO2 concentration Local traditional management practices 

SSP5–8.5_CO2 SSP5–8.5 with CO2 fertilisation Local traditional management practices 

SSP5–8.5_CO2_RNA SSP5–8.5 with CO2 fertilisation Reduced N application rate (20 % less N than Baseline) 

SSP5–8.5_CO2_MSD SSP5–8.5 with CO2 fertilisation Mid-season drainage (continuous flooding with mid-season 

drainage in rice growing season) 

SSP5–8.5_CO2_IM SSP5–8.5 with CO2 fertilisation Integrated management (combining RNA with MSD) 
* Local traditional management practices refer to the application of chemical N, P and K fertilisers with N application rate at 285 kg N ha−1 

yr−1 (150 and 135 kg N ha−1 yr−1 for rice and wheat, respectively), and water managements of continuous flooding during rice season and 

rain-fed irrigation during wheat season in rice–wheat cropping system. The straw returning rate is 30 %, representing the stubble remaining 

at harvest. 
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2.6. Statistical analysis  
Four statistical metrics were used to assess the model’s performance, i.e., the 

coefficient of determination (R2, 0 to 1), the normalised root mean square error 

(NRMSE), modelling efficiency (EF, –∞ to 1) and the index of agreement (d, 0 to 1). 

R2 represents the proportion of the variance in measurements explained by the model; 

NRMSE indicates the percentage deviation from the range of observations; EF 

compares the modelling efficiency to the efficiency of describing the data as measured 

averages and d gives the degree to which the deviation toward 0 (Willmott, 1982; 

Moriasi et al., 2007; Yang et al., 2014; Tesfaye et al., 2021). They are calculated as 

follows: 

 𝑅2 = (
(∑ (𝑂𝑖−𝑂̄)(𝑆𝑖−𝑆̄)𝑛

𝑖=1 )

√∑ (𝑂𝑖−𝑂̄)2𝑛
𝑖=1 √∑ (𝑆𝑖−𝑆̄)2𝑛

𝑖=1

)

2

  (4-6) 

 𝑁𝑅𝑀𝑆𝐸 =
1

(𝑂𝑚𝑎𝑥−𝑂𝑚𝑖𝑛)
√
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𝑛
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 𝐸𝐹 = 1 −
∑ (𝑆𝑖−𝑂𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖−𝑂̄)2𝑛
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  (4-8) 

 𝑑 = 1 − ∑ (𝑆𝑖 − 𝑂𝑖)2𝑛
𝑖=1 ∑ (|(𝑆𝑖 − 𝑂̄)| + |(𝑂𝑖 − 𝑂̄)|)2𝑛

𝑖=1⁄   (4-9) 

where Si and Oi are simulations and observations for the ith sampling point, 

respectively; and  are the averages of all simulations and observations; Omax 

and Omin are the maximum and minimum values of the observations; and n is the 

sample size and “| |” is an absolute calculation. 

One-way ANOVA analysis followed by the Duncan’s test at the 0.05 level (P < 0.05) 

was used to determine the significant difference of the effects of climate and 

mitigation management scenarios on crop yields, CH4 and N2O emissions and GWPN. 

The ANOVA have been performed using SPSS 22.0 (SPSS, Inc., 2017, Chicago, 

USA). 

3.  Results 

3.1. Model calibration and validation 
Statistical indicators for model performance at both the calibration and validation 

stages are shown in Table 4-5. The values showed that the SPACSYS model 

performed relatively well in simulating crop grain and straw yields, crop N uptake, 

SOC stock, and CH4 and N2O emission fluxes in the rice–wheat system. Specifically, 

simulated crop grain and straw yields along with their N contents matched well with 

the observed data for each treatment over the whole period (Figure 4-2). The 

simulation performance of wheat was better than that of rice, as shown by lower 

NRMSE (Table 4-5). Modelled SOC stock in the top 20 cm of soil was well consistent 

with the measured data, with modelled and observed average SOC sequestration rates 

ranged from 57 to 308 kg C ha−1 yr−1 and 24 to 421 kg C ha−1 yr−1, respectively (Figure 

4-3). The EF ranged between 0.12 and 0.53, the d ranged between 0.68 and 0.79 

S O
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(Table 4-5). The model fairly captured the pattern and magnitude of observed daily 

CH4 and N2O fluxes (Figure 4-4). The simulated peak for CH4 flux in summer 2014 

(3.49 kg C ha−1 day−1) agreed well with the observed (3.30 kg C ha−1 day−1), however, 

the model did not capture the N2O emission peak in the winter wheat growing season 

(Figure 4-4). The model performance in simulating daily CH4 and N2O fluxes was 

effective, with EF ranged from 0.14 to 0.63 and d ranged from 0.59 to 0.89 (Table 4-

5). 

 

Figure 4-2: Observed and simulated crop yield and N content from 1991 to 2019. CK, no 

fertiliser application; NPK, applications of chemical nitrogen, phosphorus and potassium 

fertilisers; M, manure application; NPKM, a combination of NPK and M applications. 
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Table 4-5: Statistical analysis describing the performance of the SPACSYS model for the simulations of crop yield, crop N content, SOC 

stock, daily CH4 and N2O emissions in the rice–wheat rotation system. 

Crop Variable (kg ha–1 for crops) Calibration Validation 

n R2 NRMSE EF d n R2 NRMSE EF d 

Wheat Grain yield 54 0.46** 20 % 0.35 0.75 54 0.58** 18 % 0.48 0.84 

Straw biomass 54 0.38** 21 % 0.29 0.72 54 0.49** 17 % 0.48 0.79 

Nitrogen content in grain at maturity 54 0.54** 20 % 0.48 0.79 54 0.64** 17 % 0.64 0.88 

Nitrogen content in straw at maturity 54 0.43** 18 % 0.34 0.70 54 0.62** 21 % 0.48 0.78 

Rice Grain yield 54 0.38** 20 % 0.32 0.77 54 0.54** 19 % 0.54 0.83 

Straw biomass 54 0.22** 25 % 0.17 0.65 54 0.37** 23 % 0.33 0.72 

Nitrogen content in grain at maturity 54 0.63** 24 % 0.30 0.81 54 0.67** 21 % 0.46 0.85 

Nitrogen content in straw at maturity 54 0.39** 23 % 0.29 0.76 54 0.42** 21 % 0.33 0.78 

SOC stock (t C ha–1) 30 0.21** 24 % 0.12 0.68 30 0.62** 18 % 0.53 0.79 

Daily CH4 emissions (g C m–2 day–1) 69 0.64** 16 % 0.63 0.89 69 0.56** 20 % 0.38 0.85 

Daily N2O emissions (g N m–2 day–1) 69 0.52** 13 % 0.26 0.69 69 0.17* 17 % 0.14 0.59 

R2, the correlation of determination; NRMSE, the normalised root mean square error; EF, the modelling efficiency; d, the index of agreement. 

** P<0.01. 
1 The unit of RMSE is same as of the measured traits.
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Figure 4-3: Observed and simulated SOC stock in the top 20 cm of soil depth in the rice–

wheat rotation system from 1991 to 2019. CK, no fertiliser application; NPK, applications of 

chemical nitrogen, phosphorus and potassium fertilisers; M, manure application; NPKM, a 

combination of NPK and M applications. 

 

Figure 4-4: Observed and simulated CH4 and N2O emission fluxes for model calibration and 

validation at the experimental site in the rice–wheat rotation system between May 1, 2014, 

and May 31, 2015. Solid downward arrows indicate N fertiliser application events. CK, no 

fertiliser application; NPK, applications of chemical nitrogen, phosphorus and potassium 

fertilisers. 
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3.2. Crop grain yields under different climate change and 

mitigation management scenarios 
The influence of climate change scenarios, mitigation management scenarios and 

their combination on crop yields are shown in Figure 4-5a, b (conventional cropping 

system) and Figure 4-5c, d (adaptive cropping system). Under the conventional 

cropping system (single rice–winter wheat), the climate in the SSP1–2.6 scenario 

considering the CO2 fertilisation effects could significantly increase wheat yields by 

28 %, while rice yields would not change compared to the baseline scenario (P<0.05) 

(Figure 4-5a, b). However, the climate in the SSP5–8.5 scenario (considering the CO2 

fertilisation effects or considering a constant CO2 concentration) could significantly 

decrease rice yields by 11.8–29.9 % and wheat yield by 8.3–19.4 % (P<0.05) (Figure 

4-5a, b). The decrease in wheat yields is significantly due to the incomplete 

vernalisation of winter wheat in warmer winter after 2070, suggesting it would be 

particularly unsuitable for planting winter wheat under the SSP5–8.5 scenario (Figure 

4-S1). Therefore, the winter wheat was replaced by spring wheat from 2070 onward 

in the rice–wheat cropping system, referred as the adaptive cropping system. The 

results showed that under the adaptative cropping system, the wheat yield loss caused 

by warming in the conventional cropping system could be completely avoided (Figure 

4-5d). On the contrary, wheat yield could increase by up to 21.9 % compared to the 

baseline scenario (Figure 4-5d). A 20 % reduction in N application would not 

significantly decrease grain yields for either rice or wheat (P<0.05) under the two 

climate change scenarios (Figure 4-5). The yield stability and sustainability of rice 

and wheat under the SSP5–8.5 climate change scenario could be lower than those 

under the SSP1–2.6 climate change scenario (Figure 4-S2). Rice had a higher stability 

and sustainability than wheat (Figure 4-S2).  
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Figure 4-5: Rice and wheat yields in conventional cropping system (a, b) and adaptive 

cropping system (c, d) under different climate change and mitigation management scenarios 

from 2024 to 2100. For each boxplot, the central line is the median, the square is the mean 

value, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the 

outliers. RNA, reduced N application rate by 20 %; MSD, the introduction of mid-season 

drainage; IM, integrated management combining RNA with MSD. 

3.3. SOC stock under different climate change and mitigation 

management scenarios 
The dynamics of SOC stock in the top 20 cm of soil under various scenarios is 

shown in Figure 4-6. The SOC stock is projected to increase over the simulation 

period under all scenarios except for SSP5–8.5 with a constant CO2 concentration, 

under which the stock could decline from 2080 onward. However, the average 

increase rates of SOC stock under both SSP1−2.6 (215–256 kg C ha−1 yr−1) and 

SSP5−8.5 (175–197 kg C ha−1 yr−1) are lower than that under the baseline scenario 

(263 kg C ha−1 yr−1), suggesting a negative impacts of climate change on SOC 

sequestration (Table 4-S3). 
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Figure 4-6: SOC stock in the top 20 cm of soil depth in adaptive cropping system under 

different climate change and mitigation management scenarios from 2024 to 2100. RNA, 

reduced N application rate by 20 %; MSD, the introduction of mid-season drainage; IM, 

integrated management combining RNA with MSD. 

3.4. CH4, N2O emissions and GWPN under different climate 

change and mitigation management scenarios 
The influence of climate change scenarios, mitigation management scenarios and 

their combination on CH4, N2O emissions and net global warming potential (GWPN) 

are shown in Figure 4-7 and Figure 4-8. Switching the irrigation method from 

continuous flooding to mid-season drainage (MSD) could significantly reduce CH4 

emissions by 45 % under SSP1−2.6 and 47 % (P<0.05) under SSP5−8.5 (Figure 4-

7a). Additionally, integrated management combining RNA with MSD (IM) could 

further reduce CH4 emissions by 55 % under SSP1−2.6 and 57 % (P<0.05) under 

SSP5−8.5 (Figure 4-7a). Reducing N application rate by 20 % (RNA) could 

significantly lower N2O emissions by 23 % under SSP1−2.6 and 25 % under 

SSP5−8.5 (P<0.05) (Figure 4-7b). As a result, the GWPN for the IM scenarios could 

decrease by 70 % and 67 % under the two climate change scenarios compared with 

no adaptation (Figure 4-8). 
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Figure 4-7: CH4 (a) and N2O emissions (b) in adaptive cropping system under different 

climate change and mitigation management scenarios from 2024 to 2100. For each boxplot, 

the central line is the median, the square is the mean value, the edges of the box are the 25th 

and 75th percentiles, and the whiskers extend to the outliers. RNA, reduced N application 

rate by 20 %; MSD, the introduction of mid-season drainage; IM, integrated management 

combining RNA with MSD. 

 

Figure 4-8: Net global warming potential (GWPN) in adaptive cropping system under 

different climate change and mitigation management scenarios from 2024 to 2100. For each 

boxplot, the central line is the median, the square is the mean value, the edges of the box are 

the 25th and 75th percentiles, and the whiskers extend to the outliers. RNA, reduced N 

application rate by 20 %; MSD, the introduction of mid-season drainage; IM, integrated 

management combining RNA with MSD. 
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4.  Discussion 

4.1. Model performance 
The statistical metrics indicated that the SPACSYS model robustly simulated soil-

plant interactions in the rice–wheat system (Table 4-5). The model performed 

particularly well in considering the impacts of different fertiliser types on the system. 

For example, it effectively reproduced the downward trend in SOC dynamics under 

the M treatment from 1996 to 2017 due to the conversion from manure application to 

straw retention (Figure 4-3). However, the model underestimated rice grain yield and 

N content in rice grains for both NPK and NPKM treatments, particularly failing to 

capture high yields in some years (Figure 4-2). This discrepancy could be attributed 

to the model’s simplified partitioning of absorbed N in different organs. In the model, 

the partitioning coefficients are determined by crop development index (obtained 

from accumulated temperatures from crop sowing/transplanting), this may not capture 

the actual dynamic changes during crop growth (Liu et al., 2020a; Wu et al., 2016, 

2020). The model failed to capture the N2O emission peaks during the wheat growing 

season (Figure 4-4c), likely due to 1) the inaccurate simulation of soil water content 

or soil temperature because the N2O process is highly dependent on soil moisture and 

soil temperature (Smith et al., 2008), which was unavailable in this experiment for 

model validation; 2) other pathways producing N2O emissions that are not included 

in the model, e.g. dissimilatory nitrate reduction to ammonium and anaerobic 

ammonium oxidation (Hu et al., 2015). Additionally, the CH4 emissions are highly 

dependent on soil water and temperature conditions (Le Mer and Roger, 2001), the 

lack of the information in this study could influence the modelling of GHG emissions 

under future climatic conditions. In future study, the model should be 1) validated 

with more detailed field measurements to project more reliable results; 2) developed 

regarding dynamic changes in nutrient partitioning to different organs and other 

pathways of N2O production. 

4.2. Climate change impacts on crop yields 
Climate warming has a huge impact on crop production through shifting 

phenological development of crops and changing the spatial distribution pattern of 

crops (Bai and Xiao, 2020; Fatima et al., 2020). Many studies have revealed the 

potential risk of crop production to climate change (Basche et al., 2016; Wing et al., 

2021; Zhu et al., 2022b). For example, a recent study showed that under the most 

severe climate change scenario, yield of globally important staple cereal crops would 

decrease by 7–23 % (Rezaei et al., 2023). The economic benefit loss of six crops in 

the United States in 2070 will reach 31 % under RCP 8.5 without adaptation in crop 

cultivation (Rising and Devineni, 2020). Similarly, our results highlighted the 

potential risk of both rice and winter wheat yields under the intensive climate change 

scenario (SSP5–8.5) (Figure 4-5 and Figure 4-S3). The projected rice yield loss would 

be nearly 30 % without considering CO2 fertilisation effect (Figure 4-5). This aligns 

with previous result of a 33.8 % loss for late rice (Zhang et al., 2023). Consistent with 

Wang et al. (2024b), the CO2 fertilisation effect would not be sufficient to fully 
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compensate for the negative effect of warming on rice yield under the SSP5–8.5 

scenario (Figure 4-5).  

One consequence of global warming is the spatial cropping pattern change in 

agriculture (Liang et al., 2021; Guo et al., 2024a). Rising and Devineni (2020) has 

indicated that half of the economic benefit losses of crops can be avoided through crop 

reallocation. In our study, rice production could face serious threat during 2050–2100 

under the intensive climate change scenario (SSP5–8.5) (Figure 4-5 and Figure 4-S3). 

This implies that there might be a possible northward shift for rice cultivation to avoid 

damaging to crop yields in the future. Previous study has found that the northern limit 

of Chinese paddies has moved toward higher latitudes due to climate warming from 

1984 to 2013 (Liang et al., 2021). Moreover, our results showed that winter wheat 

might not be suitable for rice–wheat system in Southwest China during 2070–2100 

under the intensive climate change scenario (SSP5–8.5) (Figure 4-S3). This can be 

mainly explained by the incomplete vernalisation process due to the increasing 

temperatures during vegetative stage in wheat season. Other researchers have also 

raised concerns about the vulnerability of winter wheat yields to climate warming 

(Wang et al., 2015; Wu et al., 2017). Winter wheat requires a period of low 

temperatures to initiate the transition from vegetative growth to reproductive 

development (vernalisation), without vernalisation process, crops will continue to 

grow vegetatively (Chouard, 1960; Deng et al., 2015). Previous studies have 

demonstrated that the effective maximum temperature for vernalisation of winter 

wheat is usually below 18℃ depends on different cultivars (Brooking, 1996; Porter 

and Gawith, 1999). However, in our study, the maximum temperature is basically 

higher than 20℃ during overwintering period (from early December to mid-February) 

under the SSP5–8.5 scenario during 2070–2100 (Figure 4-S4). Therefore, based on 

our simulations, we recommend converting the cropping pattern from single rice–

winter wheat to single rice–spring wheat in the distant future (2070–2100), in order to 

build agricultural resilience towards global warming across the studied region (Figure 

4-5 and Figure 4-S3). Other studies have shown similar results. For example, using 

CMIP5 models to project optimal crop patterns, Rising and Devineni (2020) reported 

an upward trend for winter wheat from the south along the Mississippi under RCP 8.5 

in the United States. The area for winter wheat suitability could be reduced due to 

drought risk under a climate with a mean temperature increased by 2°C in eastern 

England (Brignall and Rounsevel, 1995). Climate change would reduce the suitable 

areas for traditional crops in southern Europe due to water shortage and the increase 

in extreme weather events (Jørgen and Marco, 2002). This implies that agricultural 

policies toward encouraging the conversion of farming systems is necessary in the 

future. Overall, our findings highlight the need for the adjustment of cropping patterns 

and the development of breeding of climate-adapted genotypes to build agricultural 

resiliency and sustainability in the future. 

4.3. GHG emissions mitigation under climate change 
Our simulations suggest that comprehensive mitigation management strategies 

combining reduced N fertiliser with mid-season drainage can significantly reduce CH4 
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and N2O emissions while maintaining crop yield in paddies under climate change. 

Previous studies have also shown the similar results based on the current climate 

conditions (Tian et al., 2018; Wang et al., 2020b). It is well recognized that N fertiliser 

and irrigation regime are two important factors affecting crop yields and GHG 

emissions in paddies (Meijide et al., 2017; Zou et al., 2005b). N fertiliser application 

is the most important driver of soil N2O emissions. The application rate of N fertiliser 

can be reduced to lower N2O emissions with no or little yield penalty in agriculture 

(Zhong et al., 2016). Draining the flooded soils of rice paddies can reduce CH4 

emissions substantially. In this study, the magnitude of the CH4 reduction (45–47 %) 

(Figure 4-7a) is in line with previous result (Liu et al., 2019c). However, mitigation 

measures for CH4 emissions can lead to an increase of N2O emissions in paddies due 

to the changes in water status. Study has indicated that the increase in N2O emissions 

caused by mid-season drainage can offset 65 % of the benefits gained by CH4 

reduction (Li et al., 2004). As such, it is crucial to assess the global warming potential 

of CH4 and N2O emissions considering the trade-offs between them. Our results 

indicated that the integrated mitigation measures could reduce the net global warming 

potential by 69 % with limited risk for yield reduction under future climate change 

scenarios (Figures 4-5 and 4-8). Overall, our findings suggest that managing N 

fertilisation and irrigation regime are crucial for climate mitigation under future 

climate change. 

4.4. Uncertainties and limitations 
The uncertainty of the results may come from the methods used and assumptions 

made. First, we assumed that crop cultivars and crop sowing/transplanting dates 

remain unchanged under future climate change scenarios. However, studies have 

shown that improved crop cultivars and shifted sowing/transplanting dates are 

effective in mitigating the negative influence of climate change on crop production 

(Rezaei et al., 2018; Ding et al., 2020; Zhang et al., 2023). Second, the climate change 

scenarios used in this study are derived from single global climate model (GCM), this 

can only represent a narrow range of uncertainty in projected climate. As such, 

establishing an ensemble approach that integrating values from multiple GCMs is 

necessary. Third, process-based model can also introduce some uncertainties in the 

prediction results due to the specific model structure and parameters (Chapagain et al., 

2022). Martre et al. (2015) has indicated that results from multi-model ensemble have 

higher accuracy and consistency than that of a single model. Therefore, the potential 

of improving the predictions through integrating two or more models should be 

investigated. Fourth, our study lacks measured soil water content and soil temperature 

for model’s calibration and validation, this could introduce significant uncertainty in 

the results. Soil water content and soil temperature are the two important factors for 

CH4 and N2O emissions (Le Mer and Roger, 2001; Liu et al., 2017). As such, 

improving the simulation performance of the model with detailed information should 

be considered in future study. 



Synergy between global warming mitigation and food security services in rice 

paddies 

98 

 

5.  Conclusion 
In this study, we tested the SPACSYS model with the observed grain and straw 

yield, grain and straw N content, SOC stock, CH4 and N2O emissions under single 

rice–winter wheat rotation system from a long-term experimental field in Chongqing 

city. The validated model was applied to explore GHG mitigation practices without 

sacrificing crop production from paddy fields. Two climate change scenarios (SSP1–

2.6 and SSP5–8.5) in addition to the baseline scenario and three mitigation 

management scenarios (reduced N application rate by 20 %, the introduction of mid-

season drainage and integrated management) were established. Results showed that 

SPACSYS model effectively simulated the observed variables from the experimental 

fields. Simulation scenarios indicated that climate change has a positive impact on 

crop yields under the SSP1–2.6 scenario and a negative impact under the SSP5–8.5 

scenario. In this last situation, converting winter wheat to spring wheat in the distant 

future (2070–2100) could avoid the wheat yield loss. Reduced N application rate by 

20 % will not significantly decrease crop yield under the two climate change scenarios, 

but could decrease N2O emissions. Mid-season drainage could significantly decrease 

CH4 emissions under the two climate change scenarios. Our results suggest that crop 

switching combining integrated management (e.g. N reduction with mid-season 

drainage) can significantly mitigate global warming without sacrificing crop 

production from rice–wheat cropping system under climate change. 
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6.  Supplementary material 

 

Figure 4-S1: Variations of mean annual maximum (Tmax) (a) and minimum (Tmin) 

temperatures (b), annual precipitation (Pre) (c), annual global radiation (d) and daily CO2 

concentration (e) under two future climate change scenarios (SSP1–2.6 and SSP 5–8.5) and 

the baseline scenario from 2024 to 2100. 



Synergy between global warming mitigation and food security services in rice 

paddies 

100 

 

 

Figure 4-S2: Sustainable yield index (SYI) and coefficient of variation (CV) of rice and 

wheat yield in the conventional cropping system (a, b) and adaptive cropping system (c, d) 

under different climate change and mitigation management scenarios from 2024 to 2100. 
RNA, reduced N application rate by 20 %; MSD, the introduction of mid-season drainage; 

IM, integrated management combining RNA with MSD. 
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Figure 4-S3: Dynamic changes of rice and wheat yield in the conventional cropping system 

(a, b) and adaptive cropping system (c, d) under different climate change and mitigation 

management scenarios from 2024 to 2100. RNA, reduced N application rate by 20 %; MSD, 

the introduction of mid-season drainage; IM, integrated management combining RNA with 

MSD. 

 

Figure 4-S4: Daily maximum temperature during overwintering period (from early 

December to mid-February) for wheat under two future climate change scenarios from 2069 

to 2100.
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Table 4-S1: Changes in crop varieties during 1992–2018 at the long-term experiment. 

 Wheat Rice 

Year 1992–2007 2008–2012 2013–2018 1992–

1997 

1998–

2001 

2002–

2005 

2006–

2009 

2010 2011–

2018 

Crop 

variety 

Xinongmai-

1 

Mianyang-

31 

Chuanmai-

45 

Shanyou-

63 

IIYou-

868 

IIYou-7 IIYou-89 Chuanyou-

9527 

ZYou-

272 

Table 4-S2: Optimised parameters related to crop growth and development, soil carbon and nitrogen cycles in SPACSYS. 

Parameter Unit Value 

Crop growth and development  Wheat Rice 

Accumulated temperatures required from sowing to emergence °C d 50 75 

Accumulated temperatures required from emergence to flowering °C d 650–700 1550–1650 

Accumulated temperatures required from emergence to flag leaf fully expansion °C d 660–690 1450–1500 

Accumulated temperatures required from flowering to maturity °C d 730–790 960–1350 

Critical photoperiod for vegetative stage below or over which plant development will not be 

affected by light 
hr 11.5 10–16 

Critical photoperiod for vegetative stage below or over which plant development will stop hr 9.15 9.15–11.5 

Coefficient in the photo period response function hr 0.97 -0.201 

Threshold temperature for vegetative stage °C 3 10 

Threshold temperature for reproductive stage °C 10 15 

Temperature below which photosynthesis ceases °C 2 2 

Temperature above which photosynthesis ceases °C 40 40 

Maximum temperature above which vernalisation response function is zero °C 20 - 

Maximum temperature below which vernalisation response function is zero °C -10 - 

Optimum temperature at which vernalisation response function is maximised °C 5 - 
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Leaf N concentration below which the photosynthesis ceases g N g–1 DM 0.005 0.015 

Leaf N concentration above which the effect on photosynthesis is in unity g N g–1 DM 0.03 0.03 

Base temperature at which temperature function is in unity for plant respiration °C 30 30 

Q10 value for plant respiration - 3 2.5 

Soil C and N cycles    

Coefficient in water function for decomposition, mineralization and nitrification - 1 

Transformation fraction to humus from decomposed dissolved organic matter - 0.1 

Transformation fraction to humus from decomposed fresh litter organic matter - 0.15 

Potential decomposition rate for humus d–1 0.000032 

Critical C/N ratio favourable to immobilization - 10 
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Table 4-S3: Mean annual SOC sequestration rate under different simulation scenarios 

between 2024 and 2100. 

Simulation scenarios SOC sequestration rate 

(kg C ha-1 yr-1) * 

R2 P 

Baseline 263 0.99 <0.001 

SSP1–2.6 215 0.99 <0.001 

SSP1–2.6_CO₂ 256 0.99 <0.001 

SSP1–2.6_CO₂_RNA 234 0.99 <0.001 

SSP1–2.6_CO₂_MSD 248 0.99 <0.001 

SSP1–2.6_CO₂_IM 230 0.99 <0.001 

SSP5–8.5 - - - 

SSP5–8.5_CO₂ 197 0.98 <0.001 

SSP5–8.5_CO₂_RNA 179 0.98 <0.001 

SSP5–8.5_CO₂_MSD 193 0.98 <0.001 

SSP5–8.5_CO₂_IM 175 0.98 <0.001 
* The mean annual SOC sequestration rate was obtained from the slope of the simple liner 

regression between SOC stock and year under different climate change and mitigation 

management scenarios; Baseline, historical climate (1938–2014, constant CO2 concentration 

at 400 ppm); SSP1–2.6, strict limits on GHG emissions; SSP 5–8.5, no limits on GHG 

emissions; RNA, reduced N application rate by 20 %; MSD, the introduction of mid-season 

drainage; IM, integrated management combining RNA with MSD. 
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1.  General discussion 
Since the pre-industrial period, GHG emissions (e.g. CO2, CH4 and N2O) due to 

anthropogenic activities are key components responsible for climate change (IPCC, 

2021). The land carbon sink in terrestrial ecosystem offsets about 30 % of the CO2 

emissions caused by human activities each year (Friedlingstein et al., 2020), plays a 

fundamental role in ecosystem service like climate regulation. Agricultural soils have 

great SOC sequestration potential (Beillouin et al., 2023), especially those with 

substantial yield gaps and large historic SOC losses (Amelung et al., 2020). While 

agricultural soils are also a major source of anthropogenic GHG emissions (USEPA, 

2013). For example, N2O emissions from fertilised soils and CH4 emissions from 

paddy soils (Han et al., 2019). Therefore, optimising agricultural management 

practices for promoting SOC accumulation, mitigating GHG emissions, and 

enhancing agricultural resilience are needed in sustainable agriculture. In this study, 

we quantified the benefits of organic amendments in both SOC stock enhancement 

and crop yield improvement over the past 30–40 years of fertilisation in Chinese 

paddy fields. At the same time, the factors that driving changes in SOC and yield were 

investigated. The direct and indirect positive effects of SOC on crop yield was 

identified. Furthermore, using process-based modelling, the adaptation strategies in 

rice cropping systems were suggested to adapt to climate change. The results highlight 

the importance of implementing sustainable agricultural management practices to 

improve the resilience of agriculture in coping with climate change and proposing 

innovative pathways for climate change mitigation. The findings provide strong 

evidence to help farmers, environmentalists and decision-makers in safeguarding food 

production and mitigating global warming under future climate conditions. 

1.1. Meeting the growing demand for crop production 
Food security is facing various challenges like growing population (United Nations, 

2017) and global environmental changes including climate change, environmental 

degradation and rapid urbanization (Humbal et al., 2023; Nguyen et al., 2023). It is 

therefore important to implement sustainable agricultural strategies to increase food 

production and protect the environment. Studies considering adaptation strategies to 

reduce climate change-related hazards mainly include nutrient and irrigation 

management, SOM management, crop cultivar changes, cropping system conversion 

and sowing dates shifts (Challinor et al., 2014; Hasegawa et al., 2022; Guo et al., 

2024b).  

During the past decades, synthetic N fertiliser plays a key role in boosting crop 

yields and has feed half of the global population (Erisman et al., 2008; Stewart and 

Roberts, 2012). However, it also resulted in great harm to the earth system as more 

than half of the N inputs are released into the environment through various pathways 

(Lassaletta et al., 2014). The current status of N biogeochemical flows among the nine 

planetary boundaries is under the high-risk zone (Richardson et al., 2023). As such, 

developing improved nutrient management practices for sustainable agriculture are 

urgently needed. Our results indicated that the reduction of N application rate by 20 % 

could significantly decrease N2O emissions by 23–25 % without sacrificing yield 
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production in rice–wheat cropping system under future climatic conditions (Figure 4-

5 and Figure 4-7). Studies have reported the similar results, for example, Yao et al. 

(2024) suggested that the reductions in N fertiliser application by 25–27 % can 

achieve synergies between GHG emissions reductions and crop yield improvements 

in Chinese rice fields under future climate change scenarios. Liu et al. (2024) 

quantified that 49 % reduction in synthetic N fertiliser inputs can decrease reactive N 

losses by 52 % while maintaining production for Chinese staple crops.  

Our results showed that crop production could face great loss under intensive 

climate change scenario (SSP5–8.5) (Figure 4-5a, b). While it is possible to avoid the 

wheat yield loss through switching winter wheat to spring wheat in years that the 

winter wheat cannot be vernalised (Figure 4-5d). This finding highlights the 

importance of considering suitability of crops for specific areas to adapt to future 

climate change. Vernalisation is essential for the transition from vegetative growth to 

flowering for some cereal crops, such as wheat and barley (Xu and Chong, 2018). 

Sayed Shourbalal et al. (2019) discovered that the use of plant growth regulators and 

cold stratification can alleviate the adverse effects of global warming on winter wheat 

production by controlling the vernalisation process. Many studies have suggested that 

considerable potential from changing the type of crop grown or cultivation systems to 

avoid the yield loss from climate change (Meng et al., 2014; Rising and Devineni, 

2020; Guo et al., 2024b).  

SOC is considered as a fundamental indicator of soil health due to its benefits on 

soil physical, chemical and biological properties (Lal, 2006). Consistent with previous 

studies (Pan et al., 2009; Lal, 2020b), our results indicated that increasing SOC stock 

in paddy fields can improve crop production (Figure 3-3). Previous study quantified 

that the benefit of SOC stock on crop production is one-fifth that of N fertilisation in 

global croplands (Ma et al., 2023). Thus, SOC-based strategy is a promising solution 

to reduce crop yield loss under future climatic conditions (Deng et al., 2023).  

Adaptation measures such as the development of new cultivars and shifts in sowing 

dates can help overcome the adverse effects of climate warming and have made 

significant contributions to crop production over the last few decades in China (Zhang 

et al., 2013b). Therefore, efforts should be dedicated to cultivar improvement (i.e. 

high temperature resistance) to better adapt to warmer climate conditions in the future.  

1.2. SOC-based strategy for climate change mitigation  
As a nature-based climate solution, improving SOC stock in agroecosystems is 

crucial for achieving climate goals in international consensus such as the Paris 

Agreement (Buma et al., 2024). Increasing SOC stock has been considered as a 

promising approach to sustain agricultural productivity and ecosystem services (Lal, 

2004, 2010a, 2014). The “4 per 1000” international initiative was launched to increase 

SOC stock by 4 ‰ per year as a compensation for the global anthropogenic GHG 

emissions in 2015. Minasny et al. (2017) concluded that the initiative was feasible 

under optimal management practices in global soils. However, the conclusion has 

been detailedly discussed and criticized (de Vries, 2018; VandenBygaart, 2018). The 

critical issues related to the accuracy of the calculation method for obtaining the 



 

Chapter 5 General discussion and conclusions 

109 

 

increasing rate (4 ‰), the applicability of this rate to different land uses, soil types, 

and regions. In this study, our results demonstrated that the difference in magnitude 

of the SOC sequestration in different rice cropping systems mainly dependent on 

initial SOC levels (Figure 2-7), suggesting the varying SOC sequestration potential 

for different areas.  

In addition to these limits, other aspects regarding the potential of the SOC 

sequestration on climate mitigation should be considered. First, SOC sequestration 

potential must take SOC saturation level into account (Martin et al., 2021; Gutierrez 

et al., 2023). Sommer and Bossio (2014) estimated that the mitigation potential by 

SOC sequestration is very limited, e.g. 1.9–3.9 % of the anthropogenic CO2 emissions. 

Second, N limitation is a critical factor that should be considered to evaluate the 

potential of SOC sequestration in climate change mitigation (van Groenigen et al., 

2017; Poulton et al., 2018). The increase in SOC requires corresponding amount of N 

inputs to balcancing stoichiometry (Batjes, 2014). Implementing the initiative would 

need additional 100 Tg N yr−1 in agricultural soils (van Groenigen et al., 2017), this is 

limited by the uneven distribution of global N surplus (Zhang et al., 2015) and runs 

counter to the achievement of the Sustainable Development Goals (SDGs) (Zhang et 

al., 2024a). Third, SOC sequestration in deep soils needs more attention in future 

research. As Lyu et al. (2021a) reported, the subsoil SOC may not be as difficult to 

decompose as previously thought. In fact, the subsoil SOC would be more sensitive 

to environmental or anthropogenic changes than the topsoil SOC. This may be 

attributed to the lower C input from crop residues in the subsoil and the lower stability 

of SOM at deep soil depths due to microbial N mining (Chen et al., 2014b). Fourth, 

implementing SOC-based strategy (e.g. manure amendment) may increase N or P 

surplus in soil, which in turn increase the risk of these nutrients losses to water (Kang 

et al., 2024), this should be taken into account in future study. Study has found that 

large N and P surpluses usually occurs in areas with high livestock densities 

(Svanbäck et al., 2019). The improved management and use of manure are critical for 

implementing the SOC-based strategy on a global scale.  

Climate warming is projected to decrease SOC stock across the globe (Wang et al., 

2022c). This study revealed that the SOC sequestration rate will decrease in paddy 

fields under future climatic conditions (Figure 4-6). Previous experimental studies 

have reported that increased SOC decomposition occurred in association with the 

increased microbial activity at higher temperatures, resulting in increased SOC loss 

from soils (Trumbore et al., 1996; Lin and Zhang, 2012). Organic farming is 

considered as a strategy for SOC sequestration in cropland (Gamage et al., 2023). 

Previous meta-analysis has demonstrated that organic farming significantly increases 

SOC stock at the local scale (Gattinger et al., 2012). However, this finding was not 

applicable to large scales. For example, study revealed that organic farming expansion 

to global scale may decrease SOC stock by 9 % in cropland, primarily due to the 

reduction of soil C input by 40 % from crop residues and animal manure as a result of 

N deficiency (Gaudaré et al., 2023). Cover crop and residue retention would be needed 

to sustain the SOC stock in organic farming (Gaudaré et al., 2023). Conservation 

agriculture, comprising no or minimum soil disturbance, retention of crop residues 
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and crop diversification, has been regarded sustainable and environmentally friendly 

for crop cultivation (Hobbs et al., 2007). A recent study demonstrated that 

conservation agriculture not only increases SOC but also improves soil health and 

maintains crop production in a winter wheat–summer maize rotation system under 

climate warming (Teng et al., 2024). Similarly, study indicated that high-quality soils 

could enhance yield resilience to climate change compared with low-quality soils 

(Qiao et al., 2022). Therefore, the implementation of SOC-based climate mitigation 

strategies requires systematic and integrated agricultural management techniques to 

enhance the resilience of agriculture to the effects of climate warming.  

1.3. Synergies between food security and climate change 

mitigation 
Agroecosystems are facing increasingly serious natural hazards under climate 

change. Numerous studies have revealed that climate warming poses a threat to crop 

production and intensifies GHG emissions (Griffis et al., 2017; Li et al., 2019; Zhu et 

al., 2022b; Qian et al., 2023; Rezaei et al., 2023). Mitigation and adaptation strategies 

are urgently needed to ensure food security and protect the environment (Fawzy et al., 

2020). However, studies have demonstrated that mitigation measures may bring trade-

offs among crop production, GHG emissions and SOC sequestration (Wang et al., 

2018b; Guenet et al., 2020). Therefore, maintaining or enhancing crop yield, 

increasing SOC stock and mitigating GHG emissions need to be balanced when 

sustainable land managements are introduced under future climate change.  

Chemical N fertiliser and water management are the two most important factors 

influencing crop yield and GHG emissions from paddies (Qian et al., 2023). N 

fertiliser application is critical for achieving high rice yields, but it can also increase 

CH4 emissions at low rates (Linquist et al., 2012b). Therefore, an appropriate N 

application rate can obtain a higher yield with lower GHG emissions. Our results 

showed that the reduction of current N application rate by 20 % could not decrease 

crop yield but could significantly decrease N2O emissions by 24 % under future 

climatic conditions (Figure 4-7), indicating the synergies between food security and 

climate change mitigation. Previous studies have also revealed that proper agricultural 

management and cropping systems could achieve the synergies between them 

(Pittelkow et al., 2014; Lin et al., 2021). For example, study quantified that the 

replacement of chemical fertiliser by organic fertiliser (30–59 %) can significantly 

increase crop yield and decrease net GHG emissions in paddies (Shang et al., 2021). 

A recent meta-analysis and experiment indicated that N fertilisation strongly promotes 

CH4 emissions in acidic soils (Tang et al., 2024). The addition of liming to acid soils 

can not only alleviate soil acidification but also decrease CH4 and N2O emissions from 

paddies (Wang et al., 2021d). 

Irrigation methods in paddies can significantly influence CH4 emissions. Water-

saving irrigation (e.g. intermittent irrigation, alternate wetting and drying and mid-

term drainage) can reduce the abundance of methanogens, increase soil Eh (redox 

potential), soil O2 concentration and the abundance of methanotrophs, thereby 

significantly decrease CH4 emissions. Study indicated that water-saving irrigation can 
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reduce CH4 emissions by 53 % compared with continuous flooding (Jiang et al., 2019). 

Our results revealed that the introduction of mid-season drainage in rice season could 

significantly decrease CH4 emissions by 46 % without sacrificing crop yield and 

promoting N2O emissions under future climatic conditions (Figure 4-7), emphasising 

the importance of water management on food security and climate change mitigation. 

Taken together, our findings suggest the need for integrated climate change solutions 

in addressing climate change. Other sustainable land managements that may 

contribute to the synergies between food security and climate change mitigation 

include agroforestry, minimum soil disturbance, organic fertilisation (Branca et al., 

2013). Agroforestry can prevent water and soil erosion, improve soil health and soil 

productivity as well as C sequestration (Nair et al., 2021). The benefits of adopting 

mitigation strategies can vary considerably among geographic regions. For example, 

study indicated that the yield improvement is higher than GHG mitigation in dry areas 

(e.g. sub-Saharan Africa), while the two benefits are evenly balanced in humid areas 

(e.g. Asia) (Branca et al., 2013). In future study, optimal combinations of different 

mitigation strategies need to be identified to maximise the synergies between climate 

change mitigation and food security in global agricultural soils. 

1.4. Implications for climate change mitigation policies 
Previous study indicated that rice accounts for 48 % of the total GHG emissions in 

all cereal crops, as such GHG mitigation strategies should be focused on areas with 

the highest emission crops and higher cropping intensities (Carlson et al., 2017). 

Climate change mitigation policies should consider the possibility and effectiveness 

of adopting optimised agricultural management practices in site-specific regions. 

Non-continuous flooding is an important water management practice to mitigate GHG 

emissions from paddies, but not all rice fields are feasible for drainage because of 

climate or geography constraint (Linquist et al., 2014; Bo et al., 2022). More 

importantly, the associated yield performance should not be disregarded. In this study, 

the reduction of N application rate by 20 % or mid-season drainage could not decrease 

grain yield and significantly reduce GHG emissions (Figure 4-7). For countries where 

non-continuous flooding is rarely applied (e.g. Vietnam, Bangladesh, Indonesia, 

Philippines and Myanmar), considerable mitigation potential can be achieved through 

adopting optimised irrigation measures (Bo et al., 2022). Therefore, more ambitious 

goals should be implemented in these regions. For regions where triple-season rice is 

cultivated, multiple drainages might be the most cost-effective strategy. While for 

regions with single rice cultivation, nutrient management (e.g. biochar, off-season 

straw return) is the most efficient practice to reduce GHG emissions (Zhou et al., 

2024). In terms of N2O emissions, study indicated that 65 % of the global emissions 

can be mitigated on 20 % of the harvested area, suggesting the importance of a 

targeted policy on global hotspots with large N2O mitigation potential (e.g. China, 

United States, India, Brazil) (Cui et al., 2021). Furthermore, policy-relevant decisions 

on mitigation practices should take into consideration the mitigation costs with 

systematic economic analysis. Efficient mitigation strategies that minimise the harm 

and maximise net benefits should be encouraged (Mendelsohn, 2000; Tilahun, 2021). 
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Although multiple drainage practice and off-season straw return can significantly 

decrease CH4 emissions, the labor costs can increase accordingly (Wang et al., 2024c). 

Formulating region-specific incentives such as environmental subsidies and providing 

educational services and training can motivate farmers to adopt mitigation strategies. 

The integration of various methods (e.g. machine learning, meta-analysis, remote 

sensing and crop models) are expected to generate more reliable estimations (Zhuang 

et al., 2024). In future research, scientists should be encouraged to develop technology 

integration for exploring mitigation strategies. The achievement of global carbon-

neutral agriculture requires global efforts, including farmers, agricultural 

entrepreneurs, environmentalists, scientists, policymakers, as well as average citizens. 

Collaboration across borders and disciplines is of great significance in promoting 

sustainable and low-carbon agriculture development. 

2.  General conclusions and recommendations 
Based on datasets from seven long-term fertilisaion experiments (30–40 years) 

under two typical rice cropping systems (i.e. rice–wheat rotation and double rice 

rotation systems) located in middle and lower reaches of the Yangtze River Basin, this 

study quantified the characteristics of SOC sequestration and crop yield in response 

to different fertilisation treatments and explored their influencing factors using 

machine learning methods (e.g. random forest and structural equation modelling). 

Furthermore, combined with process-based model (SPACSYS), we assessed the 

consequences of summer rice–winter wheat cropping system in Southwest China 

under climate change and proposed adaptation strategies to mitigate global warming 

and maintain crop production in paddies. Results showed that NPKM treatment 

obtained the highest SOC stock, the largest SOC sequestration rate, the longest SOC 

sequestration duration, and the highest crop yield, yield stability and sustainability. 

Rice–wheat rotation system has a higher fertilisation-induced changes of the SOC 

stock compared with double rice system under both NPK and NPKM treatments, this 

result was mainly explained by the lower initial SOC stocks in rice–wheat rotation 

system. Crop yield increased logarithmically with increasing SOC stocks and no level 

off was found in two cropping systems. Manure application had both direct and 

indirect (through improvements in soil properties) positive effects on crop yield in 

both rotation systems. SOC had both direct and indirect (through improved 

availability of soil nutrients) positive effects on crop yield in double rice rotation 

system. Under climate change, crop yield in rice–winter wheat rotation system in 

Southwest China could increase or decrease depending on the level of climate 

warming. Under intensive climate warming, both winter wheat and rice yield could 

face great loss, the winter wheat could not be suitable for planting in distant future 

(from 2070 on) in this region due to the incomplete development of vernalization 

process in warmer climate. Switching from winter wheat to spring wheat could totally 

avoid the yield loss. Reducing the current N application rate by 20 % and introducing 

mid-season drainage in rice season could significantly reduce CH4 and N2O emissions 

in the future. Based on the results of this study, the following conclusions are proposed 

(Figure 5-1): 
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(1). Based on traditional fertilization, manure application contributes to SOC stock, 

SOC sequestration and crop grain yield over the past 30–40 years of 

fertilisation in paddies. 

(2). The difference in SOC sequestration under different rice cropping systems is 

mainly dependent on soil properties, especially initial SOC content rather than 

C input.  

(3). Increasing SOC stock contributes to crop production and yield stability and 

sustainability. 

(4). Organic fertilisation may benefit both food security and climate mitigation. 

(5). Low levels of climate change may benefit crop production while high levels of 

climate change could threaten crop production. 

(6). Crop switching in rice–wheat system combining integrated mitigation 

practices is possible to mitigate global warming and maintain crop production. 

 

Figure 5-1: The conclusion of this study. 
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Our findings highlight the co-benefits between SOC sequestration and crop yield 

improvement from the application of manure in paddy fields. Furthermore, we 

assessed the risks facing rice–winter wheat system in Southwest China under future 

climate change scenarios and provided adaptation solutions for maintaining crop yield 

and mitigating global warming. As such, the following aspects are recommended for 

farmers and policy makers towards sustainable agriculture: 

(1). Paddy fields with low initial SOC content should be given priority to applying 

organic fertiliser to increase SOC sequestration. 

(2). Organic fertiliser should be applied on the basis of chemical fetilisers in paddy 

fields to benefit both SOC sequestration and crop production. 

(3). Different technology combinations in paddies should be adopted to achieve 

synergies between climate change mitigation and crop production. 

3.  Uncertainties and perspectives  
In this study, we evaluated the potential risk of the rice–wheat system under climate 

change and proposed mitigation strategies for maintaining crop yield and decreasing 

GHG emissions (Chapter 4). Our estimates have some uncertainties. First, the 

uncertainties arise from the selected crop model and climate model; Second, the 

calibration and validation of the model remain unclear. Third, we only considered the 

direct N2O emissions from the rice–wheat system when calculating the net global 

warming potential of different scenarios, we do not take into account the indirect N2O 

emissions (e.g. N leaching, N runoff, and ammonia volatilization); Fourth, we focused 

on the direct GHG emissions from the on-farm stage, the GHG emissions from the 

agri-materials stage were not considered, which include production, packaging, 

transportation and application of the main inputs (chemical fertilisers, irrigation, seeds, 

pesticides, diesel, and electricity). Our study only evaluated the impact of rice 

cropping system on the environment regarding climate change, other impacts such as 

eutrophication, environmental acidification, energy and water consumption, and land 

use should be considered in the future (Li et al., 2021c). At the same time, the 

economic benefits should be quantified. Based on this, the following aspects are 

suggested in further studies. 

Firstly, uncertainty analysis should be conducted. Understanding the uncertainties 

in climate change impacts on agricultural systems can reflect the reliability of the 

projections and help to improve the accuracy of the results (Chapagain et al., 2022). 

A low uncertainty in the results is critical for the development of mitigation strategies. 

The major sources of uncertainty in climate–crop modelling approach are crop model, 

global climate model (GCM), climate change scenarios and the interactions between 

these three (Wang et al., 2020c). Spatial downscaling of the GCM climate data to 

generate site-specific climate data also introduces some uncertainty. Multi-model 

ensemble is an effective method to improve the accuracy and consistency of the results 

(Chen et al., 2013; Martre et al., 2015). Meanwhile, integrating data assimilation, 

machine learning and process-based crop models are promising for increasing the 

accuracy of model estimations (Zhuang et al., 2024). 
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Secondly, the sustainable agricultural management practices for maximising the 

yield benefit from increasing SOC stock can be optimised. Study revealed that 

Southeast Asia needs to narrow the yield gap (the difference between potential yield 

and current yield) to meet the domestic rice demand and to remain as a major net 

exporter in the context of climate change and yield stagnation (Yuan et al., 2022). Our 

results indicated that higher yields can be expected from further increases in SOC 

stock for both rice–wheat system and rice–rice system in Southeast China (Figure 3-

3). Therefore, it is necessary to estimate the potential yield benefits from increasing 

SOC stock for narrowing the current yield gap (Figure 5-2). The study helps to achieve 

the synergy between SOC stock and different ecosystem services (e.g. yield 

production/SOC sequestration rate) through managing SOC levels. The study also 

provides insights for decision-makers to develop tailored strategies towards 

sustainable agriculture. 

 

Figure 5-2: Synergy or trade-off between SOC stock and different ecosystem services. 

Thirdly, the GHG emission mitigation potential at global and regional scales should 

be quantified. The quantification allows to identify the hotspots for GHG mitigation 

and implement targeted policies aimed at promoting low-carbon development. For 

example, study quantified that 65 % of the mitigation potential for N2O emission could 

be obtained from 20 % of the global harvested area (Cui et al., 2021). In which the 

mitigation potential from reduction in N input is equivalent to 30 % of direct N2O 

emissions from global cropland. In China, the CH4 and N2O emissions from South-

central China, East China, and the Sichuan Basin account for 70 % of the total 

agricultural non-CO2 GHG emissions (Gao et al., 2025b). Therefore, substantial GHG 

emission mitigation potential can be achieved through implementing GHG emission 

mitigation strategies on those GHG emission hotspots in China.  
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Fourthly, it is imperative to comprehensively evaluate the environmental impact of 

the crop production system under climate change by using cradle to gate life cycle 

assessment (LCA) combined with process-based modelling. LCA methodology has 

been increasingly used to assess the environmental impacts of agricultural systems 

and propose sustainable management practices (Jimmy et al., 2017; Harun et al., 2020; 

Li et al., 2021c). It considers all the environmental inputs and outputs within a defined 

system boundary from a life cycle perspective. Furthermore, LCA provides 

quantification of different environmental impacts regarding land use, resource 

consumption, and environmental pollution. A comprehensive environmental impact 

assessment can help to propose targeted environmental protection strategies and 

policies. 

Further, technical pathways for agroecosystem to achieve a “win-win” situation for 

both economic benefit and environmental sustainability under climate change should 

be investigated. Efficient mitigation strategies that have the maximum net benefits 

should be encouraged in the future (Mendelsohn, 2000). A cost–benefit analysis that 

considers all input costs (the cost of agricultural materials and the associated labor 

cost) and yield profit is critical to developing economically viable mitigation 

strategies. 



  

References 

117 

 

References 

Abalos, D., Cardenas, L.M., Wu, L., 2016. Climate change and N2O emissions from 

SouthWest England grasslands: A modelling approach. Atmos. Environ. 132, 

249–257. https://doi.org/10.1016/j.atmosenv.2016.03.007. 

AghaKouchak, A., Chiang, F., Huning, L.S., Love, C.A., Mallakpour, I., Mazdiyasni, 

O., Moftakhari, H., Papalexiou, S.M., Ragno, E., Sadegh, M., 2020. Climate 

Extremes and Compound Hazards in a Warming World. Annual Review of Earth 

and Planetary Sciences 48, 519–548. https://doi.org/10.1146/annurev-earth-

071719-055228. 

Alexandratos, N., Bruinsma, J., 2012. WORLD AGRICULTURE__TOWARDS 

2030_2050. Global Perspective Studies Team, FAO Agricultural Development 

Economics Division.  

Álvaro-Fuentes, J., Easter, M., Paustian, K., 2012. Climate change effects on organic 

carbon storage in agricultural soils of northeastern Spain. Agr. Ecosyst. Environ. 

155, 87–94. https://doi.org/10.1016/j.agee.2012.04.001. 

Amelung, W., Bossio, D., de Vries, W., Kogel-Knabner, I., Lehmann, J., Amundson, 

R., Bol, R., Collins, C., Lal, R., Leifeld, J., Minasny, B., Pan, G., Paustian, K., 

Rumpel, C., Sanderman, J., van Groenigen, J.W., Mooney, S., van Wesemael, 

B., Wander, M., Chabbi, A., 2020. Towards a global-scale soil climate mitigation 

strategy. Nat. Commun. 11, 5427. https://doi.org/10.1038/s41467-020-18887-7. 

Atere, C.T., Gunina, A., Zhu, Z.K., Xiao, M.L., Liu, S.L., Kuzyakov, Y., Chen, L., 

Deng, Y.W., Wu, J.S., Ge, T.D., 2020. Organic matter stabilization in aggregates 

and density fractions in paddy soil depending on long-term fertilization: Tracing 

of pathways by 13C natural abundance. Soil Biol. Biochem. 149, 107931. 

https://doi.org/10.1016/j.soilbio.2020.107931. 

Baggs, E.M., 2008. A review of stable isotope techniques for N2O source partitioning 

in soils: recent progress, remaining challenges and future considerations. Rapid 

Commun. Mass Spectrom. 22, 1664–1672. https://doi.org/10.1002/rcm.3456. 

Bai, E., Li, S., Xu, W., Li, W., Dai, W., Jiang, P., 2013. A meta-analysis of 

experimental warming effects on terrestrial nitrogen pools and dynamics. New 

Phytol. 199, 441–451. https://doi.org/10.1111/nph.12252. 

Bai, H., Xiao, D., 2020. Spatiotemporal changes of rice phenology in China during 

1981–2010. Theor. Appl. Climatol. 140, 1483–1494. 

https://doi.org/10.1007/s00704-020-03182-8. 

Baishya, A., Mishra, A., Sengupta, S., 2024. Modelling and Assessment of Climate 

Change Impact on Rainfed Rice Cultivation in a Sub-humid Subtropical Region. 

Agric. Res. 13, 85–95. https://doi.org/10.1007/s40003-023-00671-w. 

Basche, A.D., Archontoulis, S.V., Kaspar, T.C., Jaynes, D.B., Parkin, T.B., Miguez, 

F.E., 2016. Simulating long-term impacts of cover crops and climate change on 

crop production and environmental outcomes in the midwestern united states. 



Synergy between global warming mitigation and food security services in rice 

paddies 

118 

 

Agr. Ecosyst. Environ. 218. 95–106. 

http://dx.doi.org/10.1016/j.agee.2015.11.011. 

Batjes, N.H., 2014. Total carbon and nitrogen in the soils of the world. Eur. J. Soil 

Sci. 65, 10–21. https://doi.org/10.1111/ejss.12114_2. 

Beillouin, D., Corbeels, M., Demenois, J., Berre, D., Boyer, A., Fallot, A., Feder, F., 

Cardinael, R., 2023. A global meta-analysis of soil organic carbon in the 

Anthropocene. Nat. Commun. 14. https://doi.org/10.1038/s41467-023-39338-z. 

Bhattacharyya, P., Roy, K.S., Neogi, S., Dash, P.K., Nayak, A.K., Mohanty, S., Baig, 

M.J., Sarkar, R.K., Rao, K.S., 2013. Impact of elevated CO2 and temperature on 

soil C and N dynamics in relation to CH4 and N2O emissions from tropical 

flooded rice (Oryza sativa L.). Sci. Total Environ. 461, 601–611. 

https://doi.org/10.1016/j.scitotenv.2013.05.035. 

Bingham, I.J., Wu, L., 2011. Simulation of wheat growth using the 3D root 

architecture model SPACSYS: Validation and sensitivity analysis. Eur. J. Agron. 

34, 181–189. https://doi.org/10.1016/j.eja.2011.01.003. 

Bizimana, F., Timilsina, A., Dong, W., Uwamungu, J.Y., Li, X., Wang, Y., Pandey, 

B., Qin, S., Hu, C., 2021. Effects of long-term nitrogen fertilization on N2O, N2 

and their yield-scaled emissions in a temperate semi-arid agro-ecosystem. J. Soil. 

Sediment. 21, 1659–1671. https://doi.org/10.1007/s11368-021-02903-4. 

Black, C. A. (Ed.). 1965. Methods of Soil Analysis, part 2. Chemical and 

Microbiological Properties. American Society of Agronomy, Madison, 

Wisconsin, USA. 

Black, R., Cullen, K., Fay, B., Hale, T., Lang, J., Mahmood, S., Smith, S.M., 2021. 

Taking Stock: A global assessment of net zero targets, Energy & Climate 

Intelligence Unit and Oxford Net Zero. 

Blanco-Canqui, H., Ruis, S.J., 2018. No-tillage and soil physical environment. 

Geoderma 326, 164–200. https://doi.org/10.1016/j.geoderma.2018.03.011. 

Blanco‐Canqui, H., Shaver, T.M., Lindquist, J.L., Shapiro, C.A., Elmore, R.W., 

Francis, C.A., Hergert, G.W., 2015. Cover Crops and Ecosystem Services: 

Insights from Studies in Temperate Soils. Agron. J. 107, 2449–2474. 

https://doi.org/10.2134/agronj15.0086. 

Bo, Y., Jägermeyr, J., Yin, Z., Jiang, Y., Xu, J., Liang, H., Zhou, F., 2022. Global 

benefits of non‐continuous flooding to reduce greenhouse gases and irrigation 

water use without rice yield penalty. Glob. Chang. Biol. 28, 3636–3650. 

https://doi.org/10.1111/gcb.16132. 

Bossio, D.A., Cook-Patton, S.C., Ellis, P.W., Fargione, J., Sanderman, J., Smith, P., 

Wood, S., Zomer, R.J., von Unger, M., Emmer, I.M., Griscom, B.W., 2020. The 

role of soil carbon in natural climate solutions. Nat. Sustain. 3, 391–398. 

https://doi.org/10.1038/s41893-020-0491-z. 

Bouman, B., 2009. How much water does rice use? Rice Today 8. 

https://ricetoday.irri.org/how-much-water-does-rice-use/. 



  

References 

119 

 

Branca, G., Lipper, L., McCarthy, N., Jolejole, M.C., 2013. Food security, climate 

change, and sustainable land management. A review. Agron. Sustain. Dev. 33, 

635–650. https://doi.org/10.1007/s13593-013-0133-1. 

Brar, B.S., Singh, K., Dheri, G.S., Kumar, B., 2013. Carbon sequestration and soil 

carbon pools in a rice-wheat cropping system: Effect of long-term use of 

inorganic fertilizers and organic manure. Soil Till. Res. 128, 30–36. 

https://doi.org/10.1016/j.still.2012.10.001. 

Breiman, L., 2001. Random Forests. Mach. Learn. 45, 5–32. 

https://doi.org/10.1023/A:1010933404324. 

Brignall, A.P., Rounsevel, M.D.A., 1995. Land evaluation modelling to assess the 

effects of climate change on winter wheat potential in England and Wales. J. Agr. 

Sci. 124, 159–172. https://doi.org/10.1017/s0021859600072841. 

Brooking, I.R., 1996. Temperature response of vernalization in wheat: a 

developmental analysis. Ann. Bot. 78, 507–512. 

https://doi.org/10.1006/anbo.1996.0148. 

Buma, B., Gordon, D.R., Kleisner, K.M., Bartuska, A., Bidlack, A., DeFries, R., Ellis, 

P., Friedlingstein, P., Metzger, S., Morgan, G., Novick, K., Sanchirico, J.N., 

Collins, J.R., Eagle, A.J., Fujita, R., Holst, E., Lavallee, J.M., Lubowski, R.N., 

Melikov, C., Moore, L.A., Oldfield, E.E., Paltseva, J., Raffeld, A.M., Randazzo, 

N.A., Schneider, C., Uludere Aragon, N., Hamburg, S.P., 2024. Expert review 

of the science underlying nature-based climate solutions. Nat. Clim. Change 14, 

402–406. https://doi.org/10.1038/s41558-024-01960-0. 

Burrell, L.D., Zehetner, F., Rampazzo, N., Wimmer, B., Soja, G., 2016. Long-term 

effects of biochar on soil physical properties. Geoderma 282, 96–102. 

https://doi.org/10.1016/j.geoderma.2016.07.019. 

Cai, A., Xu, M., Wang, B., Zhang, W., Liang, G., Hou, E., Luo, Y., 2019. Manure 

acts as a better fertilizer for increasing crop yields than synthetic fertilizer does 

by improving soil fertility. Soil Till. Res. 189, 168–175. 

https://doi.org/10.1016/j.still.2018.12.022. 

Cai, Z., Tsuruta, H., Gao, M., Xu, H., Wei, C., 2003. Options for mitigating methane 

emission from a permanently flooded rice field. Glob. Chang. Biol. 9, 37–45. 

https://doi.org/10.1046/j.1365-2486.2003.00562.x. 

Carlson, K.M., Gerber, J.S., Mueller, N.D., Herrero, M., MacDonald, G.K., Brauman, 

K.A., Havlik, P., O’Connell, C.S., Johnson, J.A., Saatchi, S., West, P.C., 2017. 

Greenhouse gas emissions intensity of global croplands. Nat. Clim. Change 7, 

63–68. https://doi.org/10.1038/ nclimate3158. 

Cassman, K.G., 1999. Ecological intensification of cereal production systems yield 

potential, soil quality, and precision agriculture. PNAS 96, 5952–5959. 

https://doi.org/10.1073/pnas.96.11.5952. 

Challinor, A.J., 2014. A meta-analysis of crop yield under climate change and 

adaptation. Nat. Clim. Change 4, 287–291. https://doi.org/10.1038/ 

nclimate2153. 



Synergy between global warming mitigation and food security services in rice 

paddies 

120 

 

Challinor, A.J., Watson, J., Lobell, D.B., Howden, S.M., Smith, D.R., Chhetri, N., 

2014. A meta-analysis of crop yield under climate change and adaptation. Nat. 

Clim. Change 4, 287–291. https://doi.org/10.1038/nclimate2153. 

Chandel, A.K., Jiang, L.F., Luo, Y.Q., 2023. Microbial Models for Simulating Soil 

Carbon Dynamics: A Review. J. Geophys. Res-Biogeo. 128, e2023JG007436. 

https://doi.org/10.1029/2023JG007436. 

Chapagain, R., Remenyi, T.A., Harris, R.M.B., Mohammed, C.L., Huth, N., Wallach, 

D., Rezaei, E.E., Ojeda, J.J., 2022. Decomposing crop model uncertainty: A 

systematic review. Field Crop Res. 279. 

https://doi.org/10.1016/j.fcr.2022.108448. 

Cha-un, N., Chidthaisong, A., Yagi, K., Sudo, S., Towprayoon, S., 2017. Greenhouse 

gas emissions, soil carbon sequestration and crop yields in a rain-fed rice field 

with crop rotation management. Agr. Ecosyst. Environ. 237, 109–120. 

https://doi.org/10.1016/j.agee.2016.12.025. 

Chen, C.Q., Groenigen, K.J.V., Yang, H.Y., Hungate, B.A., Yang, B., Tian, Y.L., 

Chen, J., Dong, W.J., Huang, S., Deng, A.X., Jiang, Y., Zhang, W.J., 2020. 

Global warming and shifts in cropping systems together reduce China's rice 

production. Glob. Food Secur. 24, 100359. 

https://doi.org/10.1016/j.gfs.2020.100359. 

Chen, C., Wang, E., Yu, Q., Zhang, Y., 2009. Quantifying the effects of climate trends 

in the past 43 years (1961–2003) on crop growth and water demand in the North 

China Plain. Clim. Change 100, 559–578. https://doi.org/10.1007/s10584-009-

9690-3. 

Chen, J., Brissette, F.P., Chaumont, D., Braun, M., 2013. Performance and uncertainty 

evaluation of empirical downscaling methods in quantifying the climate change 

impacts on hydrology over two North American river basins. J. Hydrol. 479, 

200–214. https://doi.org/10.1016/j.jhydrol.2012.11.062. 

Chen, R., Senbayram, M., Blagodatsky, S., Myachina, O., Dittert, K., Lin, X., 

Blagodatskaya, E., Kuzyakov, Y., 2014b. Soil C and N availability determine the 

priming effect: microbial N mining and stoichiometric decomposition theories. 

Glob. Chang. Biol. 20, 2356–2367. https://doi.org/10.1111/gcb.12475. 

Chen, X.B., Hu, Y.J., Xia, Y.H., Zheng, S.M., Ma, C., Rui, Y.C., He, H.B., Huang, 

D.Y., Zhang, Z.H., Ge, T.D, Wu, J.S., Guggenberger, G., Kuzyakov, Y., Su, Y.R., 

2021. Contrasting pathways of carbon sequestration in paddy and upland soils. 

Glob. Chang. Biol. 27: 2478–2490. https://doi.org/10.1111/gcb.15595. 

Chen, X.P., Cui, Z.L., Fan, M.S., Vitousek, P., Zhao, M., Ma, W.Q., Wang, Z.L., 

Zhang., W.J., Yan, X.Y., Yang, J.C., Deng, X.P., Gao, Q., Zhang, Q., Guo, S.W., 

Ren, J., Li., S.Q., Ye, Y.L., Wang, Z.H., Huang, J.L., Tang, Q.Y., Sun, Y.X., 

Peng, X.L., Zhang, J.W., He, M.R., Zhu, Y.J., Xue, J.Q., Wang, G.L., Wu, L., 

An, N., Wu, L.Q., Ma, L., Zhang, W.F., Zhang, F.S., 2014a. Producing more 

grain with lower environmental costs. Nature 514, 486–489. 

https://doi.org/10.1038/nature13609. 

https://doi.org/10.1016/j.jhydrol.2012.11.062
https://doi.org/10.1111/gcb.15595


  

References 

121 

 

Chen, Z., Li, X., Liu, T., Fu, H., Yuan, X., Cheng, Q., Liao, Q., Zhang, Y., Li, W., 

Sun, Y., Yang, Z., Ma, J., Li, X., 2023. Strategies for fertilizer management to 

achieve higher yields and environmental and fertilizer benefits of rice production 

in China. Sci. Total Environ. 904, 166325. 

https://doi.org/10.1016/j.scitotenv.2023.166325. 

Chouard, P., 1960. Vernalization and its relations to dormancy. Annu. Rev. Plant 

Physiol. 11, 191–238. https://doi.org/10.1146/annurev.pp.11.060160.001203. 

Corbeels, M., Chirat, G., Messad, S., Thierfelder, C., 2016. Performance and 

sensitivity of the DSSAT crop growth model in simulating maize yield under 

conservation agriculture. Eur. J. Agron. 76, 41–53. 

https://doi.org/10.1016/j.eja.2016.02.001. 

Cui, X., Zhou, F., Ciais, P., Davidson, E.A., Tubiello, F.N., Niu, X., Ju, X., Canadell, 

J.G., Bouwman, A.F., Jackson, R.B., Mueller, N.D., Zheng, X., Kanter, D.R., 

Tian, H., Adalibieke, W., Bo, Y., Wang, Q., Zhan, X., Zhu, D., 2021. Global 

mapping of crop-specific emission factors highlights hotspots of nitrous oxide 

mitigation. Nat. Food 2, 886–893. https://doi.org/10.1038/s43016-021-00384-9. 

Dang, H., Sun, R., She, W., Hou, S., Li, X., Chu, H., Wang, T., Huang, T., Huang, Q., 

Siddique, K.H.M., Wang, Z., 2024. Updating soil organic carbon for wheat 

production with high yield and grain protein. Field Crops Res. 317. 

https://doi.org/10.1016/j.fcr.2024.109549. 

de Vries, W., 2018. Soil carbon 4 per mille: a good initiative but let's manage not only 

the soil but also the expectations. Geoderma 309, 111–112. 

https://doi.org/10.1016/j.geoderma.2017.05.023. 

Del Grosso, S.J., Smith, W., Kraus, D., Massad, R.S., Vogeler, I., Fuchs, K., 2020. 

Approaches and concepts of modelling denitrification: increased process 

understanding using observational data can reduce uncertainties. Curr. Opin. 

Environ. Sustain. 47, 37–45. https://doi.org/10.1016/j.cosust.2020.07.003. 

Demelash, N., Bayu, W., Tesfaye, S., Ziadat, F., Sommer, R., 2014. Current and 

residual effects of compost and inorganic fertilizer on wheat and soil chemical 

properties. Nutr. Cycl. Agroecosyst. 100, 357–367. 

https://doi.org/10.1007/s10705-014-9654-5. 

Deng, N., Grassini, P., Yang, H., Huang, J., Cassman, K.G., Peng, S., 2019. Closing 

yield gaps for rice self-sufficiency in China. Nat. Commun. 10, 1725. 

https://doi.org/10.1038/s41467-019-09447-9. 

Deng, W., Casao, M.C., Wang, P., Sato, K., Hayes, P.M., Finnegan, E.J., Trevaskis, 

B., 2015. Direct links between the vernalization response and other key traits of 

cereal crops. Nat. Commun. 6. https://doi.org/10.1038/ncomms6882. 

Deng, X., Huang, Y., Yuan, W., Zhang, W., Ciais, P., Dong, W., Smith, P., Qin, Z., 

2023. Building soil to reduce climate change impacts on global crop yield. Sci. 

Total Environ. 903, 166711. https://doi.org/10.1016/j.scitotenv.2023.166711. 

Ding, Y., Wang, W., Zhuang, Q., Luo, Y., 2020. Adaptation of paddy rice in China to 

climate change: The effects of shifting sowing date on yield and irrigation water 

https://doi.org/10.1007/s10705-014-9654-5


Synergy between global warming mitigation and food security services in rice 

paddies 

122 

 

requirement. Agr. Water Manage. 228. 

https://doi.org/10.1016/j.agwat.2019.105890. 

Du, Y., Cui, B., Zhang, Q., Wang, Z., Sun, J., Niu, W., 2020. Effects of manure 

fertilizer on crop yield and soil properties in China: a meta-analysis. Catena 193. 

https://doi.org/10.1016/j.catena.2020.104617. 

Erisman, J.W., Sutton, M.A., Galloway, J., Klimont, Z., Winiwarter, W., 2008. How 

a century of ammonia synthesis changed the world. Nat. Geosci. 1, 636–639. 

https://doi.org/10.1038/ngeo325. 

Fan, M., Lu, S., Jiang, R., Liu, X., Zeng, X., Goulding, K.W.T., Zhang, F., 2007. 

Nitrogen input, 15N balance and mineral N dynamics in a rice–wheat rotation in 

southwest China. Nutr. Cycling Agroecosyst. 79, 255–265. 

https://doi.org/10.1007/s10705-007-9112-8. 

Fang, J., Guo, Z., Piao, S., Chen, A., 2007. Terrestrial vegetation carbon sinks in 

China, 1981–2000. Science in China Series D: Earth Sciences 50, 1341–1350. 

https://doi.org/10.1007/s11430-007-0049-1. 

FAO, 2012. OECD-FAO Agricultural Outlook 2012-2021, OECD Publishing and 

FAO. Available: http://dx.doi.org/10.1787/agr_outlook-2012-en. 

FAO, Food and Agriculture Organization of the United Nations, 2018. FAOSTAT. 

FAO statistical databases. http://faostat.fao.org/default.aspx. 

FAO, Food and Agriculture Organization of the United Nations, 2019. FAOSTAT. 

http://faostat.fao.org/. 

FAO, Food and Agriculture Organization of the United Nations, 2020. FAOSTAT 

Emissions shares, http://www.fao.org/faostat/en/#data/EM. 

FAO, Food and Agriculture Organization of the United Nations, 2022. FAOSTAT. 

https://www.fao.org/faostat/en/#data/QCL.  

Fatima, Z., Ahmed, M., Hussain, M., Abbas, G., Ul-Allah, S., Ahmad, S., Ahmed, N., 

Ali, M.A., Sarwar, G., Haque, E.u., Iqbal, P., Hussain, S., 2020. The fingerprints 

of climate warming on cereal crops phenology and adaptation options. Sci. Rep. 

10. https://doi.org/10.1038/s41598-020-74740-3. 

Fawzy, S., Osman, A.I., Doran, J., Rooney, D.W., 2020. Strategies for mitigation of 

climate change: a review. Environ. Chem. Lett. 18, 2069–2094, 

https://doi.org/10.1007/s10311-020-01059-w. 

Feng, J.F., Chen, C.Q., Zhang, Y., Song, Z.W., Deng, A.X., Zheng, C.Y., Zhang, W.J., 

2013. Impacts of cropping practices on yield-scaled greenhouse gas emissions 

from rice fields in China: A meta-analysis. Agr. Ecosyst. Environ. 164, 220–228. 

https://doi.org/10.1016/j.agee.2012.10.009. 

Feng, Z.Y., Qin, T., Du, X.Z., Sheng, F., Li, C.F., 2021. Effects of irrigation regime 

and rice variety on greenhouse gas emissions and grain yields from paddy fields 

in central China. Agr. Water Manage. 250. 

https://doi.org/10.1016/j.agwat.2021.106830. 

Follett, R. F., 2001. Soil management concepts and carbon sequestration in cropland 

soils. Soil Till. Res. 61, 77–92. https://doi.org/10.1016/S0167-1987(01)00180-5. 

http://dx.doi.org/10.1787/agr_outlook-2012-en
http://faostat.fao.org/default.aspx.
https://doi.org/10.1016/j.agee.2012.10.009


  

References 

123 

 

Freeman. C., Ostle. N., Kang. H., 2001. An enzymic 'latch' on a global carbon store. 

Nature 409, 149. https://doi.org/10.1038/35051650. 

Friedlingstein, P., O'Sullivan, M., Jones, M.W., Andrew, R.M., Hauck, J., Olsen, A., 

Peters, G.P., Peters, W., Pongratz, J., Sitch, S., Le Quéré, C., Canadell, J.G., Ciais, 

P., Jackson, R.B., Alin, S., Aragão, L.E.O.C., Arneth, A., Arora, V., Bates, N.R., 

Becker, M., Benoit-Cattin, A., Bittig, H.C., Bopp, L., Bultan, S., Chandra, N., 

Chevallier, F., Chini, L.P., Evans, W., Florentie, L., Forster, P.M., Gasser, T., 

Gehlen, M., Gilfillan, D., Gkritzalis, T., Gregor, L., Gruber, N., Harris, I., 

Hartung, K., Haverd, V., Houghton, R.A., Ilyina, T., Jain, A.K., Joetzjer, E., 

Kadono, K., Kato, E., Kitidis, V., Korsbakken, J.I., Landschützer, P., Lefèvre, 

N., Lenton, A., Lienert, S., Liu, Z., Lombardozzi, D., Marland, G., Metzl, N., 

Munro, D.R., Nabel, J.E.M.S., Nakaoka, S.-I., Niwa, Y., O'Brien, K., Ono, T., 

Palmer, P.I., Pierrot, D., Poulter, B., Resplandy, L., Robertson, E., Rödenbeck, 

C., Schwinger, J., Séférian, R., Skjelvan, I., Smith, A.J.P., Sutton, A.J., Tanhua, 

T., Tans, P.P., Tian, H., Tilbrook, B., van der Werf, G., Vuichard, N., Walker, 

A.P., Wanninkhof, R., Watson, A.J., Willis, D., Wiltshire, A.J., Yuan, W., Yue, 

X., Zaehle, S., 2020. Global Carbon Budget 2020. Earth Syst. Sci. Data 12, 

3269–3340. https://doi.org/10.5194/essd-12-3269-2020. 

Fujisaki, K., Chevallier, T., Chapuis-Lardy, L., Albrecht, A., Razafimbelo, T., Masse, 

D., Ndour, Y.B., Chotte, J.-L., 2018. Soil carbon stock changes in tropical 

croplands are mainly driven by carbon inputs: A synthesis. Agr. Ecosyst. Environ. 

259, 147–158. https://doi.org/10.1016/j.agee.2017.12.008. 

Gamage, A., Gangahagedara, R., Gamage, J., Jayasinghe, N., Kodikara, N., 

Suraweera, P., Merah, O., 2023. Role of organic farming for achieving 

sustainability in agriculture. Farming System 1. 

https://doi.org/10.1016/j.farsys.2023.100005. 

Gao, B., Huang, T., Ju, X., Gu, B., Huang, W., Xu, L., Rees, R.M., Powlson, D.S., 

Smith, P., Cui, S., 2018. Chinese cropping systems are a net source of greenhouse 

gases despite soil carbon sequestration. Glob. Chang Biol. 24, 5590–5606. 

https://doi.org/10.1111/gcb.14425. 

Gao, Y.J., Cui, J.L., Zhang, X.M., Hoogenboom, G., Wallach, D., Huang, Y.Q., Reis, 

S., Lin, T., Gu, B.J., 2025a. Cost-effective adaptations increase rice production 

while reducing pollution under climate change. Nat. Food 6, 260–272. 

https://doi.org/10.1038/s43016-024-01113-8. 

Gao, Y.Y., Li, Z.M., Hong, S.B., Yu, L.J., Li, S.H., Wei, J., Chang, J.F., Zhang, Y., 

Zhang, W., Yuan, W.P, Wang, X.H., 2025b. Recent stabilization of agricultural 

non-CO2 greenhouse gas emissions in China. Natl. Sci. Rev. 12, nwaf040. 

https://doi.org/10.1093/nsr/nwaf040.  

Gattinger, A., Muller, A., Haeni, M., Skinner, C., Fliessbach, A., Buchmann, N., 

Mäder, P., Stolze, M., Smith, P., Scialabba, N.E.-H., Niggli, U., 2012. Enhanced 

top soil carbon stocks under organic farming. PNAS 109, 18226–18231. 

https://doi.org/10.1073/pnas.1209429109. 



Synergy between global warming mitigation and food security services in rice 

paddies 

124 

 

Gaudaré, U., Kuhnert, M., Smith, P., Martin, M., Barbieri, P., Pellerin, S., Nesme, T., 

2023. Soil organic carbon stocks potentially at risk of decline with organic 

farming expansion. Nat. Clim. Change 13, 719–725. 

https://doi.org/10.1038/s41558-023-01721-5. 

Gaydon, D.S., Balwinder, S., Wang, E., Poulton, P.L., Ahmad, B., Ahmed, F., Akhter, 

S., Ali, I., Amarasingha, R., Chaki, A.K., Chen, C., Choudhury, B.U., Darai, R., 

Das, A., Hochman, Z., Horan, H., Hosang, E.Y., Kumar, P.V., Khan, 

A.S.M.M.R., Laing, A.M., Liu, L., Malaviachichi, M.A.P.W.K., Mohapatra, 

K.P., Muttaleb, M.A., Power, B., Radanielson, A.M., Rai, G.S., Rashid, M.H., 

Rathanayake, W.M.U.K., Sarker, M.M.R., Sena, D.R., Shamim, M., Subash, N., 

Suriadi, A., Suriyagoda, L.D.B., Wang, G., Wang, J., Yadav, R.K., Roth, C.H., 

2017. Evaluation of the APSIM model in cropping systems of Asia. Field Crop 

Res. 204, 52–75. https://doi.org/10.1016/j.fcr.2016.12.015. 

Giltrap, D.L., Li, C., Saggar, S., 2010. DNDC: A process-based model of greenhouse 

gas fluxes from agricultural soils. Agr. Ecosyst. Environ. 136, 292–300. 

https://doi.org/10.1016/j.agee.2009.06.014. 

Grace, J.B., 2006. Structural Equation Modeling and Natural Systems. Cambridge 

University Press, Cambridge. 

Griffis, T.J., Chen, Z., Baker, J.M., Wood, J.D., Millet, D.B., Lee, X., Venterea, R.T., 

Turner, P.A., 2017. Nitrous oxide emissions are enhanced in a warmer and wetter 

world. PNAS 114, 12081–12085. https://doi.org/10.1073/pnas.1704552114. 

Gross, A., Glaser, B., 2021. Meta-analysis on how manure application changes soil 

organic carbon storage. Sci. Rep. 11, 5516. https://doi.org/10.1038/s41598-021-

82739-7. 

Gu, Y., Zhang, X., Tu, S., Lindstrom, K., 2009. Soil microbial biomass, crop yields, 

and bacterial community structure as affected by long-term fertilizer treatments 

under wheat-rice cropping. Eur. J. Soil Biol. 45, 239–246. 

https://doi.org/10.1016/j.ejsobi.2009.02.005. 

Guenet, B., Gabrielle, B., Chenu, C., Arrouays, D., Balesdent, J., Bernoux, M., Bruni, 

E., Caliman, J.P., Cardinael, R., Chen, S., Ciais, P., Desbois, D., Fouche, J., 

Frank, S., Henault, C., Lugato, E., Naipal, V., Nesme, T., Obersteiner, M., 

Pellerin, S., Powlson, D.S., Rasse, D.P., Rees, F., Soussana, J.F., Su, Y., Tian, 

H., Valin, H., Zhou, F., 2020. Can N2O emissions offset the benefits from soil 

organic carbon storage? Glob. Change Biol. 1–20. 

https://doi.org/10.1111/gcb.15342. 

Gunzler, D., Chen, T., Wu, P., Zhang, H., 2013. Introduction to mediation analysis 

with structural equation modeling. Shanghai Arch. Psychiatry 25, 390–394. 

https://doi.org/10.3969/j.issn.1002-0829.2013.06.009. 

Guo, E., Li, T., Zhang, Z., Guo, S., Liu, Z., Zhao, J., Zhao, C., Fan, S., Shi, Y., Guan, 

K., Yang, C., Yang, X., 2024a. Potential benefits of cropping pattern change in 

the climate-sensitive regions of rice production in China. Sci. Total Environ. 934. 

https://doi.org/10.1016/j.scitotenv.2024.173281. 

https://doi.org/10.1038/s41598-021-82739-7
https://doi.org/10.1038/s41598-021-82739-7


  

References 

125 

 

Guo, J., Song, Z., Zhu, Y., Wei, W., Li, S., Yu, Y., 2017. The characteristics of yield-

scaled methane emission from paddy field in recent 35-year in China: A meta-

analysis. J. Clean. Prod. 161, 1044–1050. 

https://doi.org/10.1016/j.jclepro.2017.06.073. 

Guo, S., Zhao, J., Zhao, C., Guo, E., Liu, Z., Harrison, M.T., Liu, K., Zhang, T., Yang, 

X., 2024b. Adapting crop land-use in line with a changing climate improves 

productivity, prosperity and reduces greenhouse gas emissions. Agric. Syst. 217. 

https://doi.org/10.1016/j.agsy.2024.103905. 

Guo, Y., Zhang, G., Abdalla, M., Kuhnert, M., Bao, H., Xu, H., Ma, J., Begum, K., 

Smith, P., 2023. Modelling methane emissions and grain yields for a double-rice 

system in Southern China with DAYCENT and DNDC models. Geoderma 431, 

116364. https://doi.org/10.1016/j.geoderma.2023.116364. 

Gupta, K., Kumar, R., Baruah, K.K., Hazarika, S., Karmakar, S., Bordoloi, N., 2021. 

Greenhouse gas emission from rice fields: a review from Indian context. Environ. 

Sci. Pollut. 28, 30551–30572. https://doi.org/10.1007/s11356-021-13935-1. 

Gutierrez, S., Grados, D., Møller, A.B., de Carvalho Gomes, L., Beucher, A.M., 

Giannini-Kurina, F., de Jonge, L.W., Greve, M.H., 2023. Unleashing the 

sequestration potential of soil organic carbon under climate and land use change 

scenarios in Danish agroecosystems. Sci. Total Environ. 905. 

https://doi.org/10.1016/j.scitotenv.2023.166921. 

Haefele, S.M., Nelson, A., Hijmans, R.J., 2014. Soil quality and constraints in global 

rice production. Geoderma 235–236, 250–259. 

https://doi.org/10.1016/j.geoderma.2014.07.019. 

Han, M., Zhang, B., Zhang, Y., Guan, C., 2019. Agricultural CH4 and N2O emissions 

of major economies: Consumption-vs. production-based perspectives. J. Clean. 

Prod. 210, 276–286, https://doi.org/10.1016/j.jclepro.2018.11.018. 

Han, X., Hu, C., Chen, Y., Qiao, Y., Liu, D., Fan, J., Li, S., Zhang, Z., 2020. Crop 

yield stability and sustainability in a rice-wheat cropping system based on 34-

year field experiment. Eur. J. Agron. 113. 

https://doi.org/10.1016/j.eja.2019.125965. 

Han, X., Roy, A., Moghaddasi, P., Moftakhari, H., Magliocca, N., Mekonnen, M., 

Moradkhani, H., 2024. Assessment of climate change impact on rainfed corn 

yield with adaptation measures in Deep South, US. Agr. Ecosyst. Environ. 376. 

https://doi.org/10.1016/j.agee.2024.109230. 

Hao, X., Han, X., Wang, S., Li, L.J., 2022. Dynamics and composition of soil organic 

carbon in response to 15 years of straw return in a Mollisol. Soil Till. Res. 215. 

https://doi.org/10.1016/j.still.2021.105221. 

Haque, M.M., Kim, S.Y., Ali, M.A., Kim, P.J., 2014. Contribution of greenhouse gas 

emissions during cropping and fallow seasons on total global warming potential 

in mono-rice paddy soils. Plant Soil 387, 251–264. 

https://doi.org/10.1007/s11104-014-2287-2. 

Harun, S.N., Hanafiah, M.M., Aziz, N.I.H.A., 2020. An LCA-based environmental 

performance of rice production for developing a sustainable agri-food system in 



Synergy between global warming mitigation and food security services in rice 

paddies 

126 

 

Malaysia. Environ. Manag. 67, 146–161. https://doi.org/10.1007/s00267-020-

01365-7. 

Hasegawa, T., Wakatsuki, H., Ju, H., Vyas, S., Nelson, G.C., Farrell, A., Deryng, D., 

Meza, F., Makowski, D., 2022. A global dataset for the projected impacts of 

climate change on four major crops. Sci. Data 9. https://doi.org/10.1038/s41597-

022-01150-7. 

Hassall, K.L., Coleman, K., Dixit, P.N., Granger, S.J., Zhang, Y., Sharp, R.T., Wu, 

L., Whitmore, A.P., Richter, G.M., Collins, A.L., Milne, A.E., 2022. Exploring 

the effects of land management change on productivity, carbon and nutrient 

balance: Application of an Ensemble Modelling Approach to the upper River 

Taw observatory, UK. Sci. Total Environ. 824. 

https://doi.org/10.1016/j.scitotenv.2022.153824. 

Hassink, J., 1997. The capacity of soils to preserve organic C and N by their 

association with clay and silt particles. Plant Soil 191, 77–87. 

https://doi.org/10.1023/A:1004213929699. 

He, G., Wang, Z., Cui, Z., 2020. Managing irrigation water for sustainable rice 

production in China. J. Clean Prod. 245. 

https://doi.org/10.1016/j.jclepro.2019.118928. 

Heino, M., Kinnunen, P., Anderson, W., Ray, D.K., Puma, M.J., Varis, O., Siebert, S., 

Kummu, M., 2023. Increased probability of hot and dry weather extremes during 

the growing season threatens global crop yields. Sci. Rep. 13. 

https://doi.org/10.1038/s41598-023-29378-2. 

Hijbeek, R., van Ittersum, M.K., ten Berge, H.F.M., Whitmore, A.P., 2018. Evidence 

review indicates a re-think on the impact of organic inputs and soil organic matter 

on crop yield. Proceedings-International Fertiliser. Soc. Int. Fertil. Soc. 1–28. 

Hijbeek, R., van Ittersum, M.K., ten Berge, H.F.M., Gort, G., Spiegel, H., Whitmore, 

A.P., 2016. Do organic inputs matter–a meta-analysis of additional yield effects 

for arable crops in Europe. Plant Soil 411, 293–303. 

https://doi.org/10.1007/s11104-016-3031-x. 

Hobbs, P.R., Sayre, K., Gupta, R., 2007. The role of conservation agriculture in 

sustainable agriculture. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 363, 543–555. 

https://doi.org/10.1098/rstb.2007.2169. 

Hofmeier, M., Roelcke, M., Han, Y., Lan, T., Bergmann, H., Böhm, D., Cai, Z., 

Nieder, R., 2015. Nitrogen management in a rice–wheat system in the Taihu 

Region: Recommendations based on field experiments and surveys. Agric. 

Ecosyst. Environ. 209, 60–73. https://doi.org/10.1016/j.agee.2015.03.032. 

Holmes, C.D., 2018. Methane Feedback on Atmospheric Chemistry: Methods, 

Models, and Mechanisms. J. Adv. Model Earth. Sy. 10, 1087–1099. 

https://doi.org/10.1002/2017ms001196. 

Hou, P.F., Chien, C.H., Chiang-Hsieh, Y.F., Tseng, K.C., Chow, C.N., Huang, H.J., 

Chang, W.C., 2018. Paddy-upland rotation for sustainable agriculture with 

regards to diverse soil microbial community. Sci Rep. 8, 7966. 

https://doi.org/10.1038/s41598-018-26181-2. 



  

References 

127 

 

Hu, H.W., Chen, D., He, J.Z., 2015. Microbial regulation of terrestrial nitrous oxide 

formation: understanding the biological pathways for prediction of emission 

rates. FEMS Microbiol. Rev. 39, 729–749. 

https://doi.org/10.1093/femsre/fuv021. 

Hu, X.Y., Huang, Y., Sun, W.J., Yu, L.F., 2017. Shifts in cultivar and planting date 

have regulated rice growth duration under climate warming in China since the 

early 1980s. Agr. Forest Meteorol. 247, 34–41. 

https://doi.org/10.1016/j.agrformet.2017.07.014. 

Huang, L., Liu, X., Wang, Z., Liang, Z., Wang, M., Liu, M., Suarez, D.L., 2017b. 

Interactive effects of pH, EC and nitrogen on yields and nutrient absorption of 

rice (Oryza sativa L.). Agric. Water Manag. 194, 48–57. 

https://doi.org/10.1016/j.agwat.2017.08.012. 

Huang, S., Pan, X.H., Guo, J., Qian, C.R., Zhang, W.J., 2014. Differences in soil 

organic carbon stocks and fraction distributions between rice paddies and upland 

cropping systems in China. J. Soils Sediment. 14, 89–98.  

https://doi.org/10.1007/s11368-013-0789-9. 

Huang, S., Sun, Y.N., Zhang, W.J., 2012. Changes in soil organic carbon stocks as 

affected by cropping systems and cropping duration in China’s paddy fields: a 

meta-analysis. Clim. Change 112, 847–858. https://doi.org/10.1007/s10584-011-

0255-x. 

Huang, T., Yang, H., Huang, C., Ju, X., 2017a. Effect of fertilizer N rates and straw 

management on yield-scaled nitrous oxide emissions in a maize-wheat double 

cropping system. Field Crops Res. 204, 1–11. 

https://doi.org/10.1016/j.fcr.2017.01.004. 

Huang. J., Zhang, Y.Z., Gao, J.S., Zhang, W.J., Liu, S.J., 2015. Variation 

characteristics of soil carbon sequestration under long-term different fertilization 

in red paddy soil. The journal of applied ecology 26, 3373–3380. (in Chinese)  

Humbal, A., Chaudhary, N., Pathak, B., 2023. Urbanization Trends, Climate Change, 

and Environmental Sustainability. In: Pathak, B., Dubey, R.S. (Eds) Climate 

Change and Urban Environment Sustainability. Disaster Resilience and Green 

Growth. Springer, Singapore. https://doi.org/10.1007/978-981-19-7618-6_9. 

Hussain, S., Huang, J., Huang, J., Ahmad, S., Nanda, S., Anwar, S., Shakoor, A., Zhu, 

C.Q, Zhu, L.F., Cao, X.C., Jin, Q.Y., Zhang, J.H., 2020. Rice Production Under 

Climate Change: Adaptations and Mitigating Strategies. In: , et al. Environment, 

Climate, Plant and Vegetation Growth. Springer, Cham. pp 659–686. 

https://doi.org/10.1007/978-3-030-49732-3_26. 

Iizumi, T., Hosokawa, N., Wagai, R., 2021. Soil carbon-food synergy: sizable 

contributions of small-scale farmers. CABI Agric. Biosci. 2, 43. 

https://doi.org/10.1186/s43170-021-00063-6. 

Inubushi, K., Cheng, W., Aonuma, S., Hoque, M.M., Kobayashi, K., Miura, S., Kim, 

H.Y., Okada, M., 2003. Effects of free-air CO2 enrichment (FACE) on CH4 

emission from a rice paddy field. Glob. Chang. Biol. 9, 1458–1464. 

https://doi.org/10.1046/j.1365-2486.2003.00665.x. 

https://doi.org/10.1007/s11368-013-0789-9
https://doi.org/10.1007/s11368-013-0789-9
https://doi.org/10.1007/978-981-19-7618-6_9
https://doi.org/10.1007/978-3-030-49732-3_26
https://doi.org/10.1007/978-3-030-49732-3_26


Synergy between global warming mitigation and food security services in rice 

paddies 

128 

 

IPCC, 2014. Climate Change 2014: Mitigation of Climate Change (Cambridge Univ. 

Press, 2014). 

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of 

Working Group I to the Sixth Assessment Report of the Intergovernmental Panel 

on Climate Change. https://doi.org/10.1017/9781009157896 (Cambridge Univ. 

Press, 2021). 

Jastrow, J.D., Amonette, J.E., Bailey, V. L., 2007. Mechanisms controlling soil carbon 

turnover and their potential application for enhancing carbon sequestration. Clim. 

Change 80, 5–23. https://doi.org/10.1007/s10584-006-9178-3. 

Jian, J., Du, X., Reiter, M.S., Stewart, R.D., 2020. A meta-analysis of global cropland 

soil carbon changes due to cover cropping. Soil Biol. Biochem. 143. 

https://doi.org/10.1016/j.soilbio.2020.107735. 

Jiang, G.Y., Xu, M.G., He, X.H., Zhang, W.J., Huang, S.M., Yang, X.Y., Liu, H., 

Peng, C., Shirato, Y., Iizumi, T., Wang, J.Z., Murphy, D.V., 2014. Soil organic 

carbon sequestration in upland soils of northern China under variable fertilizer 

management and climate change scenarios. Global Biogeochem. Cy. 28, 319–

333. https://doi.org/10.1002/2013GB004746. 

Jiang, Y., Carrijo, D., Huang, S., Chen, J., Balaine, N., Zhang, W., van Groenigen, 

K.J., Linquist, B., 2019. Water management to mitigate the global warming 

potential of rice systems: A global meta-analysis. Field Crops Res. 234, 47–54. 

https://doi.org/10.1016/j.fcr.2019.02.010. 

Jiang, Y., van Groenigen, K.J., Huang, S., Hungate, B.A., van Kessel, C., Hu, S., 

Zhang, J., Wu, L., Yan, X., Wang, L., Chen, J., Hang, X., Zhang, Y., Horwath, 

W.R., Ye, R., Linquist, B.A., Song, Z., Zheng, C., Deng, A., Zhang, W., 2017. 

Higher yields and lower methane emissions with new rice cultivars. Glob. Chang. 

Biol. 23, 4728–4738. https://doi.org/10.1111/gcb.13737. 

Jiao, S., Chen, W.M., Wang, J.L., Du, N.N., Li, Q.P., Wei, G.H., 2018. Soil 

microbiomes with distinct assemblies through vertical soil profiles drive the 

cycling of multiple nutrients in reforested ecosystem. Microbiome 6, 146. 

https://doi.org/10.1186/s40168-018-0526-0. 

Jimmy, A.N., Khan, N.A., Hossain, M.N., Sujauddin, M., 2017. Evaluation of the 

environmental impacts of rice paddy production using life cycle assessment: case 

study in Bangladesh. Model. Earth Syst. Env. 3, 1691–1705. 

https://doi.org/10.1007/s40808-017-0368-y. 

Johnsson, H., Jansson, P.E., 1991. Water balance and soil moisture dynamics of field 

plots with barley and grass ley. J. Hydrol. 129, 149–173. 

https://doi.org/10.1016/0022-1694(91)90049-N. 

Jørgen, E.O., Marco, B., 2002. Consequences of climate change for European 

agricultural productivity, land use and policy. Eur. J. Agron. 16, 239–262. 

https://doi.org/10.1016/S1161-0301(02)00004-7. 

Kaczynski, R., Siebielec, G., Hanegraaf, M.C., Korevaar, H., 2017. Modelling soil 

carbon trends for agriculture development scenarios at regional level. Geoderma 

286, 104–115, https://doi.org/10.1016/j.geoderma.2016.10.026. 



  

References 

129 

 

Kan, Z.R., Liu, W.X., Liu, W.S., Lal, R., Dang, Y.P., Zhao, X., Zhang, H.L., 2021. 

Mechanisms of soil organic carbon stability and its response to no‐till: A global 

synthesis and perspective. Glob. Chang. Biol. 28, 693–710. 

https://doi.org/10.1111/gcb.15968. 

Kang, J.H., Ding, W.H., Chang, N.J., Yi, X.P., Zhang, J.F., Li, H., 2024. Optimized 

crop-livestock coupling to reduce agricultural manure-N surplus and greenhouse 

gas emissions in China. J. Clean. Prod. 467, 142835. 

https://doi.org/10.1016/j.jclepro.2024.142835. 

Katayanagi, N., Fumoto, T., Hayano, M., Takata, Y., Kuwagata, T., Shirato, Y., 

Sawano, S., Kajiura, M., Sudo, S., Ishigooka, Y., Yagi, K., 2016. Development 

of a method for estimating total CH4 emission from rice paddies in Japan using 

the DNDC-Rice model. Sci. Total Environ. 547, 429–440. 

https://doi.org/10.1016/j.scitotenv.2015.12.149. 

Kaye, J.P., Quemada, M., 2017. Using cover crops to mitigate and adapt to climate 

change. A review. Agron. Sustain. Dev. 37. https://doi.org/10.1007/s13593-016-

0410-x. 

Keating, B.A., Carberry, P.S., Hammer, G.L., Probert, M.E., Robertson, M.J., 

Holzworth, D., Huth, N.I., Hargreaves, J.N.G., Meinke, H., Hochman, Z., 

McLean, G., Verburg, K., Snow, V., Dimes, J.P., Silburn, M., Wang, E., Brown, 

S., Bristow, K.L., Asseng, S., Chapman, S., McCown, R.L., Freebairn, D.M., 

Smith, C.J., 2003. An overview of APSIM, a model designed for farming 

systems simulation. Eur. J. Agron. 18, 267–288. https://doi.org/10.1016/S1161-

0301(02)00108-9. 

Kidd, J., Manning, P., Simkin, J., Peacock, S., Stockdale, E., 2017. Impacts of 120 

years of fertilizer addition on a temperate grassland ecosystem. Plos One 12. 

https://doi.org/10.1371/journal.pone.0174632. 

Kim, G.W., Gwon, H.S., Jeong, S.T., Hwang, H.Y., Kim, P.J., 2016. Different 

responses of nitrogen fertilization on methane emission in rice plant included and 

excluded soils during cropping season. Agr. Ecosyst. Environ. 230, 162–168. 

https://doi.org/10.1016/j.agee.2016.06.005. 

Kögel-Knabner, I., Amelung, W., Cao, Z., Fiedler, S., Frenzel, P., Jahn, R., Kalbitz, 

K., Kölbl, A., Schloter, M., 2010. Biogeochemistry of paddy soils. Geoderma 

157, 1–14. https://doi.org/10.1016/j.geoderma.2010.03.009. 

Ku, H.H., Ryu, J.H., Bae, H.S., Jeong, C., Lee, S.E., 2019. Modeling a long-term 

effect of rice straw incorporation on SOC content and grain yield in rice field. 

Arch. Agron. Soil Sci. 65, 1941–1954. 

https://doi.org/10.1080/03650340.2019.1583330. 

Kumar, V., Ladha, J.K., 2011. Direct Seeding of Rice: recent developments and future 

research needs. pp. 297–413. 

Kundu, S., Bhattacharyya, R., Prakash, V., Ghosh, B.N., Gupta, H.S., 2007. Carbon 

sequestration and relationship between carbon addition and storage under rainfed 

soybean–wheat rotation in a sandy loam soil of the Indian Himalayas. Soil Till. 

Res. 92, 87–95. https://doi.org/10.1016/j.still.2006.01.009. 



Synergy between global warming mitigation and food security services in rice 

paddies 

130 

 

Kuzyakov, Y., Horwath, W.R., Dorodnikov, M., Blagodatskaya, E., 2019. Review 

and synthesis of the effects of elevated atmospheric CO2 on soil processes: No 

changes in pools, but increased fluxes and accelerated cycles. Soil Biol. Biochem. 

128, 66–78. https://doi.org/10.1016/j.soilbio.2018.10.005. 

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food 

security. Science 304, 1623–1627. https://doi.org/10.1126/science.1097396. 

Lal, R., 2006. Enhancing crop yields in the developing countries through restoration 

of the soil organic carbon pool in agricultural lands. Land Degrad. Dev. 17, 197–

209. https://doi.org/10.1002/ldr.696. 

Lal, R., 2008. Crop residues as soil amendments and feedstock for bioethanol 

production. Waste Manage. 28, 747–758. 

https://doi.org/10.1016/j.wasman.2007.09.023 

Lal, R., 2010a. Beyond Copenhagen: mitigating climate change and achieving food 

security through soil carbon sequestration. Food Sect. 2, 169–177. 

https://doi.org/10.1007/s12571-010-0060-9. 

Lal, R., 2010b. Managing soils and ecosystems for mitigating anthropogenic carbon 

emissions and advancing global food security. BioScience 60, 708–721. 

https://doi.org/10.1525/bio.2010.60.9.8. 

Lal, R., 2014. Soil carbon management and climate change. Carbon Manag. 4, 439–

462. https://doi.org/10.4155/cmt.13.31. 

Lal, R., 2020a. Food security impacts of the “4 per Thousand” initiative. Geoderma 

374, 114427. https://doi.org/10.1016/j.geoderma.2020.11442. 

Lal, R., 2020b. Soil organic matter content and crop yield. J. Soil Water Conserv. 75, 

27A–32A. https://doi.org/10.2489/jswc.75.2.27A. 

Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J., Garnier, J., 2014. 50 year trends 

in nitrogen use efficiency of world cropping systems: the relationship between 

yield and nitrogen input to cropland. Environ. Res. Lett. 9. 

https://doi.org/10.1088/1748-9326/9/10/105011. 

Le Mer, J., Roger, P., 2001. Production, oxidation, emission and consumption of 

methane by soils: A review. Eur. J. Soil Biol. 37, 25–50. 

https://doi.org/10.1016/S1164-5563(01)01067-6. 

Lehmann, J., 2007. Bio-energy in the black. Front. Ecol. Environ. 5, 381–387. 

https://doi.org/10.1890/1540-9295(2007)5[381:Bitb]2.0.Co;2. 

Lehmann, J., Bossio, D.A., Kögel-Knabner, I., Rillig, M.C., 2020. The concept and 

future prospects of soil health. Nat. Rev. Earth Env. 1, 544–553. 

https://doi.org/10.1038/s43017-020-0080-8. 

Lessmann, M., Ros, G.H., Young, M.D., de Vries, W., 2022. Global variation in soil 

carbon sequestration potential through improved cropland management. Glob. 

Chang. Biol. 28, 1162–1177. https://doi.org/10.1111/gcb.15954. 

Li, B.Z., Song, H., Cao, W.C., Wang, Y.J., Chen, J.S., Guo, J.H., 2021a. Responses 

of soil organic carbon stock to animal manure application: A new global 

synthesis integrating the impacts of agricultural managements and environmental 

https://doi.org/


  

References 

131 

 

conditions. Glob. Chang. Biol. 27, 5356–5367. 

https://doi.org/10.1111/gcb.15731. 

Li, C., 1992. A model of nitrous oxide evolution from soil driven by rainfall events: 

1. Model structure and sensitivity. J. Geophys. Res. 97, 9759–9776. 

https://doi.org/10.1029/92JD00509. 

Li, C., Mosier, A., Wassmann, R., Cai, Z., Zheng, X., Huang, Y., Tsuruta, H., 

Boonjawat, J., Lantin, R., 2004. Modeling greenhouse gas emissions from rice-

based production systems: Sensitivity and upscaling. Global Biogeochem. Cy. 

18. https://doi.org/10.1029/2003GB002045. 

Li, F., Xiang, M., Liu, S., Lei, K., Shi, Z., Yang, J., Li, Y., 2021c. Life cycle 

assessment and fertilization scheme optimization of paddy field crops in South 

China. J. Clean. Prod. 325. https://doi.org/10.1016/j.jclepro.2021.129339. 

Li, J., Liu, D., Gong, H., Liu, Z., Zhang, Y., 2023. Crop yield increments will enhance 

soil carbon sequestration in coastal arable lands by 2100. J. Clean. Prod. 432. 

https://doi.org/10.1016/j.jclepro.2023.139800. 

Li, J., Wang, L., Luo, Z., Wang, E., Wang, G., Zhou, H., Li, H., Xu, S., 2021b. 

Reducing N2O emissions while maintaining yield in a wheat–maize rotation 

system modelled by APSIM. Agric. Syst. 194. 

https://doi.org/10.1016/j.agsy.2021.103277. 

Li, L., Zheng, Z., Wang, W., Biederman, J.A., Xu, X., Ran, Q., Qian, R., Xu, C., 

Zhang, B., Wang, F., Zhou, S., Cui, L., Che, R., Hao, Y., Cui, X., Xu, Z., Wang, 

Y., 2019. Terrestrial N2O emissions and related functional genes under climate 

change: A global meta-analysis. Glob. Chang. Biol. 00, 1–13. 

https://doi.org/10.1111/gcb.14847. 

Li, S., Wu, F., Zhou, Q., Zhang, Y., 2024a. Adopting agronomic strategies to enhance 

the adaptation of global rice production to future climate change: a meta-analysis. 

Agron. Sustain. Dev. 44. https://doi.org/10.1007/s13593-024-00963-7. 

Li, S., Fleisher, D.H., Barnaby, J.Y., 2024b. Quantifying the impact of climate change 

and extreme heat on rice in the United States. Agric. For. Meteorol. 355. 

https://doi.org/10.1016/j.agrformet.2024.110145. 

Li, Y., Cui, S., Zhang, Z.X., Zhuang, K.Z., Wang, Z.N., Zhang, Q.P., 2020. 

Determining effects of water and nitrogen input on maize (Zea mays) yield, water 

and nitrogen use efficiency: A global synthesis. Sci. Rep. 10, 9699. 

https://doi.org/10.1038/s41598-020-66613-6. 

Liang, H., Xu, J., Hou, H., Qi, Z., Yang, S., Li, Y., Hu, K., 2022. Modeling CH4 and 

N2O emissions for continuous and noncontinuous flooding rice systems. Agr. 

Syst. 203. https://doi.org/10.1016/j.agsy.2022.103528. 

Liang, Q., Chen, H., Gong, Y., Fan, M., Yang, H., Lal, R., Kuzyakov, Y., 2011. 

Effects of 15 years of manure and inorganic fertilizers on soil organic carbon 

fractions in a wheat-maize system in the North China Plain. Nutr. Cycl. 

Agroecosys. 92, 21–33. https://doi.org/10.1007/s10705-011-9469-6. 

Liang, S., Li, Y., Zhang, X., Sun, Z., Sun, N., Duan, Y., Xu, M., Wu, L., 2018. 

Response of crop yield and nitrogen use efficiency for wheat-maize cropping 



Synergy between global warming mitigation and food security services in rice 

paddies 

132 

 

system to future climate change in northern China. Agr. Forest Meteorol. 262, 

310–321. https://doi.org/10.1016/j.agrformet.2018.07.019. 

Liang, S., Sun, N., Meersmans, J., Longdoz, B., Colinet, G., Xu, M., Wu, L., 2024. 

Impacts of climate change on crop production and soil carbon stock in a 

continuous wheat cropping system in southeast England. Agric. Ecosyst. Environ. 

365. https://doi.org/10.1016/j.agee.2024.108909. 

Liang, S., Wu, W., Sun, J., Li, Z., Sun, X., Chen, H., Chen, S., Fan, L., You, L., Yang, 

P., 2021. Climate-mediated dynamics of the northern limit of paddy rice in China. 

Environ. Res. Lett. 16. https://doi.org/10.1088/1748-9326/abfac0. 

Liao, P., Sun, Y., Zhu, X., Wang, H., Wang, Y., Chen, J., Zhang, J., Zeng, Y., Zeng, 

Y., Huang, S., 2021. Identifying agronomic practices with higher yield and lower 

global warming potential in rice paddies: a global meta-analysis. Agr. Ecosyst. 

Environ. 322. https://doi.org/10.1016/j.agee.2021.107663. 

Lin, B.J., Li, R.C., Liu, K.C., Pelumi Oladele, O., Xu, Z.Y., Lal, R., Zhao, X., Zhang, 

H.L., 2023. Management-induced changes in soil organic carbon and related 

crop yield dynamics in China’s cropland. Glob. Chang. Biol. 29, 3575–3590. 

https://doi.org/10.1111/gcb.16703. 

Lin, Z., Zhang, R., 2012. Effects of climate change and elevated atmospheric CO2 on 

soil organic carbon: a response equation. Clim. Change 113, 107–120. 

https://doi.org/10.1007/s10584-011-0355-7. 

Ling, L., Shuai, Y.J., Xu, Y., Zhang, Z.S., Wang, B., You, L.Z., Sun, Z.C., Zhang, 

H.R., Zhan, M., Li, C.F., Wang, J.P., Jiang, Y., Ayitula, M., Cao, C.G., 2021. 

Comparing rice production systems in China: Economic output and carbon 

footprint. Sci. Total Environ. 791. 

https://doi.org/10.1016/j.scitotenv.2021.147890. 

Lindsey, R., Dahlman, L. Climate Change: Global Temperature (NOAA 2024); 

https://go.nature.com/48AEs3h.  

Linquist, B., Van Groenigen, K.J., Adviento-Borbe, M.A., Pittelkow, C., Kessel, C., 

2012a. An agronomic assessment of greenhouse gas emissions from major cereal 

crops. Glob. Chang. Biol. 18, 194–209. https://doi.org/10.1111/j.1365-

2486.2011.02502.x. 

Linquist, B.A., Adviento-Borbe, M.A., Pittelkow, C.M., van Kessel, C., van 

Groenigen, K.J., 2012b. Fertilizer management practices and greenhouse gas 

emissions from rice systems: A quantitative review and analysis. Field Crops Res. 

135, 10–21. https://doi.org/10.1016/j.fcr.2012.06.007. 

Linquist, B.A., Anders, M.M., Adviento‐Borbe, M.A.A., Chaney, R.L., Nalley, L.L., 

da Rosa, E.F.F., van Kessel, C., 2014. Reducing greenhouse gas emissions, water 

use, and grain arsenic levels in rice systems. Glob. Chang Biol. 21, 407–417. 

https://doi.org/10.1111/gcb.12701. 

Liu, C., Lu, M., Cui, J., Li, B., Fang, C.M., 2014. Effects of straw carbon input on 

carbon dynamics in agricultural soils: a meta-analysis. Glob. Chang. Biol. 20, 

1366–1381. https://doi.org/10.1111/gcb.12517. 

https://doi.org/10.1111/gcb.12517.


  

References 

133 

 

Liu, C., Shan, Y., Wang, Q., Harris, P., Liu, Y., Wu, L., 2023b. Impacts of measured 

soil hydraulic conductivity on the space–time simulations of water and nitrogen 

cycling. Catena 226. https://doi.org/10.1016/j.catena.2023.107058. 

Liu, C., Wang, L., Cocq, K.L., Chang, C., Li, Z., Chen, F., Liu, Y., Wu, L., 2020a. 

Climate change and environmental impacts on and adaptation strategies for 

production in wheat-rice rotations in southern China. Agr. Forest Meteorol. 292–

293, 108136. https://doi.org/10.1016/j.agrformet.2020.108136. 

Liu, J., Fang, L.C., Qiu, T.Y., Chen, J., Wang, H., Liu, M.X., Yi, J., Zhang, H.L., 

Wang, C., Sardans, J., Chen, L., Huang, M., Penuelas, J., 2023a. Crop residue 

return achieves environmental mitigation and enhances grain yield: a global 

meta‑analysis. Agron. Sustain. Dev. 43, 78. https://doi.org/10.1007/s13593-023-

00928-2. 

Liu, L., Yao, S., Zhang, H., Muhammed, A., Xu, J., Li, R., Zhang, D., Zhang, S., Yang, 

X., 2019b. Soil nitrate nitrogen buffer capacity and environmentally safe 

nitrogen rate for winter wheat-summer maize cropping in Northern China. Agr. 

Water Manage. 213, 445–453. https://doi.org/10.1016/j.agwat.2018.11.001. 

Liu, R., L. Hayden, H., Suter, H., Hu, H.W., Lam, S.K., He, J.Z., M. Mele, P., Chen, 

D.L., 2017. The effect of temperature and moisture on the source of N2O and 

contributions from ammonia oxidizers in an agricultural soil. Biol. Fert. Soils 53, 

141–152. https://doi.org/10.1007/s00374-016-1167-8. 

Liu, S., Ji, C., Wang, C., Chen, J., Jin, Y., Zou, Z., Li, S., Niu, S., Zou, J., 2018a. 

Climatic role of terrestrial ecosystem under elevated CO2: a bottom-up 

greenhouse gases budget. Ecol. Lett. 21, 1108–1118. 

https://doi.org/10.1111/ele.13078. 

Liu, S., Zheng, Y., Ma, R., Yu, K., Han, Z., Xiao, S., Li, Z., Wu, S., Li, S., Wang, J., 

Luo, Y., Zou, J., 2020b. Increased soil release of greenhouse gases shrinks 

terrestrial carbon uptake enhancement under warming. Glob. Chang. Biol. 00, 1–

13. https://doi.org/10.1111/gcb.15156. 

Liu, W., Zhang, Q., Liu, G., 2011. Effects of Watershed Land Use and Lake 

Morphometry on the Trophic State of Chinese Lakes: Implications for 

Eutrophication Control. Clean Soil Air Water 39, 35–42. 

https://doi.org/10.1002/clen.201000052 

Liu, X., Zhou, T., Liu, Y., Zhang, X., Li, L., Pan, G., 2019c. Effect of mid-season 

drainage on CH4 and N2O emission and grain yield in rice ecosystem: A meta-

analysis. Agr. Water Manage. 213, 1028–1035. 

https://doi.org/10.1016/j.agwat.2018.12.025. 

Liu, Y.L., Ge, T.D., van Groenigen, K.J., Yang Y.H., Wang, P., Cheng, K., Zhu, Z.K., 

Wang, J.K., Li, Y., Guggenberger, G., Sardans, J., Penuelas, J., Wu, J.S., 

Kuzyakov, Y., 2021. Rice paddy soils are a quantitatively important carbon store 

according to a global synthesis. Commun. Earth and Environ. 2. 

https://doi.org/10.1038/s43247-021-00229-0. 



Synergy between global warming mitigation and food security services in rice 

paddies 

134 

 

Liu, Y.L., Ge, T.D., Zhu, Z.K., Liu, S.L., Luo, Y., Li, Y., 2019a. Carbon input and 

allocation by rice into paddy soils: A review. Soil Biol. Biochem. 133, 97–107. 

https://doi.org/10.1016/j.soilbio.2019.02.019. 

Liu, Y., Li, Y., Harris, P., Cardenas, L.M., Dunn, R.M., Sint, H., Murray, P.J., Lee, 

M.R.F., Wu, L., 2018b. Modelling field scale spatial variation in water run-off, 

soil moisture, N2O emissions and herbage biomass of a grazed pasture using the 

SPACSYS model. Geoderma 315, 49–58. 

https://doi.org/10.1016/j.geoderma.2017.11.029. 

Liu, Y., Liu, X., Cheng, K., Li, L., Zhang, X., Zheng, J., Zheng, J., Pan, G., 2016. 

Responses of Methanogenic and Methanotrophic Communities to Elevated 

Atmospheric CO2 and Temperature in a Paddy Field. Front. Microbiol. 7. 

https://doi.org/10.3389/fmicb.2016.01895. 

Liu, Y., Tang, L., Qiu, X., Liu, B., Chang, X., Liu, L., Zhang, X., Cao, W., Zhu, Y., 

2020c. Impacts of 1.5 and 2.0°C global warming on rice production across China. 

Agr. Forest Meteorol. 284, 107900. 

https://doi.org/10.1016/j.agrformet.2020.107900. 

Liu, Y., Zhuang, M., Liang, X., Lam, S.K., Chen, D., Malik, A., Li, M., Lenzen, M., 

Zhang, L., Zhang, R., Zhang, L., Hao, Y., 2024. Localized nitrogen management 

strategies can halve fertilizer use in Chinese staple crop production. Nat. Food 5, 

825–835. https://doi.org/10.1038/s43016-024-01057-z. 

Loveland, P., Webb, J., 2003. Is there a critical level of organic matter in the 

agricultural soils of temperate regions: a review. Soil Till. Res. 70, 1–18. 

https://doi.org/10.1016/S0167-1987(02)00139-3. 

Lu, C., Tian, H., 2013. Net greenhouse gas balance in response to nitrogen enrichment: 

perspectives from a coupled biogeochemical model. Glob. Chang. Biol. 19, 571–

588. https://doi.org/10.1111/gcb.12049. 

Lu, F., Wang, X.K., Han, B., Ouyang, Z.Y., Duan, X.N., Zheng, H., Miao, H., 2009. 

Soil carbon sequestrations by nitrogen fertilizer application, straw return and no-

tillage in China's cropland. Glob. Chang. Biol. 15, 281–305. 

https://doi.org/10.1111/j.1365-2486.2008.01743.x. 

Luo, G., Li, L., Friman, V.-P., Guo, J., Guo, S., Shen, Q., Ling, N., 2018. Organic 

amendments increase crop yields by improving microbe-mediated soil 

functioning of agroecosystems: a meta-analysis. Soil Biol. Biochem. 124, 105–

115. https://doi.org/10.1016/j.soilbio.2018.06.002. 

Luo, X., Zhang, L., Lin, Y., Wen, D., Hou, E., 2023. Nitrogen availability mediates 

soil organic carbon cycling in response to phosphorus supply: A global meta-

analysis. Soil Biol. Biochem. 185. https://doi.org/10.1016/j.soilbio.2023.109158. 

Lyu, H., Watanabe, T., Zhong, R., Kilasara, M., Hartono, A., Funakawa, S., 2021a. 

Factors controlling sizes and stabilities of subsoil organic carbon pools in tropical 

volcanic soils. Sci. Total Environ. 769, 144842. 

https://doi.org/10.1016/j.scitotenv.2020.144842. 

Lyu, X., Wang, T., Song, X., Zhao, C., Rees, R.M., Liu, Z., Ju, X., Siddique, K.H.M., 

2021b. Reducing N2O emissions with enhanced efficiency nitrogen fertilizers 



  

References 

135 

 

(EENFs) in a high-yielding spring maize system. Environ. Pollut. 273. 

https://doi.org/10.1016/j.envpol.2020.116422. 

Ma, Y., Woolf, D., Fan, M., Qiao, L., Li, R., Lehmann, J., 2023. Global crop 

production increase by soil organic carbon. Nat. Geosci. 16, 1159–1165. 

https://doi.org/10.1038/s41561-023-01302-3. 

Maillard, E., Angers, D.A., 2014. Animal manure application and soil organic carbon 

stocks: a meta-analysis. Glob. Chang. Biol. 20, 666–679. 

https://doi.org/10.1111/gcb.12438. 

Mandal, B., Majumder, B., Adhya, T.K., Bandyopadhyay, P.K., Gangopadhyay, A., 

Sarkar, D., Kundu, M.C., Choudhury, S.G., Hazra, G.C., Kundu, S., Samantaray, 

R.N., Misra, A.K., 2008. Potential of double-cropped rice ecology to conserve 

organic carbon under subtropical climate. Glob. Chang. Biol. 14, 2139–2151. 

https://doi.org/10.1111/j.1365-2486.2008.01627.x. 

Marschner, P., 2021. Processes in submerged soils-linking redox potential, soil 

organic matter turnover and plants to nutrient cycling. Plant Soil 464, 1–12. 

https://doi.org/10.1007/s11104-021-05040-6. 

Martin, M.P., Dimassi, B., Román Dobarco, M., Guenet, B., Arrouays, D., Angers, 

D.A., Blache, F., Huard, F., Soussana, J.F., Pellerin, S., 2021. Feasibility of the 

4 per 1000 aspirational target for soil carbon: A case study for France. Glob. 

Chang. Biol. 27, 2458–2477. https://doi.org/10.1111/gcb.15547. 

Martre, P., Wallach, D., Asseng, S., Ewert, F., Jones, J.W., Rötter, R.P., Boote, K.J., 

Ruane, A.C., Thorburn, P.J., Cammarano, D., Hatfield, J.L., Rosenzweig, C., 

Aggarwal, P.K., Angulo, C., Basso, B., Bertuzzi, P., Biernath, C., Brisson, N., 

Challinor, A.J., Doltra, J., Gayler, S., Goldberg, R., Grant, R.F., Heng, L., 

Hooker, J., Hunt, L.A., Ingwersen, J., Izaurralde, R.C., Kersebaum, K.C., Müller, 

C., Kumar, S.N., Nendel, C., O'Leary, G., Olesen, J.E., Osborne, T.M., Palosuo, 

T., Priesack, E., Ripoche, D., Semenov, M.A., Shcherbak, I., Steduto, P., Stöckle, 

C.O., Stratonovitch, P., Streck, T., Supit, I., Tao, F., Travasso, M., Waha, K., 

White, J.W., Wolf, J., 2015. Multimodel ensembles of wheat growth: many 

models are better than one. Glob. Chang. Biol. 21, 911–925. 

https://doi.org/10.1111/gcb.12768. 

Masson-Delmotte, V., Zhai, P.M., Pörtner, H.O., Roberts, D., Skea, J., R. Shukla, P., 

2008. Global warming of 1.5 C, An IPCC Special Report on the impacts of global 

warming of 1.5°Cabove pre-industrial levels and related global greenhouse gas 

emission pathways,in the context of strengthening the global response to the 

threat of climate change, sustainable development, and efforts to eradicate 

poverty. 

https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_Lo

w_Res.pdf.  

McSwiney, C.P., Robertson, G.P., 2005. Nonlinear response of N2O flux to 

incremental fertilizer addition in a continuous maize (Zea mays L.) cropping 

system. Glob. Chang. Biol. 11, 1712–1719. https://doi.org/10.1111/j.1365-

2486.2005.01040.x. 



Synergy between global warming mitigation and food security services in rice 

paddies 

136 

 

Meersmans, J., van Wesemael, B., Van Molle, M., 2009. Determining soil organic 

carbon for agricultural soils: a comparison between the Walkley & Black and the 

dry combustion methods (north Belgium). Soil Use Manage. 25, 346–353. 

https://doi.org/10.1111/j.1475-2743.2009.00242.x. 

Mehmood, I., Qiao, L., Chen, H.Q., Tang, Q.Y., Woolf, D., Fan, M.S., 2020. Biochar 

addition leads to more soil organic carbon sequestration under a maize-rice 

cropping system than continuous flooded rice, Agr. Ecosyst. Environ. 298 

(106965). https://doi.org/10.1016/j.agee.2020.106965. 

Meijide, B.A., Gruening, C., Goded, I., Seufert, G., Cescatti, A., 2017. Water 

management reduces greenhouse gas emissions in a Mediterranean rice paddy 

field. Agr. Ecosyst. Environ. 238: 168–178. 

http://dx.doi.org/10.1016/j.agee.2016.08.017. 

Mendelsohn, R., 2000. Efficient adaptation to climate. Clim. Change 45, 583–600. 

https://doi.org/10.1023/A:1005507810350. 

Meng, Q., Hou, P., Lobell, D.B., Wang, H., Cui, Z., Zhang, F., Chen, X., 2014. The 

benefits of recent warming for maize production in high latitude China. Clim. 

Change 122, 341–349. https://doi.org/10.1007/s10584-013-1009-8. 

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, 

A., Chaplot, V., Chen, Z.-S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., 

Hedley, C.B., Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, 

B.G., Mulder, V.L., O'Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., 

Paustian, K., Pan, G., Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., 

Sulaeman, Y., Tsui, C.-C., Vågen, T.-G., van Wesemael, B., Winowiecki, L., 

2017. Soil carbon 4 per mille. Geoderma 292, 59–86. 

https://doi.org/10.1016/j.geoderma.2017.01.002. 

Minoli, S., Jagermeyr, J., Asseng, S., Urfels, A., Muller, C., 2022. Global crop yields 

can be lifted by timely adaptation of growing periods to climate change. Nat. 

Commun. 13, 7079. https://doi.org/10.1038/s41467-022-34411-5. 

Mohanty, M., Sinha, N.K., Somasundaram, J., McDermid, S.S., Patra, A.K., Singh, 

M., Dwivedi, A.K., Reddy, K.S., Rao, C.S., Prabhakar, M., Hati, K.M., Jha, P., 

Singh, R.K., Chaudhary, R.S., Kumar, S.N., Tripathi, P., Dalal, R.C., Gaydon, 

D.S., Chaudhari, S.K., 2020. Soil carbon sequestration potential in a Vertisol in 

central India- results from a 43-year long-term experiment and APSIM modeling. 

Agric. Syst. 184. https://doi.org/10.1016/j.agsy.2020.102906. 

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, 

T.L., 2007. Model evaluation guidelines for systematic quantification of 

accuracy in watershed Simulations. T. ASABE 50, 885–900. 

https://doi.org/10.13031/2013.23153. 

Musafiri, C.M., Macharia, J.M., Kiboi, M.N., Ng’etich, O.K., Shisanya, C.A., Okeyo, 

J.M., Okwuosa, E.A., Ngetich, F.K., 2021. Comparison between observed and 

DeNitrification-DeComposition model-based nitrous oxide fluxes and maize 

yields under selected soil fertility management technologies in Kenya. Plant Soil 

463, 395–413. https://doi.org/10.1007/s11104-021-04924-x. 



  

References 

137 

 

Nair, P.K.R., Kumar, B.M., Nair, V.D., 2021. Carbon Sequestration and Climate 

Change Mitigation. In: An Introduction to Agroforestry. pp: 487–537. 

https://doi.org/10.1007/978-3-030-75358-0_20. 

NCATS., 1994. Chinese Organic Fertilizer Handbook, National Center for 

Agricultural Technology Service, Beijing, China. (in Chinese) 

Necpálová, M., Anex, R.P., Fienen, M.N., Del Grosso, S.J., Castellano, M.J., Sawyer, 

J.E., Iqbal, J., Pantoja, J.L., Barker, D.W., 2015. Understanding the DayCent 

model: Calibration, sensitivity, and identifiability through inverse modeling. 

Environ. Model. Softw. 66, 110–130. 

https://doi.org/10.1016/j.envsoft.2014.12.011. 

Neina, D., 2019. The role of soil pH in plant nutrition and soil remediation. Appl. 

Environ. Soil Sci. 2019, 1–9. https://doi.org/10.1155/2019/5794869. 

Nguyen, T.T., Grote, U., Neubacher, F., Rahut, D.B., Do, M.H., Paudel, G.P., 2023. 

Security risks from climate change and environmental degradation: implications 

for sustainable land use transformation in the Global South. Curr. Opin. Environ. 

Sustain. 63. https://doi.org/10.1016/j.cosust.2023.101322. 

Oelofse, M., Markussen, B., Knudsen, L., Schelde, K., Olesen, J.E., Jensen, L.S., 

Bruun, S., 2015. Do soil organic carbon levels affect potential yields and nitrogen 

use efficiency? An analysis of winter wheat and spring barley field trials. Eur. J. 

Agron. 66, 62–73. https://doi.org/10.1016/j.eja.2015.02.009. 

Oldfield, E.E., Bradford, M.A., Wood, S.A., 2019. Global meta-analysis of the 

relationship between soil organic matter and crop yields. Soil 5, 15–32. 

https://doi.org/10.5194/soil-5-15-2019. 

Oldfield, E.E., Wood, S.A., Bradford, M.A., 2020. Direct evidence using a controlled 

greenhouse study for threshold effects of soil organic matter on crop growth. 

Ecol. Appl. 30, e02073. https://doi.org/10.1002/eap.2073. 

Olsen, S. R., 1954. Estimation of Available Phosphorus in Soils by Extraction with 

Sodium Bicarbonate. United States Department of Agriculture Circular 939, 

Washington, D. C., USA. 

O'Neill, B.C., Tebaldi, C., van Vuuren, D.P., Eyring, V., Friedlingstein, P., Hurtt, G., 

Knutti, R., Kriegler, E., Lamarque, J.-F., Lowe, J., Meehl, G.A., Moss, R., Riahi, 

K., Sanderson, B.M., 2016. The Scenario Model Intercomparison Project 

(ScenarioMIP) for CMIP6. Geosci. Model Dev. 9, 3461–3482. 

https://doi.org/10.5194/gmd-9-3461-2016. 

Pan, G.X., Zhao, Q.G., 2005. Study on evolution of organic carbon stock in 

agricultural soils of China: facing the challenge of global change and food 

security. Advances in earth science 20, 384–393. (in Chinese)  

Pan, G.X., Li, L.Q., Wu, L.S., Zhang, X.H., 2003. Storage and sequestration potential 

of topsoil organic carbon in China’s paddy soils. Glob. Chang. Biol. 10, 79–92. 

https://doi.org/10.1111/j.1365-2486.2003.00717.x 

Pan, G., Smith, P., Pan, W., 2009. The role of soil organic matter in maintaining the 

productivity and yield stability of cereals in China. Agric. Ecosyst. Environ. 129, 

344–348. https://doi.org/10.1016/j.agee.2008.10.008. 



Synergy between global warming mitigation and food security services in rice 

paddies 

138 

 

Peng, S., Tang, Q., Zou, Y., 2009. Current status and challenges of rice production in 

China. Plant Prod. Sci. 12, 3–8. https://doi.org/10.1626/pps.12.3.  

Piao, S., Ciais, P., Huang, Y., Shen, Z.H., Peng, S.S., Li, J.S., Zhou, L.P., Liu, H.Y., 

Ma, Y.C., Ding, Y.H., Friedlingstein, Pierre., Liu, C.Z., Tan, K., Yu, Y.Q, Zhang, 

T.Y., Fang, J.Y., 2010. The impacts of climate change on water resources and 

agriculture in China. Nature 467, 43–51. https://doi.org/10.1038/nature09364. 

Pittelkow, C.M., Adviento-Borbe, M.A., Hill, J.E., Six, J., van Kessel, C., Linquist, 

B.A., 2013. Yield-scaled global warming potential of annual nitrous oxide and 

methane emissions from continuously flooded rice in response to nitrogen input. 

Agr. Ecosyst. Environ. 177, 10–20. https://doi.org/10.1016/j.agee.2013.05.011. 

Pittelkow, C.M., Adviento-Borbe, M.A., van Kessel, C., Hill, J.E., Linquist, B.A., 

2014. Optimizing rice yields while minimizing yield-scaled global warming 

potential. Glob. Chang. Biol. 20, 1382–1393, https://doi.org/10.1111/gcb.12413. 

Porter, J.R., Gawith, M., 1999. Temperatures and the growth and development of 

wheat: a review. Eur. J. Agron. 10, 23–36. https://doi.org/10.1016/S1161-

0301(98)00047-1. 

Poulton, P., Johnston, J., Macdonald, A., White, R., Powlson, D., 2018. Major 

limitations to achieving “4 per 1000” increases in soil organic carbon stock in 

temperate regions: Evidence from long‐term experiments at Rothamsted 

Research, United Kingdom. Glob. Chang. Biol. 24, 2563–2584. 

https://doi.org/10.1111/gcb.14066. 

Muhammad Q., Huang J., Waqas, A., Li, D.C., Liu, S.J., Zhang, L., Cai, A.D., Liu, 

L.S., Xu, Y.M., Gao, J.S., Zhang, H.M., 2020. Yield sustainability, soil organic 

carbon sequestration and nutrients balance under long-term combined 

application of manure and inorganic fertilizers in acidic paddy soil. Soil Till. Res. 

198, 104569. https://doi.org/10.1016/j.still.2019.104569. 

Qi, J.Y., Han, S.W., Lin, B.J., Xiao, X.P., Jensen, J.L., Munkholm, L.J., Zhang, H.-

L., 2022. Improved soil structural stability under no-tillage is related to increased 

soil carbon in rice paddies: Evidence from literature review and field experiment. 

Environ. Technol. Inno. 26. https://doi.org/10.1016/j.eti.2021.102248. 

Qian, H., Zhu, X., Huang, S., Linquist, B., Kuzyakov, Y., Wassmann, R., 

Minamikawa, K., Martinez-Eixarch, M., Yan, X., Zhou, F., Sander, B.O., Zhang, 

W., Shang, Z., Zou, J., Zheng, X., Li, G., Liu, Z., Wang, S., Ding, Y., van 

Groenigen, K.J., Jiang, Y., 2023. Greenhouse gas emissions and mitigation in 

rice agriculture. Nat. Rev. Earth. Env. 4, 716–732. 

https://doi.org/10.1038/s43017-023-00482-1. 

Qiao, J., Wang, J., Zhao, D., Zhou, W., Schwenke, G., Yan, T., Liu, D.L., 2022a. 

Optimizing N fertilizer rates sustained rice yields, improved N use efficiency, 

and decreased N losses via runoff from rice-wheat cropping systems. Agr. 

Ecosyst. Environ. 324. https://doi.org/10.1016/j.agee.2021.107724. 

Qiao, L., Wang, X., Smith, P., Fan, J., Lu, Y., Emmett, B., Li, R., Dorling, S., Chen, 

H., Liu, S., Benton, T.G., Wang, Y., Ma, Y., Jiang, R., Zhang, F., Piao, S., Mϋller, 

C., Yang, H., Hao, Y., Li, W., Fan, M., 2022b. Soil quality both increases crop 

https://doi.org/10.1626/pps.12.3
https://doi.org/10.1038/nature09364


  

References 

139 

 

production and improves resilience to climate change. Nat. Clim. Change 12, 

574–580. https://doi.org/10.1038/s41558-022-01376-8. 

Qiu, H.S., Zheng, X.D., Ge, T.D., Dorodnikov, M., Chen, X.B., Hu, Y.J., Kuzyakov, 

Y., Wu, J.S., Su, Y.R., Zhang, Z.H., 2017. Weaker priming and mineralisation 

of low molecular weight organic substances in paddy than in upland soil. Eur. J. 

Soil Biol. 83, 9–17. https://doi.org/10.1016/j.ejsobi.2017.09.008. 

Quan, H., Ding, D., Wu, L., Qiao, R., Dong, Q.G., Zhang, T., Feng, H., Wu, L., 

Siddique, K.H.M., 2022. Future climate change impacts on mulched maize 

production in an arid irrigation area. Agr. Water Manage. 266. 

https://doi.org/10.1016/j.agwat.2022.107550. 

Quan, H., Wang, B., Wu, L.H., Feng, H., Wu, L.N., Wu, L.H., Liu, D.L., Siddique, 

K.H.M., 2024. Impact of plastic mulching and residue return on maize yield and 

soil organic carbon storage in irrigated dryland areas under climate change. Agr. 

Ecosyst. Environ. 362. https://doi.org/10.1016/j.agee.2023.108838. 

Raftery, A.E., Zimmer, A., Frierson, D.M.W., Startz, R., Liu, P., 2017. Less than 2 °C 

warming by 2100 unlikely. Nat. Clim. Change 7, 637–641. 

https://doi.org/10.1038/nclimate3352. 

Ray, D.K., Ramankutty, N., Mueller, N.D., West, P.C., Foley, J.A., 2012. Recent 

patterns of crop yield growth and stagnation. Nat. Commun. 3, 1293. 

https://doi.org/10.1038/ncomms2296. 

Ren, K.Y., Xu, M.G., Li, R., Zheng, L., Liu, S.G., Reis, S., Wang, H.Y., Lu, C.A., 

Zhang, W. J., Gao, H., Duan, Y.H., Gu, B.J., 2022. Optimizing nitrogen fertilizer 

use for more grain and less pollution. J. Clean. Prod. 360. 

https://doi.org/10.1016/j.jclepro.2022.132180. 

Rezaei, E.E., Siebert, S., Hüging, H., Ewert, F., 2018. Climate change effect on wheat 

phenology depends on cultivar change. Sci. Rep. 8. 

https://doi.org/10.1038/s41598-018-23101-2. 

Rezaei, E.E., Webber, H., Asseng, S., Boote, K., Durand, J.L., Ewert, F., Martre, P., 

MacCarthy, D.S., 2023. Climate change impacts on crop yields. Nat. Rev. Earth 

Env. 4, 831–846. https://doi.org/10.1038/s43017-023-00491-0. 

Richardson, K., Steffen, W., Lucht, W., Bendtsen, J., Cornell, S.E., Donges, J.F., 

Drüke, M., Fetzer, I., Bala, G., Bloh, W.v., Feulner, G., Fiedler, S., Gerten, D., 

Gleeson, T., Hofmann, M., Huiskamp, W., Kummu, M., Mohan, C., Nogués-

Bravo, D., Petri, S., Porkka, M., Rahmstorf, S., Schaphoff, S., Thonicke, K., 

Tobian, A., Virkki, V., Wang-Erlandsson, L., Weber, L., Rockström, J., 2023. 

Earth beyond six of nine planetary boundaries. Sci. Adv. 9, eadh2458. 

https://doi.org/10.1126/sciadv.adh2458. 

Rising, J., Devineni, N., 2020. Crop switching reduces agricultural losses from 

climate change in the United States by half under RCP 8.5. Nat. Commun. 11. 

https://doi.org/10.1038/s41467-020-18725-w. 

Rogelj, J., Schaeffer, M., Meinshausen, M., Knutti, R., Alcamo, J., Riahi, K., Hare, 

W., 2015. Zero emission targets as long-term global goals for climate protection. 

Environ. Res. Lett. 10. https://doi.org/10.1088/1748-9326/10/10/105007. 



Synergy between global warming mitigation and food security services in rice 

paddies 

140 

 

Rui, W.Y., Zhang, W.J., 2010. Effect size and duration of recommended management 

practices on carbon sequestration in paddy field in Yangtze Delta Plain of China: 

A meta-analysis. Agr. Ecosyst. Environ. 135, 199–205. 

https://doi.org/10.1016/j.agee.2009.09.010. 

Sándor, R., Ehrhardt, F., Grace, P., Recous, S., Smith, P., Snow, V., Soussana, J.-F., 

Basso, B., Bhatia, A., Brilli, L., Doltra, J., Dorich, C.D., Doro, L., Fitton, N., 

Grant, B., Harrison, M.T., Kirschbaum, M.U.F., Klumpp, K., Laville, P., 

Léonard, J., Martin, R., Massad, R.-S., Moore, A., Myrgiotis, V., Pattey, E., 

Rolinski, S., Sharp, J., Skiba, U., Smith, W., Wu, L., Zhang, Q., Bellocchi, G., 

2020. Ensemble modelling of carbon fluxes in grasslands and croplands. Field 

Crops Res. 252. https://doi.org/10.1016/j.fcr.2020.107791. 

Sayed Shourbalal, S.K., Soleymani, A., Javanmard, H.R., 2019. Shortening 

vernalization in winter wheat (Triticum aestivum L.) using plant growth 

regulators and cold stratification. J. Clean. Prod. 219, 443–450. 

https://doi.org/10.1016/j.jclepro.2019.02.030. 

Schewe, J., Heinke, J., Gerten, D., Haddeland, I., Arnell, N.W., Clark, D.B., Dankers, 

R., Eisner, S., Fekete, B.M., Colón-González, F.J., Gosling, S.N., Kim, H., Liu, 

X.C, Masaki, Y., Portmann, F.T., Satoh, Y., Stacke, T., Tang, Q.H, Wada, Y., 

Wisser, D., Albrecht, T., Frieler, K., Piontek, F., Warszawski, L., Kabat, P., 2014. 

Multimodel assessment of water scarcity under climate change. PNAS 111(9), 

3245–3250. https://doi.org/10.1073/pnas.1222460110. 

Schimel, J., 2009. Rice, microbes and methane. Nature 403, 375–377. 

https://doi.org/10.1038/35000325. 

Schjønning, P., Jensen, J.L., Bruun, S., Jensen, L.S., Christensen, B.T., Munkholm, 

L.J., Oelofse, M., Baby, S., Knudsen, L., 2018. The Role of Soil Organic Matter 

for Maintaining Crop Yields: Evidence for a Renewed Conceptual Basis. pp. 35–

79. https://doi.org/10.1016/bs.agron.2018.03.001. 

Schroder, J.L., Zhang, H., Girma, K., Raun, W.R., Penn, C.J., Payton, M.E., 2011. 

Soil Acidification from Long-Term Use of Nitrogen Fertilizers on Winter Wheat. 

Soil Sci. Soc. Am. J. 75, 957–964. https://doi.org/10.2136/sssaj2010.0187. 

Sellar, A.A., Jones, C.G., Mulcahy, J.P., Tang, Y., Yool, A., Wiltshire, A., O'Connor, 

F.M., Stringer, M., Hill, R., Palmieri, J., Woodward, S., de Mora, L., Kuhlbrodt, 

T., Rumbold, S.T., Kelley, D.I., Ellis, R., Johnson, C.E., Walton, J., Abraham, 

N.L., Andrews, M.B., Andrews, T., Archibald, A.T., Berthou, S., Burke, E., 

Blockley, E., Carslaw, K., Dalvi, M., Edwards, J., Folberth, G.A., Gedney, N., 

Griffiths, P.T., Harper, A.B., Hendry, M.A., Hewitt, A.J., Johnson, B., Jones, A., 

Jones, C.D., Keeble, J., Liddicoat, S., Morgenstern, O., Parker, R.J., Predoi, V., 

Robertson, E., Siahaan, A., Smith, R.S., Swaminathan, R., Woodhouse, M.T., 

Zeng, G., Zerroukat, M., 2019. UKESM1: Description and Evaluation of the U.K. 

Earth System Model. J. Adv. Model. Earth Sy. 11, 4513–4558. 

https://doi.org/10.1029/2019MS001739. 

Seremesic, S., Milosev, D., Djalovic, I., Zeremski, T., Ninkov, J., 2011. Management 

of soil organic carbon in maintaining soil productivity and yield stability of 



  

References 

141 

 

winter wheat. Plant Soil Environ. 57, 216–221. 

https://doi.org/10.17221/207/2010-PSE. 

Shan, Y., Huang, M., Harris, P., Wu, L., 2021. A Sensitivity Analysis of the 

SPACSYS Model. Agr. 11. https://doi.org/10.3390/agriculture11070624. 

Shang, Q., Yang, X., Gao, C., Wu, P., Liu, J., Xu, Y., Shen, Q., Zou, J., Guo, S., 2011. 

Net annual global warming potential and greenhouse gas intensity in Chinese 

double rice-cropping systems: a 3-year field measurement in long-term fertilizer 

experiments. Glob. Chang. Biol. 17, 2196–2210. https://doi.org/10.1111/j.1365-

2486.2010.02374.x. 

Shang, Z., Abdalla, M., Xia, L., Zhou, F., Sun, W., Smith, P., 2021. Can cropland 

management practices lower net greenhouse emissions without compromising 

yield? Glob. Chang. Biol. 00, 1–14. https://doi.org/10.1111/gcb.15796. 

Shaukat, M., Muhammad, S., Maas, E.D.V.L., Khaliq, T., Ahmad, A., 2022. 

Predicting methane emissions from paddy rice soils under biochar and nitrogen 

addition using DNDC model. Ecol. Modell. 466. 

https://doi.org/10.1016/j.ecolmodel.2022.109896. 

Shcherbak, I., Millar, N., Robertson, G.P., 2014. Global metaanalysis of the nonlinear 

response of soil nitrous oxide (N2O) emissions to fertilizer nitrogen. PNAS 111, 

9199–9204. https://doi.org/10.1073/pnas.1322434111. 

Shen, W., Reynolds, J.F., Hui, D., 2009. Responses of dryland soil respiration and soil 

carbon pool size to abrupt vs. gradual and individual vs. combined changes in 

soil temperature, precipitation, and atmospheric [CO2]: a simulation analysis. 

Glob. Chang. Biol. 15, 2274–2294. https://doi.org/10.1111/j.1365-

2486.2009.01857.x. 

Shepherd, A., Wu, L.H., Chadwick, D., Bol, R., 2011. A review of quantitative tools 

for assessing the diffuse pollution response to farmer adaptations and mitigation 

methods under climate change. Adv. Agron. 112, 1–54. 

https://doi.org/10.1016/b978-0-12-385538-1.00001-9. 

Shivanna, K.R., 2022. Climate change and its impact on biodiversity and human 

welfare. P. Indian Natl. Sci. Ac. 88, 160–171. https://doi.org/10.1007/s43538-

022-00073-6. 

Siddique, K.H.M., Bolan, N., Rehman, A., Farooq, M., 2024. Enhancing crop 

productivity for recarbonizing soil. Soil Till. Res. 235. 

https://doi.org/10.1016/j.still.2023.105863. 

Singh, Y.V., 2012. Crop and water productivity as influenced by rice cultivation 

methods under organic and inorganic sources of nutrient supply. Paddy Water 

Environ. 11, 531–542. https://doi.org/10.1007/s10333-012-0346-y. 

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil 

organic matter: Implications for C-saturation of soils. Plant Soil 241, 155–176. 

https://doi.org/10.1023/A:1016125726789.  

Six, J., Elliott, E.T., Paustian, K., 2000. Soil macroaggregate turnover and 

microaggregate formation: a mechanism for C sequestration under no-tillage 



Synergy between global warming mitigation and food security services in rice 

paddies 

142 

 

agriculture. Soil Biol. Biochem. 32, 2099–2103. https://doi.org/10.1016/S0038-

0717(00)00179-6. 

Six, J., Elliott, E.T., Paustian, K., Doran, J.W., 1998. Aggregation and soil organic 

matter accumulation in cultivated and native grassland soils. Soil Sci. Soc. Am. 

J. 62, 1367–1377. https://doi.org/10.2136/sssaj1998.03615995006200050032x. 

Six, J., Elliott, T., Paustian, K., 1999. Aggregate and soil organic matter dynamics 

under conventional and no tillage. Soil Sci. Soc. Am. J. 63, 1350–1358. 

https://doi.org/10.2136/sssaj1999.6351350x. 

Sloat, L.L., Davis, S.J., Gerber, J.S., Moore, F.C., Ray, D.K., West, P.C., Mueller, 

N.D., 2020. Climate adaptation by crop migration. Nat. Commun. 11. 

https://doi.org/10.1038/s41467-020-15076-4. 

Smith, P., 2005. An overview of the permanence of soil organic carbon stocks: 

influence of direct human-induced, indirect and natural effects. Eur. J. Soil Sci. 

56, 673–680. https://doi.org/10.1111/j.1365-2389.2005.00708.x. 

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, 

S., O’Mara, F., Rice, C., Scholes, B., Sirotenko, O., 2007. Agriculture. In: Metz, 

B., Davidson, O.R., Bosch, P.R., Dave, R., Meyer, L.A. (Eds.), Climate Change 

2007: Mitigation. Contribution of working group III to the fourth assessment 

report of the Intergovernmental Panel on Climate Change). Cambridge 

University Press, Cambridge, UK and New York, NY, USA, pp. 497–540. 

Smith, W.N., Grant, B.B., Desjardins, R.L., Kroebel, R., Li, C., Qian, B., Worth, D.E., 

McConkey, B.G., Drury, C.F., 2013. Assessing the effects of climate change on 

crop production and GHG emissions in Canada. Agr. Ecosyst. Environ. 179, 

139–150. http://dx.doi.org/10.1016/j.agee.2013.08.015.  

Smith, W.N., Grant, B.B., Desjardins, R.L., Rochette, P., Drury, C.F., Li, C., 2008. 

Evaluation of two process-based models to estimate soil N2O emissions in 

Eastern Canada. Can. J. Soil. Sci. 88, 251–260. 

https://doi.org/10.4141/CJSS06030. 

Sokol, N.W., Bradford, M.A., 2018. Microbial formation of stable soil carbon is more 

efficient from belowground than aboveground input. Nat. Geosci. 12, 46–53. 

https://doi.org/10.1038/s41561-018-0258-6. 

Sommer, R., Bossio, D., 2014. Dynamics and climate change mitigation potential of 

soil organic carbon sequestration. J. Environ. Manage. 144, 83–87. 

https://doi.org/10.1016/j.jenvman.2014.05.017. 

Springmann, M., Clark, M., Mason-D′Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, 

L., de Vries, W., Vermeulen, S.J., Herrero, M., Carlson, K.M., Jonell, M., Troell, 

M., DeClerck, F., Gordon, L.J., Zurayk, R., Scarborough, P., Rayner, M., Loken, 

B., Fanzo, J., Godfray, H.C.J., Tilman, D., Rockstrom, J., Willett, W., 2018. 

Options for keeping the food system within environmental limits. Nature 562, 

519–525. https://doi.org/10.1038/s41586-018-0594-0. 

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2008. Soil carbon 

saturation: Evaluation and corroboration by long-term incubations. Soil Biol. 

Biochem. 40, 7: 1741–1750. https://doi.org/10.1016/j.soilbio.2008.02.014. 

https://doi.org/10.1016/j.soilbio.2008.02.014


  

References 

143 

 

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2007. Soil carbon 

saturation: concept, evidence and evaluation. Biogeochemistry 86, 19–31. 

https://doi.org/10.1007/s10533-007-9140-0. 

Stewart, W.M., Roberts, T.L., 2012. Food Security and the Role of Fertilizer in 

Supporting it. Procedia Eng. 46, 76–82. 

https://doi.org/10.1016/j.proeng.2012.09.448. 

Sun, B., Wang, W., Liu, G., Li, H., 2024. Projecting the impact of climate change and 

elevated CO2 concentration on rice irrigation water requirement in China. Sci. 

Total Environ. 912. https://doi.org/10.1016/j.scitotenv.2023.168489. 

Sun, J., Chen, L., Ogle, S., Cheng, K., Xu, X., Li, Y., Pan, G., 2023. Future climate 

change may pose pressures on greenhouse gas emission reduction in China’s rice 

production. Geoderma 440. https://doi.org/10.1016/j.geoderma.2023.116732. 

Sun, Y.N., Huang, S., Yu, X.C., Zhang, W.J., 2015. Differences in fertilization 

impacts on organic carbon content and stability in a paddy and an upland soil in 

subtropical China. Plant Soil 397, 189–200. https://doi.org/10.1007/s11104-015-

2611-5. 

Svanbäck, A., L. McCrackin, M., P. Swaney, D., Linefur, H., G. Gustafsson, B., W. 

Howarth, R., Humborg, C., 2019. Reducing agricultural nutrient surpluses in a 

large catchment – Links to livestock density. Sci. Total Environ. 648, 1549–1559. 

https://doi.org/10.1016/j.scitotenv.2018.08.194. 

Takeda, N., Friedl, J., Rowlings, D., De Rosa, D., Scheer, C., Grace, P., 2021. 

Exponential response of nitrous oxide (N2O) emissions to increasing nitrogen 

fertiliser rates in a tropical sugarcane cropping system. Agric. Ecosyst. Environ. 

313. https://doi.org/10.1016/j.agee.2021.107376. 

Tan, L., Cai, Y., An, Z., Cheng, H., Shen, C.C., Gao, Y., Edwards, R.L., 2016. 

Decreasing monsoon precipitation in southwest China during the last 240 years 

associated with the warming of tropical ocean. Clim. Dyn. 48, 1769–1778. 

https://doi.org/10.1007/s00382-016-3171-y. 

Tang, B., Rocci, K.S., Lehmann, A., Rillig, M.C., 2023. Nitrogen increases soil 

organic carbon accrual and alters its functionality. Glob. Chang. Biol. 29, 1971–

1983. https://doi.org/10.1111/gcb.16588. 

Tang, J., Qian, H., Zhu, X., Liu, Z., Kuzyakov, Y., Zou, J., Wang, J., Xu, Q., Li, G., 

Liu, Z., Wang, S., Zhang, W., Zhang, J., Huang, S., Ding, Y., van Groenigen, 

K.J., Jiang, Y., 2024. Soil pH determines nitrogen effects on methane emissions 

from rice paddies. Glob. Chang. Biol. 30. https://doi.org/10.1111/gcb.17577. 

Tariq, A., Vu, Q.D., Jensen, L.S., de Tourdonnet, S., Sander, B.O., Wassmann, R., 

Van Mai, T., de Neergaard, A., 2017. Mitigating CH4 and N2O emissions from 

intensive rice production systems in northern Vietnam: Efficiency of drainage 

patterns in combination with rice residue incorporation. Agr. Ecosyst. Environ.  

249, 101–111. https://doi.org/10.1016/j.agee.2017.08.011. 

Teng, J., Hou, R., Dungait, J.A.J., Zhou, G., Kuzyakov, Y., Zhang, J., Tian, J., Cui, 

Z., Zhang, F., Delgado-Baquerizo, M., 2024. Conservation agriculture improves 



Synergy between global warming mitigation and food security services in rice 

paddies 

144 

 

soil health and sustains crop yields after long-term warming. Nat. Commun. 15. 

https://doi.org/10.1038/s41467-024-53169-6. 

Tesfaye, K., Takele, R., B. Sapkota, T., Khatri-Chhetri, A., Solomon, D., Stirling, C., 

Albanito, F., 2021. Model comparison and quantification of nitrous oxide 

emission and mitigation potential from maize and wheat fields at a global scale. 

Sci. Total Environ. 782, 146696. 

https://doi.org/10.1016/j.scitotenv.2021.146696. 

Tian, K., Zhao, Y.C., Xu, X.H., Hai, N., Huang, B., Deng, W.J., 2015. Effects of long-

term fertilization and residue management on soil organic carbon changes in 

paddy soils of China: A meta-analysis. Agr. Ecosyst. Environ. 204, 40–50. 

https://doi.org/10.1016/j.agee.2015.02.008. 

Tian, Z., Niu, Y., Fan, D., Sun, L., Ficsher, G., Zhong, H., Deng, J., Tubiello, F.N., 

2018. Maintaining rice production while mitigating methane and nitrous oxide 

emissions from paddy fields in China: Evaluating tradeoffs by using coupled 

agricultural systems models. Agr. Syst. 159, 175–186. 

https://doi.org/10.1016/j.agsy.2017.04.006. 

Tilahun, Y., 2021. The cost and benefit analysis of climate change adaptation 

strategies among smallholder crop producers in the case of Sekela district, West 

Gojjam zone, Ethiopia. Cogent Econ. Finance 9. 

https://doi.org/10.1080/23322039.2021.1999590. 

Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand and the 

sustainable intensification of agriculture. PNAS 108, 20260–20264. 

https://doi.org/10.1073/pnas.1116437108. 

Timsina, J., Humphreys, E., 2006. Performance of CERES-Rice and CERES-Wheat 

models in rice–wheat systems: A review. Agr. Syst. 90, 5–31. 

https://doi.org/10.1016/j.agsy.2005.11.007. 

Toriyama, K., Heong, K.L., Hardy, B., 2005. Rice Is Life: Scientific Perspectives for 

the 21 st Century, Proceedings of the World Rice Research Conference, Tsukuba, 

Japan, 377–379.  

Trumbore, S.E., Chadwick, O.A., Amundson, R., 1996. Rapid exchange between soil 

carbon and atmospheric carbon dioxide driven by temperature change. Science 

272, 393–396. https://doi.org/10.1126/science.272.5260.393. 

Turkeltaub, T., Gongadze, K., Lü, Y., Huang, M., Jia, X., Yang, H., Shao, M.A., 

Binley, A., Harris, P., Wu, L., 2022. A review of models for simulating the soil-

plant interface for different climatic conditions and land uses in the Loess Plateau, 

China. Ecol. Modell. 474. https://doi.org/10.1016/j.ecolmodel.2022.110173. 

UNFCCC. Paris Agreement: Decision 1/CP.17 - UNFCCC Document 

FCCC/CP/2015/L.9/Rev.1, 

https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf (UNFCCC, 2015). 

United Nations, 2019. https://www.un.org/en. 

USDA, 2019. U.S. Department of Agriculture. https://www.usda.gov/. 

USEPA, 2013. Global Mitigation of Non-CO2 Greenhouse Gases: 2010-2030 EPA-

430-r-13-011. US-Environmental Protection Agency, Washington, DC. 



  

References 

145 

 

van Groenigen, J.W., van Kessel, C., Hungate, B.A., Oenema, O., Powlson, D.S., van 

Groenigen, K.J., 2017. Sequestering soil organic carbon: a nitrogen dilemma. 

Environ. Sci. Technol. 51, 4738–4739. https://doi.org/10.1021/acs.est.7b01427. 

van Groenigen, K.J., van Kessel, C., Hungate, B.A., 2012. Increased greenhouse-gas 

intensity of rice production under future atmospheric conditions. Nat. Clim. 

Change 3, 288–291. https://doi.org/10.1038/nclimate1712. 

VandenBygaart, A.J., 2018. Comments on soil carbon 4 per mille by Minasny et al. 

2017. Geoderma 309, 113–114. https://doi.org/10.1016/j.geoderma.2017.05.024. 

Vendig, I., Guzman, A., De La Cerda, G., Esquivel, K., Mayer, A.C., Ponisio, L., 

Bowles, T.M., 2023. Quantifying direct yield benefits of soil carbon increases 

from cover cropping. Nat. Sustain 6, 1125–1134. 

https://doi.org/10.1038/s41893-023-01131-7. 

Virto, I., Barré, P., Burlot, A., Chenu, C., 2012. Carbon input differences as the main 

factor explaining the variability in soil organic C storage in no-tilled compared 

to inversion tilled agrosystems. Biogeochemistry 108, 17–26.  

https://doi.org/10.1007/s10533-011-9600-4. 

Vitousek, P.M., Naylor, R., Crews, T., David, M.B., Drinkwater, L.E., Holland, E., 

Johnes, P.J., Katzenberger, J., Martinelli, L.A., Matson, P.A., Nziguheba, G., 

Ojima, D., Palm, C.A., Robertson, G.P., Sanchez, P.A., Townsend, A.R., Zhang, 

F.S., 2009. Agriculture. Nutrient imbalances in agricultural development. 

Science 324, 1519–1520. https://doi.org/10.1126/science.1170261. 

Vomocil, J.A., 1957. Measurement of Soil Bulk Density and Penetrability: A Review 

of Methods*. Adv. Agron. 9, 159–175. https://doi.org/10.1016/S0065-

2113(08)60112-1. 

Wailes E.J. Rice: Global trade, protectionist policies, and the impact of trade 

liberalization. M. Ataman Aksoy and John C. Beghin, 2005, 2:177.  

Walkley, A., Black, I.A., 1934. An examination of the Degtjareff method for 

determining soil organic matter, and a proposed modification of the Chromic 

Acid Titration method. Soil Sci. 37, 29–38. https://doi.org/10.1097/00010694-

193401000-00003. 

Wan, Y., Lin, E., Xiong, W., Li, Y.E., Guo, L., 2011. Modeling the impact of climate 

change on soil organic carbon stock in upland soils in the 21st century in China. 

Agr. Ecosyst. Environ. 141, 23–31. https://doi.org/10.1016/j.agee.2011.02.004. 

Wang, B., Feng, P., Liu, D.L., O’Leary, G.J., Macadam, I., Waters, C., Asseng, S., 

Cowie, A., Jiang, T., Xiao, D., Ruan, H., He, J., Yu, Q., 2020c. Sources of 

uncertainty for wheat yield projections under future climate are site-specific. Nat. 

Food 1, 720–728. https://doi.org/10.1038/s43016-020-00181-w. 

Wang, B., Liu, D.L., Asseng, S., Macadam, I., Yu, Q., 2015. Impact of climate change 

on wheat flowering time in eastern Australia. Agr. Forest Meteorol. 209–210. 

11–21. https://doi.org/10.1016/j.agrformet.2015.04.028. 

Wang, C., Jin, Y., Ji, C., Zhang, N., Song, M., Kong, D., Liu, S., Zhang, X., Liu, X., 

Zou, J., Li, S., Pan, G., 2018a. An additive effect of elevated atmospheric CO2 

and rising temperature on methane emissions related to methanogenic 

https://doi.org/10.1007/s10533-011-9600-4
https://doi.org/10.1007/s10533-011-9600-4


Synergy between global warming mitigation and food security services in rice 

paddies 

146 

 

community in rice paddies. Agr. Ecosyst. Environ. 257, 165–174. 

https://doi.org/10.1016/j.agee.2018.02.003. 

Wang, D., Fonte, S.J., Parikh, S.J., Six, J., Scow, K.M., 2017a. Biochar additions can 

enhance soil structure and the physical stabilization of C in aggregates. 

Geoderma 303, 110–117. https://doi.org/10.1016/j.geoderma.2017.05.027. 

Wang, F., Mu, Z., Guo, T., Huang, A., Lin, X., Shi, X., Ni, J., 2020a. Effect of long-

term differentiated fertilisation regimes on greenhouse gas emissions from a 

subtropical rice-wheat cropping system. Plant Soil Environ. 66, 167–174. 

https://doi.org/10.17221/693/2019-PSE. 

Wang, G., Li, X., Xi, X., Cong, W.F., 2022a. Crop diversification reinforces soil 

microbiome functions and soil health. Plant Soil 476, 375–383. 

https://doi.org/10.1007/s11104-022-05436-y. 

Wang, G., Luo, Z., Wang, E., Zhang, W., 2018b. Reducing greenhouse gas emissions 

while maintaining yield in the croplands of Huang-Huai-Hai Plain, China. Agr. 

Forest Meteorol. 260–261, 80–94. 

https://doi.org/10.1016/j.agrformet.2018.06.003. 

Wang, H., Zhang, Y., Zhang, Y., McDaniel, M.D., Sun, L., Su, W., Fan, X., Liu, S., 

Xiao, X., 2020b. Water-saving irrigation is a ‘win-win’ management strategy in 

rice paddies – With both reduced greenhouse gas emissions and enhanced water 

use efficiency. Agr. Water Manage. 228. 

https://doi.org/10.1016/j.agwat.2019.105889. 

Wang, J.L., Liu, K.L., Zhao, X.Q., Zhang, H.Q., Li, D., Li, J.J., Shen, R.F., 2021c. 

Balanced fertilization over four decades has sustained soil microbial 

communities and improved soil fertility and rice productivity in red paddy soil. 

Sci. Total Environ. 793, 148664. 

https://doi.org/10.1016/j.scitotenv.2021.148664. 

Wang, L., Yuan, X., Liu, C., Li, Z., Chen, F., Li, S., Wu, L., Liu, Y., 2019. Soil C and 

N dynamics and hydrological processes in a maize-wheat rotation field subjected 

to different tillage and straw management practices. Agr. Ecosyst. Environ. 285. 

106616 https://doi.org/10.1016/j.agee.2019.106616. 

Wang, S., Sun, N., Zhang, X., Hu, C., Wang, Y., Xiong, W., Zhang, S., Colinet, G., 

Xu, M., Wu, L., 2024a. Assessing the impacts of climate change on crop yields, 

soil organic carbon sequestration and N2O emissions in wheat–maize rotation 

systems. Soil Till. Res. 240. https://doi.org/10.1016/j.still.2024.106088. 

Wang, W., Wu, X., Chen, A., Xie, X., Wang, Y., Yin, C., 2016. Mitigating effects of 

ex situ application of rice straw on CH4 and N2O emissions from paddy-upland 

coexisting system. Sci. Rep. 6. https://doi.org/10.1038/srep37402. 

Wang, W., Yu, Z., Zhang, W., Shao, Q., Zhang, Y., Luo, Y., Jiao, X., Xu, J., 2014. 

Responses of rice yield, irrigation water requirement and water use efficiency to 

climate change in China: Historical simulation and future projections. Agr. 

Water Manag. 146, 249–261. https://doi.org/10.1016/j.agwat.2014.08.019. 

Wang, X., Folberth, C., Skalsky, R., Wang, S., Chen, B., Liu, Y., Chen, J., Balkovic, 

J., 2022b. Crop calendar optimization for climate change adaptation in rice-based 



  

References 

147 

 

multiple cropping systems of India and Bangladesh. Agr. Forest Meteorol. 315. 

https://doi.org/10.1016/j.agrformet.2022.108830. 

Wang, X., Jing, Z.H., He, C., Liu, Q.Y., Qi, J.Y., Zhao, X., Xiao, X.P., Zhang, H.L., 

2021a. Temporal variation of SOC storage and crop yield and its relationship - 

A fourteen year field trial about tillage practices in a double paddy cropping 

system, China. Sci. Total Environ. 759, 143494. 

https://doi.org/10.1016/j.scitotenv.2020.143494. 

Wang, Y., Gao, F., Wang, L., Guo, T., Qi, L., Zeng, H., Liang, Y., Zhang, K., Jia, Z., 

Zhang, R., 2021b. Crop yield and soil organic carbon under ridge–furrow 

cultivation in China: a meta-analysis. Land Degrad. Dev. 32, 2978–2991. 

https://doi.org/10.1002/ldr.3956. 

Wang, Y., Hu, N., Ge, T., Kuzyakov, Y., Wang, Z.L., Li, Z., Tang, Z., Chen, Y., Wu, 

C., Lou, Y., 2017b. Soil aggregation regulates distributions of carbon, microbial 

community and enzyme activities after 23-year manure amendment. Appl. Soil 

Ecol. 111, 65–72. https://doi.org/10.1016/j.apsoil.2016.11.015. 

Wang, Y., Tao, F., Chen, Y., Yin, L., 2022c. Interactive impacts of climate change 

and agricultural management on soil organic carbon sequestration potential of 

cropland in China over the coming decades. Sci. Total Environ. 817. 

https://doi.org/10.1016/j.scitotenv.2022.153018. 

Wang, Y., Tao, F., Chen, Y., Yin, L., 2024c. Climate mitigation potential and 

economic costs of natural climate solutions for main cropping systems across 

China. Agr. Syst. 218. https://doi.org/10.1016/j.agsy.2024.103963. 

Wang, Y., Wang, Z., Wu, L., Li, H., Li, J., Zhu, A., Jin, Y., Han, G., 2024b. Effects 

of grazing and climate change on aboveground standing biomass and sheep live 

weight changes in the desert steppe in Inner Mongolia, China. Agr. Syst. 217. 

https://doi.org/10.1016/j.agsy.2024.103916. 

Wang, Y., Yao, Z., Zhan, Y., Zheng, X., Zhou, M., Yan, G., Wang, L., Werner, C., 

Butterbach‐Bahl, K., 2021d. Potential benefits of liming to acid soils on climate 

change mitigation and food security. Glob. Chang. Biol. 27, 2807–2821. 

https://doi.org/10.1111/gcb.15607. 

Waqas, M.A., Li, Ye, Smith, P., Wang, X., Ashraf, M.N., Noor, M.A., Amou, M., Shi, 

S., Zhu, Y., Li, J., Wan, Y., Qin, X., Gao, Q., Liu, S., 2020. The influence of 

nutrient management on soil organic carbon storage, crop production, and yield 

stability varies under different climates. J. Clean. Prod. 268, 121922. 

https://doi.org/10.1016/j.jclepro.2020.121922. 

Wassmann, R., Jagadish, S.V.K., Heuer, S., Ismail, A., Redona, E., Serraj, R., Singh, 

R.K., Howell, G., Pathak, H., Sumfleth, K., 2009a. Climate Change Affecting 

Rice Production. pp. 59–122. 

Wassmann, R., Jagadish, S.V.K., Sumfleth, K., Pathak, H., Howell, G., Ismail, A., 

Serraj, R., Redona, E., Singh, R.K., Heuer, S., 2009b. Regional Vulnerability of 

Climate Change Impacts on Asian Rice Production and Scope for Adaptation. 

Academic Press, pp. 91–133. 



Synergy between global warming mitigation and food security services in rice 

paddies 

148 

 

Wei, L., Ge, T.D., Zhu, Z.K., Luo, Y., Yang, Y.H., Xiao, M.L., Yan, Z.F., Li, Y.H., 

Wu, J.S., Kuzyakov, Y., 2021a. Comparing carbon and nitrogen stocks in paddy 

and upland soils: Accumulation, stabilization mechanisms, and environmental 

drivers. Geoderma 398, 115121. 

https://doi.org/10.1016/j.geoderma.2021.115121. 

Wei, L., Ge, T.D., Zhu, Z.K., Ye, R.Z., Peñuelas, J., Li, Y.H., Lynn, T.M, L. Jones, 

D., Wu, J.S., Kuzyakov, Y., 2022. Paddy soils have a much higher microbial 

biomass content than upland soils: A review of the origin, mechanisms, and 

drivers. Agr. Ecosyst. Environ. 326, 107798. 

https://doi.org/10.1016/j.agee.2021.107798. 

Wei, Z., Hoffland, E., Zhuang, M., Hellegers, P., Cui, Z., 2021b. Organic inputs to 

reduce nitrogen export via leaching and runoff: a global meta-analysis. Environ. 

Pollut. 291, 118176. https://doi.org/10.1016/j.envpol.2021.118176. 

Wen, Z.L., Hau, K.T., Marsh, H.W., 2004. Structure equation model testing: cutoff 

criteria for goodness of fit indices and chi-square test. Acta Psychol. Sin. 36, 

186–194. (in Chinese) 

West, T.O., Post, W.M., 2002. Soil organic carbon sequestration rates by tillage and 

crop rotation a global data analysis. Soil Sci. Soc. Am. J. 66, 1930–1946. 

https://doi.org/10.2136/sssaj2002.1930. 

West, T.O., Six, J., 2007. Considering the influence of sequestration duration and 

carbon saturation on estimates of soil carbon capacity. Clim. Change. 80, 25–41. 

https://doi.org/10.1007/s10584-006-9173-8. 

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, 

E., van Wesemael, B., Rabot, E., Ließ, M., Garcia-Franco, N., Wollschläger, U., 

Vogel, H.J., Kögel-Knabner, I., 2019. Soil organic carbon storage as a key 

function of soils-A review of drivers and indicators at various scales. Geoderma 

333, 149–162. https://doi.org/10.1016/j.geoderma.2018.07.026. 

Willmott, C.J., 1982. Some Comments on the Evaluation of Model Performance. B. 

Am. Meteorol. Soc. 63, 1309–1313. https://doi.org/10.1175/1520-

0477(1982)063<1309:SCOTEO>2.0.CO;2. 

Wing, I.S., De Cian, E., Mistry, M.N., 2021. Global vulnerability of crop yields to 

climate change. J. Environ. Econ. Manag. 109. 

https://doi.org/10.1016/j.jeem.2021.102462. 

Winiwarter, W., Höglund-Isaksson, L., Klimont, Z., Schöpp, W., Amann, M., 2018. 

Technical opportunities to reduce global anthropogenic emissions of nitrous 

oxide. Environ. Res. Lett. 13. https://doi.org/10.1088/1748-9326/aa9ec9. 

Wissing, L., Kölbl, A., Häusler, W., Schad, P., Cao, Z. H., Kögel-Knabner, I., 2013. 

Management-induced organic carbon accumulation in paddy soils: The role of 

organo-mineral associations. Soil Till. Res. 126, 60–71. 

https://doi.org/10.1016/j.still.2012.08.004. 

Wissing, L., Kölbl, A., Schad, P., Bräuer, T., Cao, Z.H., Kögel-Knabner, I., 2014. 

Organic carbon accumulation on soil mineral surfaces in paddy soils derived 



  

References 

149 

 

from tidal wetlands. Geoderma 228–229, 90–103. 

https://doi.org/10.1016/j.geoderma.2013.12.012. 

Witcombe, A.M., Tiemann, L.K., Chikowo, R., Snapp, S.S., 2023. Diversifying with 

grain legumes amplifies carbon in management-sensitive soil organic carbon 

pools on smallholder farms. Agr. Ecosyst. Environ. 356. 

https://doi.org/10.1016/j.agee.2023.108611. 

Witt, C., Cassman, K.G., Olk, D.C., Biker, U., Liboon, S.P., Samson, M.I., Ottow, 

J.C.G., 2000. Crop rotation and residue management effects on carbon 

sequestration, nitrogen cycling and productively of irrigated rice systems. Plant 

Soil 225, 263–278. https://doi.org/10.1023/A:1026594118145. 

Woolf, D., E. Amonette, J., Street-Perrott, F.A., Lehmann, J., Joseph, S., 2010. 

Sustainable biochar to mitigate globalclimate change. Nat. Commun. 1. 

https://doi.org/10.1038/ncomms1053. 

Wu, J., 2011a. Carbon accumulation in paddy ecosystems in subtropical China: 

evidence from landscape studies. Eur. J. Soil Sci. 62, 29–34. 

https://doi.org/10.1111/j.1365-2389.2010.01325.x. 

Wu, J., 2011b. Estimating topsoil SOC sequestration in croplands. Eur. J. Soil Sci. 62, 

29–34. https://doi.org/10.1071/SR08132. 

Wu, L.H., Bingham, I.J., Baddeley, J.A., Watson, C.A., 2009. Modeling plant 

nitrogen uptake using three-dimensional and one-dimensional root architecture. 

In: Ma, L., Ahuja, L.R., Bruulsema, T.W. (Eds.), Quantifying and Understanding 

Plant Nitrogen Uptake Systems Modeling. CRC Press, Boca Raton, FL, pp. 197–

218. 

Wu, L., Harris, P., Misselbrook, T.H., Lee, M.R.F., 2022a. Simulating grazing beef 

and sheep systems. Agr. Syst. 195, 103307. 

https://doi.org/10.1016/j.agsy.2021.103307. 

Wu, L.H., McGechan, M.B., McRoberts, N., Baddeley, J.A., Watson, C.A., 2007. 

SPACSYS: Integration of a 3D root architecture component to carbon, nitrogen 

and water cycling—Model description. Ecol. Model. 200, 343–359. 

https://doi.org/10.1016/j.ecolmodel.2006.08.010. 

Wu, L.H., Misselbrook, T.H., Feng, L., Wu, L., 2020. Assessment of nitrogen uptake 

and biological nitrogen fixation responses of soybean to nitrogen fertiliser with 

SPACSYS. Sustainability 12. https://doi.org/10.3390/su12155921. 

Wu, L.H., Rees, R.M., Tarsitano, D., Zhang, X., Jones, S.K., Whitmore, A.P., 2015a. 

Simulation of nitrous oxide emissions at field scale using the SPACSYS model. 

Sci. Total Environ. 530–531, 76–86. 

https://doi.org/10.1016/j.scitotenv.2015.05.064. 

Wu, L.H., Shepherd, A., 2011. Special Features of the SPACSYS Modeling Package 

and Procedures for Parameterization and Validation, in: Ahuja, L.R., Ma, L., 

(Eds.), Advances in Agricultural Systems Modeling. American Society of 

Agronomy, Crop Science Society of America, Soil Science Society of America, 

pp 117–154. https://doi.org/10.2134/advagricsystmodel2.c4. 



Synergy between global warming mitigation and food security services in rice 

paddies 

150 

 

Wu, L.H., Whitmore, A.P., Bellocchi, G., 2015b. Modelling the impact of 

environmental changes on grassland systems with SPACSYS. Advances in 

Animal Biosciences 6, 37–39. https://doi.org/10.1017/s2040470014000508. 

Wu, L.H., Wu, L., Bingham, I.J., Misselbrook, T.H., 2022b. Projected climate effects 

on soil workability and trafficability determine the feasibility of converting 

permanent grassland to arable land. Agr. Syst. 203. 

https://doi.org/10.1016/j.agsy.2022.103500. 

Wu, L.H., Zhang, X., Griffith, B.A., Misselbrook, T.H., 2016. Sustainable grassland 

systems: a modelling perspective based on the North Wyke Farm Platform. Eur. 

J. Soil Sci. 67, 397–408. https://doi.org/10.1111/ejss.12304.  

Wu, X., Liu, H., Li, X., Tian, Y., Mahecha, M.D., 2017. Responses of winter wheat 

yields to warming-mediated vernalization variations across temperate europe. 

Front. Ecol. Evol. 5. https://doi.org/10.3389/fevo.2017.00126. 

Xia, L., Lam, S.K., Chen, D., Wang, J., Tang, Q., Yan, X., 2016. Can knowledge‐

based N management produce more staple grain with lower greenhouse gas 

emission and reactive nitrogen pollution? A meta‐analysis. Glob. Chang. Biol. 

23, 1917–1925. https://doi.org/10.1111/gcb.13455. 

Xu, C.H., Xu, X., Ju, C.H., Chen, H.Y.H., Wilsey, B.J., Luo, Y.Q., Fan, W., 2021. 

Long-term, amplified responses of soil organic carbon to nitrogen addition 

worldwide. Glob. Chang. Biol. 27, 1170–1180. 

https://doi.org/10.1111/gcb.15489. 

Xu, J., Han, H., Ning, T., Li, Z., Lal, R., 2019. Long-term effects of tillage and straw 

management on soil organic carbon, crop yield, and yield stability in a wheat-

maize system. Field Crop. Res. 233, 33–40. 

https://doi.org/10.1016/j.fcr.2018.12.016. 

Xu, M.G., Liang, G.Q., Zhang, F.D., 2006. Soil Fertility Evolution in China, China 

Agricultural Science and Technology Press, Beijng, China. (in Chinese) 

Xu, P., Wang, Q., Duan, C., Huang, G., Dong, K., Wang, C., 2024. Biochar addition 

promotes soil organic carbon sequestration dominantly contributed by macro-

aggregates in agricultural ecosystems of China. J. Environ. Manage. 359. 

https://doi.org/10.1016/j.jenvman.2024.121042. 

Xu, S., Chong, K., 2018. Remembering winter through vernalisation. Nat. Plants 4, 

997–1009. https://doi.org/10.1038/s41477-018-0301-z. 

Xue, L., Yu, Y., Yang, L., 2014. Maintaining yields and reducing nitrogen loss in 

rice–wheat rotation system in Taihu Lake region with proper fertilizer 

management. Environ. Res. Lett. 9. https://doi.org/10.1088/1748-

9326/9/11/115010. 

Yan, X., Yagi, K., Akiyama, H., Akimoto, H., 2005. Statistical analysis of the major 

variables controlling methane emission from rice fields. Glob. Chang. Biol. 11, 

1131–1141. https://doi.org/10.1111/j.1365-2486.2005.00976.x. 

Yan, X., Zhou, H., Zhu, Q.H., Wang, X.F., Zhang, Y.Z., Yu, X.C., Peng, X., 2013. 

Carbon sequestration efficiency in paddy soil and upland soil under long-term 



  

References 

151 

 

fertilization in southern China. Soil Till. Res. 130, 42–51. 

https://doi.org/10.1016/j.still.2013.01.013. 

Yan, Z., Zhou, J., Yang, L., Gunina, A., Yang, Y., Peixoto, L., Zeng, Z., Zang, H., 

Kuzyakov, Y., 2022. Diversified cropping systems benefit soil carbon and 

nitrogen stocks by increasing aggregate stability: Results of three fractionation 

methods. Sci. Total Environ. 824. 

https://doi.org/10.1016/j.scitotenv.2022.153878. 

Yang, C.M., Yang, L.Z., Ouyang, Z., 2005. Organic carbon and its fractions in paddy 

soil as affected by different nutrient and water regimes. Geoderma 124, 133–142. 

https://doi.org/10.1016/j.geoderma.2004.04.008. 

Yang, J.M., Yang, J.Y., Liu, S., Hoogenboom, G., 2014. An evaluation of the 

statistical methods for testing the performance of crop models with observed data. 

Agr. Syst. 127, 81–89. https://doi.org/10.1016/j.agsy.2014.01.008. 

Yang, X., Shang, Q., Wu, P., Liu, J., Shen, Q., Guo, S., Xiong, Z., 2010. Methane 

emissions from double rice agriculture under long-term fertilizing systems in 

Hunan, China. Agr. Ecosyst. Environ. 137, 308–316. 

https://doi.org/10.1016/j.agee.2010.03.001. 

Yang, X., Xiong, J., Du, T., Ju, X., Gan, Y., Li, S., Xia, L., Shen, Y., Pacenka, S., 

Steenhuis, T.S., Siddique, K.H.M., Kang, S., Butterbach-Bahl, K., 2024. 

Diversifying crop rotation increases food production, reduces net greenhouse gas 

emissions and improves soil health. Nat. Commun. 15. 

https://doi.org/10.1038/s41467-023-44464-9. 

Yao, X., Zhang, Z., Li, K., Yuan, F., Xu, X., Long, X., Song, C., 2024. Optimizing 

water and nitrogen management to balance greenhouse gas emissions and yield 

in Chinese rice paddies. Field Crops Res. 319. 

https://doi.org/10.1016/j.fcr.2024.109621. 

Yigini, Y., Panagos, P., 2016. Assessment of soil organic carbon stocks under future 

climate and land cover changes in Europe. Sci. Total Environ. 557–558, 838–

850. https://doi.org/10.1016/j.scitotenv.2016.03.085. 

Yu, H., Zhang, G., Xia, L., Huang, Q., Ma, J., Zhu, C., Shan, J., Jiang, Q., Zhu, J., 

Smith, P., Yan, X., Xu, H., 2022. Elevated CO2 does not necessarily enhance 

greenhouse gas emissions from rice paddies. Sci. Total Environ. 810. 

https://doi.org/10.1016/j.scitotenv.2021.152363. 

Yu, Y., Guo, Z., Wu, H., Kahmann, J.A., Oldfield, F., 2009. Spatial changes in soil 

organic carbon density and storage of cultivated soils in China from 1980 to 2000, 

Global Biogeochem. Cy. 23, GB2021. https://doi.org/10.1029/2008GB003428. 

Yuan, S., Linquist, B.A., Wilson, L.T., Cassman, K.G., Stuart, A.M., Pede, V., Miro, 

B., Saito, K., Agustiani, N., Aristya, V.E., Krisnadi, L.Y., Zanon, A.J., 

Heinemann, A.B., Carracelas, G., Subash, N., Brahmanand, P.S., Li, T., Peng, S., 

Grassini, P., 2021. Sustainable intensification for a larger global rice bowl. Nat. 

Commun. 12. https://doi.org/10.1038/s41467-021-27424-z. 

Yuan, S., Stuart, A.M., Laborte, A.G., Rattalino Edreira, J.I., Dobermann, A., Kien, 

L.V.N., Thúy, L.T., Paothong, K., Traesang, P., Tint, K.M., San, S.S., Villafuerte 

https://doi.org/10.1038/s41467-021-27424-z


Synergy between global warming mitigation and food security services in rice 

paddies 

152 

 

II, M.Q., Quicho, E.D., Pame, A.R.P., Then, R., Flor, R.J., Thon, N., Agus, F., 

Agustiani, N., Deng, N.Y., Li, T., Grassini , P., 2022. Southeast Asia must narrow 

down the yield gap to continue to be a major rice bowl. Nat. Food 3, 217–226. 

https://doi.org/10.1038/s43016-022-00477-z. 

Yue, J., Shi, Y., Liang, W., Wu, J., Wang, C.R., Huang, G.H., 2005. Methane and 

Nitrous Oxide Emissions from Rice Field and Related Microorganism in Black 

Soil, Northeastern China. Nutr. Cycl. Agroecosyst. 73, 293–301. 

https://doi.org/10.1007/s10705-005-3815-5. 

Yue, Q., Ledo, A., Cheng, K., Albanito, F., Lebender, U., Sapkota, T.B., Brentrup, F., 

Stirling, C.M., Smith, P., Sun, J., Pan, G., Hillier, J., 2018. Re-assessing nitrous 

oxide emissions from croplands across Mainland China. Agric. Ecosyst. Environ. 

268, 70–78. https://doi.org/10.1016/j.agee.2018.09.003. 

Zeng, W., Wang, Z., Chen, X., Yao, X., Ma, Z., Wang, W., 2023. Nitrogen deficiency 

accelerates soil organic carbon decomposition in temperate degraded grasslands. 

Sci. Total Environ. 881. https://doi.org/10.1016/j.scitotenv.2023.163424. 

Zhang, C., Gu, B., Liang, X., Lam, S.K., Zhou, Y., Chen, D., 2024a. The role of 

nitrogen management in achieving global sustainable development goals. Resour. 

Conserv. Recycl. 201. https://doi.org/10.1016/j.resconrec.2023.107304. 

Zhang, L., Zhang, F., Zhang, K., Liao, P., Xu, Q., 2024b. Effect of agricultural 

management practices on rice yield and greenhouse gas emissions in the rice–

wheat rotation system in China. Sci. Total Environ. 916. 

https://doi.org/10.1016/j.scitotenv.2024.170307. 

Zhang, T., Huang, Y., Yang, X., 2013a. Climate warming over the past three decades 

has shortened rice growth duration in China and cultivar shifts have further 

accelerated the process for late rice. Glob. Chang. Biol. 19, 563–570. 

https://doi.org/10.1111/gcb.12057. 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., Shen, Y., 

2015. Managing nitrogen for sustainable development. Nature 528, 51–59. 

https://doi.org/10.1038/nature15743. 

Zhang, X., Sun, N., Wu, L., Xu, M., Bingham, I.J., Li, Z., 2016a. Effects of enhancing 

soil organic carbon sequestration in the topsoil by fertilization on crop 

productivity and stability: evidence from long-term experiments with wheat-

maize cropping systems in China. Sci. Total Environ. 562, 247–259. 

https://doi.org/10.1016/j.scitotenv.2016.03.193. 

Zhang, X., Sun, Z., Liu, J., Ouyang, Z., Wu, L., 2018. Simulating greenhouse gas 

emissions and stocks of carbon and nitrogen in soil from a long-term no-till 

system in the North China Plain. Soil Till. Res. 178, 32–40. 

https://doi.org/10.1016/j.still.2017.12.013. 

Zhang, X., Wang, S., Sun, H., Chen, S., Shao, L., Liu, X., 2013b. Contribution of 

cultivar, fertilizer and weather to yield variation of winter wheat over three 

decades: A case study in the North China Plain. Eur. J. Agron. 50, 52–59. 

https://doi.org/10.1016/j.eja.2013.05.005. 

https://doi.org/10.1007/s10705-005-3815-5
https://doi.org/10.1007/s10705-005-3815-5


  

References 

153 

 

Zhang, X., Xu, M., Liu, J., Sun, N., Wang, B., Wu, L., 2016b. Greenhouse gas 

emissions and stocks of soil carbon and nitrogen from a 20-year fertilised wheat-

maize intercropping system: A model approach. J. Environ. Manage. 167, 105–

114. https://doi.org/10.1016/j.jenvman.2015.11.014. 

Zhang, Y., Jiang, Y., Tai, A., Feng, J.F., Li, Z.J., Zhu, X.C., Chen, J., Zhang, J., Song, 

Z.W., Deng, A.X., Lal, R., Zhang, W.J., 2019. Contribution of rice variety 

renewal and agronomic innovations to yield improvement and greenhouse gas 

mitigation in China. Environ. Res. Lett. 14(114020). 

https://doi.org/10.1088/1748-9326/ab488d. 

Zhang, Z., Li, Y., Chen, X., Wang, Y., Niu, B., Liu, D.L., He, J., Pulatov, B., Hassan, 

I., Meng, Q., 2023. Impact of climate change and planting date shifts on growth 

and yields of double cropping rice in southeastern China in future. Agr. Syst. 205. 

https://doi.org/10.1016/j.agsy.2022.103581. 

Zhao, Y., Wang, M., Hu, S., Zhang, X., Ouyang, Z., Zhang, G., Huang, B., Zhao, S., 

Wu, J., Xie, D., Zhu, B., Yu, D., Pan, X., Xu, S., Shi, X., 2018. Economics- and 

policy-driven organic carbon input enhancement dominates soil organic carbon 

accumulation in Chinese croplands. PNAS 115, 4045–4050. 

https://doi.org/10.1073/pnas.1700292114. 

Zhao, Z., Cao, L., Deng, J., Sha, Z., Chu, C., Zhou, D., Wu, S., Lv, W., 2020. 

Modeling CH4 and N2O emission patterns and mitigation potential from paddy 

fields in Shanghai, China with the DNDC model. Agr. Syst. 178, 102743. 

https://doi.org/10.1016/j.agsy.2019.102743. 

Zheng, B., Chenu, K., Fernanda Dreccer, M., Chapman, S.C., 2012. Breeding for the 

future: what are the potential impacts of future frost and heat events on sowing 

and flowering time requirements for Australian bread wheat (Triticum aestivium) 

varieties? Glob. Chang. Biol. 18. 2899–2914. https://doi.org/10.1111/j.1365-

2486.2012.02724.x. 

Zhong, Y., Wang, X., Yang, J., Zhao, X., Ye, X., 2016. Exploring a suitable nitrogen 

fertilizer rate to reduce greenhouse gas emissions and ensure rice yields in paddy 

fields. Sci. Total Environ. 565, 420–426. 

https://doi.org/10.1016/j.scitotenv.2016.04.167. 

Zhou, H., Tao, F., Chen, Y., Yin, L., Li, Y., Wang, Y., Su, C., 2024. Paddy rice 

methane emissions, controlling factors, and mitigation potentials across 

Monsoon Asia. Sci. Total Environ. 935, 

https://doi.org/10.1016/j.scitotenv.2024.173441. 

Zhou, W., Lv, T.F., Chen, Y., Westby, A.P., and Ren, W.J., 2014. Soil 

physicochemical and biological properties of paddy-upland rotation: a review. 

Sci. World J. 2014, 856352. https://doi.org/10.1155/2014/856352. 

Zhou, Z., Jin, J., Liu, J., Si, Y., 2023. Optimizing the sowing window for direct-seeded 

rice (Oryza sativa L.) considering high yield and methane emissions in Central 

China. Agr. Syst. 205. https://doi.org/10.1016/j.agsy.2022.103594. 



Synergy between global warming mitigation and food security services in rice 

paddies 

154 

 

Zhu, L. Q., Li, J., Tao, B. R., Hu, N. J., 2015. Effect of different fertilization modes 

on soil organic carbon sequestration in paddy fields in South China: A meta-

analysis. Ecol. Indic. 53, 144–153. https://doi.org/10.1016/j.ecolind.2015.01.038. 

Zhu, P., Burney, J., Chang, J., Jin, Z., Mueller, N.D., Xin, Q., Xu, J., Yu, L., 

Makowski, D., Ciais, P., 2022b. Warming reduces global agricultural production 

by decreasing cropping frequency and yields. Nat. Clim. Change 12, 1016–1023. 

https://doi.org/10.1038/s41558-022-01492-5. 

Zhu, X., Chen, J., Huang, S., Li, W., Penuelas, J., Chen, J., Zhou, F., Zhang, W., Li, 

G., Liu, Z., Ding, Y., Wang, S., van Groenigen, K.J., Jiang, Y., 2022a. Manure 

amendment can reduce rice yield loss under extreme temperatures. Commun. 

Earth Environ. 3. https://doi.org/10.1038/s43247-022-00481-y. 

Zhuang, H., Zhang, Z., Cheng, F., Han, J., Luo, Y., Zhang, L., Cao, J., Zhang, J., He, 

B., Xu, J., Tao, F., 2024. Integrating data assimilation, crop model, and machine 

learning for winter wheat yield forecasting in the North China Plain. Agr. Forest 

Meteorol. 347. https://doi.org/10.1016/j.agrformet.2024.109909. 

Zou, J., Huang, Y., Lu, Y., Zheng, X., Wang, Y., 2005a. Direct emission factor for 

N2O from rice–winter wheat rotation systems in southeast China. Atmos. 

Environ. 39, 4755–4765. https://doi.org/10.1016/j.atmosenv.2005.04.028. 

Zou, J., Huang, Y., Jiang, J., Zheng, X., Sass, R.L., 2005b. A 3–year field 

measurement of methane and nitrous oxide emissions from rice paddies in China: 

Effects of water regime, crop residue, and fertilizer application. Global 

Biogeochem. Cy. 19. https://doi.org/10.1029/2004GB002401. 

https://doi.org/10.1016/j.ecolind.2015.01.038
https://doi.org/10.1016/j.atmosenv.2005.04.028


  

Appendix 

155 

 

Appendix 

1. Publications 

(1). Shuhui Wang, Nan Sun*, Zhijian Mu, Fa Wang, Xiaojun Shi, Chuang Liu, 

Shuxiang Zhang, Joost Wellens, Bernard Longdoz, Jeroen Meersmans, Gilles 

Colinet, Minggang Xu*, Lianhai Wu. Strategies to reduce CH4 and N2O 

emissions whilst maintaining crop yield in rice–wheat system under climate 

change using SPACSYS model. Agricultural Systems 2025, 226, 104337. 

https://doi.org/10.1016/j.agsy.2025.104337. 

(2). Shuhui Wang, Nan Sun*, Xubo Zhang, Chunsheng Hu, Yuying Wang, Wei 

Xiong, Shuxiang Zhang, Gilles Colinet, Minggang Xu*, Lianhai Wu. Assessing 

the impacts of climate change on crop yields, SOC sequestration and N2O 

emissions in wheat-maize rotation system. Soil & Tillage Research 2024, 240, 

106088. https://doi.org/10.1016/j.still.2024.106088. 

(3). Shuhui Wang, Nan Sun*, Shuxiang Zhang, Bernard Longdoz, Joost Wellens, 

Jeroen Meersmans, Gilles Colinet, Lianhai Wu, Minggang Xu*. Soil organic 

carbon storage impacts on crop yields in rice-based cropping systems under 

different long-term fertilisation. European Journal of Agronomy 2024, 161, 

127357. https://doi.org/10.1016/j.eja.2024.127357. 

(4). Shuhui Wang, Nan Sun*, Shuo Liang, Shuxiang Zhang*, Jeroen Meersmans, 

Gilles Colinet, Minggang Xu, Lianhai Wu. SOC sequestration affected by 

fertilization in rice-based cropping systems over the last four decades. Frontiers 

in Environmental Science 2023, 11, 1152439. 

https://doi.org/10.3389/fenvs.2023.1152439. 

(5). Shuhui Wang, Wen Tao, Shuo Liang, Xubo Zhang*, Nan Sun*, Minggang Xu. 

The spatial characteristics of soil organic carbon sequestration and N2O emission 

with long-term manure fertilization scenarios from dry Land in North China 

Plain. Scientia Agricultura Sinica 2022, 55(6): 1159-1171. 

https://doi.org/10.3864/j.issn.0578-1752.2022.06.009. (in Chinese) 

(6). Shuo Liang, Nan Sun*, Shuhui Wang, Gilles Colinet, Bernard Longdoz, Jeroen 

Meersmans, Lianhai Wu, Minggang Xu*. Manure amendment acts as a 

recommended fertilization for improving carbon sequestration efficiency in soils 

of typical drylands of China. Frontiers in Environmental Science 2023, 11, 

1173509. https://doi.org/10.3389/fenvs.2023.1173509. 



Synergy between global warming mitigation and food security services in rice 

paddies 

156 

 

2. Presentations 

(1). Strategies to reduce CH4 and N2O emissions and maintain crop yields in the rice–

wheat system under climate change (The Ninth Frontier Forum on Global 

Change Ecology-Towards Carbon Neutrality, Beijing, 20/09/2024, Poster 

presentation). 

(2). SOC sequestration benefits crop production under long-term fertilisation in rice 

paddies (Chinese Society of Plant Nutrition and Fertilizer Science 2024 Annual 

Conference, Taiyuan, 10/08/2024, Oral presentation). 

(3). SOC sequestration affected by fertilization in rice-based cropping systems over 

the last four decades in the Yangtze River catchment (The General Assembly 

2023 of the European Geosciences Union, Vienna, 26/04/2023, Poster 

presentation). 

(4). SOC sequestration affected by fertilization in rice-based cropping systems over 

the last four decades in the Yangtze River catchment (Soil Science Society of 

Belgium Thematic Day 2022, Brussel, 19/12/2022, Poster presentation). 

 


