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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 N»O 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 CO, fertilisation effects (SSP1-2.6_CO3)
may benefit wheat yield (28 %) and had no effects on rice yield. In contrast, under the SSP5-8.5 scenario,
whether CO, 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.

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 ac-
counts 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! yr’1 (FAO, 2018)
and 0.28 t COq-eq ha! 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 COy
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 °C, the air temperature is expected to rise about 3.2 °C by
2100 (Raftery et al., 2017). Therefore, it is critical to optimise agricul-
tural 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 com-
plex 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., 2024), WHCNS (Liang et al., 2022), DSSAT (Baishya et al.,
2024), 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 sub-
stantial 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 recom-
mended. For instance, Wang et al. (2022) highlighted the necessity of
increasing C input in enhancing SOC stock under future climatic con-
ditions and Zhou et al. (2023) suggested that the highest crop produc-
tivity 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) 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 emis-
sions, 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, irriga-
tion 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., 2024c). Its special features are the biological-based denitrification
component that can distinguish different nitrogenous gases emissions
(N2O, NO and N3) (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
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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, Chongging, 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 (Fig. 1).
The soil is classified as Rhodic Cambisol based on “World Reference Base
for soil resources” soil classification and its basic physicochemical
characteristics (measured in 1991) were presented in Table 1.

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 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 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~! 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~! (1996-2013) or 4.5 t ha~! (2014-2017),
and then switched back to the application of fresh pig manure from
2018. Table 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/).
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Fig. 1. Average annual temperature and annual precipitation at the experi-
mental site from 1991 to 2020.
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2.2. Measurements

Soil samples were collected from the 0-20 cm topsoil (with 4 repli-
cates) 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’l):

SOC = SOC¢ x BD x 20 x 0.1 (€D)]

where SOC¢ is the soil C content (g kg™?), BD is the soil bulk density, and
0.1 is a conversion coefficient.

The CH4 and N,O 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 x 30 cm x 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 sce-
narios 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 / Y. * 100 % 2

SYl = (Ymean - SD) / Ymax 3

where Ymean and Ymax (kg ha™') 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 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
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Table 1
The initial soil basic physicochemical characteristics (measured in 1991) at the long-term experimental site.
Soil layer Total soil organic Total Total Total Available Available Available pH Soil bulk
(cm) matter nitrogen phosphorus potassium nitrogen phosphorus potassium (Hz0) density
(gkg™H (gkg™ (gkg™ (gkg™ (mg kg™ (mg kg™ ) (mg kg™ (gem™>)
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 -
- No values.
Table 2 is 30 %, representing the stubble remaining at harvest. Three mitigation
able

Fertiliser application rate for each crop at the experimental site during
1991-2019.

Treatments' Rice (kg ha™') Wheat (kg ha™')
N P,0s K,O N P,05 K,O Manure/
Straw”
CK 0 0 0 0 0 0 0
NPK® 150 75 75 150 75 75 0
(135) (60) (60) (60) (60)
M’ 0 0 0 0 0 0 22,500/
4500-7500
NPKM 150 75 75 150 75 75 22,500
(135) (60) (60) (60) (60)

1 CK, no fertiliser application; NPK, applications of chemical nitrogen, phos-
phorus 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;

* The application of manure changed to straw retention during 1996-2016.

(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) (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 emis-
sions and SSP5-8.5 represents energy intensive and fossil-fueled devel-
opment 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 CO5 concentrations under each climate
change scenario are shown in Table 3.

Local traditional management practices for simulation scenarios
refer to the application of chemical N, P and K fertilisers with N appli-
cation rate at 285 kg N ha—* yr~! (150 and 135 kg N ha~! yr~? 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

Table 3

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 prac-
tices (Table 4). For all the scenarios, we set initial soil properties the
same values as the observations. Crop cultivars and the sowing/trans-
planting dates were assumed to be identical to those of 2018 (Table S1).

Table 4
Designed simulation scenarios combining climate change scenarios with miti-
gation management scenarios.

Scenarios Climate change Mitigation management practices

abbreviation scenarios

Baseline Downloaded historical ~ Local traditional management
data practices™

SSP1-2.6 SSP1-2.6 with a Local traditional management
constant CO, practices
concentration

SSP1-2.6_CO, SSP1-2.6 with CO4 Local traditional management
fertilisation practices

SSP1-2.6_CO5 RNA SSP1-2.6 with CO, Reduced N application rate (20 %
fertilisation less N than Baseline)

SSP1-2.6_CO, MSD SSP1-2.6 with CO, Mid-Season Drainage (continuous
fertilisation flooding with mid-season

drainage in rice growing season)
Integrated management
(combining RNA with MSD)

SSP1-2.6_CO,_IM SSP1-2.6 with CO,

fertilisation

SSP5-8.5 SSP5-8.5 with a Local traditional management
constant CO, practices
concentration

SSP5-8.5_CO, SSP5-8.5 with CO, Local traditional management
fertilisation practices

SSP5-8.5_CO5 RNA SSP5-8.5 with CO, Reduced N application rate (20 %
fertilisation less N than Baseline)

SSP5-8.5_CO, MSD SSP5-8.5 with CO4 Mid-season drainage (continuous
fertilisation flooding with mid-season

drainage in rice growing season)
Integrated management
(combining RNA with MSD)

SSP5-8.5_CO,_IM SSP5-8.5 with CO,

fertilisation

* Local traditional management practices refer to the application of chemical
N, P and K fertilisers with N application rate at 285 kg N ha~* yr~! (150 and 135
kg N ha™! yr™! 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 %, repre-
senting the stubble remaining at harvest.

Characteristics of different meteorological elements for each climate change and baseline scenario.

Annual mean maximum temperature

Annual mean minimum temperature

Annual precipitation Annual mean CO,, concentration range (ppm)

(9] (9] (mm) global
radiation (MJ m~?)
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 CO, concentration at 400 ppm); SSP1-2.6, strict limits on GHG emissions; SSP 5-8.5, no limits on GHG emissions.

SD, standard deviation.
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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 develop-
ment (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 (GWPy, kg CO»-eq ha™?
yr’l) is calculated (IPCC, 2021):

GWPy = CH4 x 16/12 x 27 + N»0 x 44/28 x 273-SOC, x 44/12 “4)

SOC, = SOC, - SOC1) 5)

where CH,4 and N0 are the annual cumulative CH4 (kg C ha™? yr’l)
and N,O emissions (kg N ha~! yr 1), respectively, and SOC, is the annual
SOC sequestration rate (kg C ha! yr’l), SOC,, and SOCy 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 N»O on a 100-year horizon given
by IPCC (2021), 16/12, 44/28 and 44/12 are the conversion factors to
get the corresponding CO»-eq value.

2.6. Statistical analysis

Four statistical metrics were used to assess the model’s performance,
i.e., the coefficient of determination (R%, 0 to 1), the normalised root
mean square error (NRMSE), modelling efficiency (EF, —oo to 1) and the
index of agreement (d, O to 1). R? 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:

2

(i (0i-0)(Si-9))

R* = (6)
VS (0i- 07 /S0, (5, - 5)°
n . N2
NRMSE = ! o) Lia (S’i_ 00" 100% %)
n ~2
EF—1— i (Si— (Zl) )
E?:l (0i — 0)2
Table 5
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d=1->"" (S —0i>2/2?1<<si ~0)| +(0; - 0)|)? ©

where S; and O; are simulations and observations for the ith sampling
point, respectively; S and O are the averages of all simulations and ob-
servations; Opmqyx and Op,;, 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 N3O emissions and GWPy. 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 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 N»O 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 (Fig. 2). The simulation per-
formance of wheat was better than that of rice, as shown by lower
NRMSE (Table 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 Cha™! yr ! and 24 to
421 kg C ha™! yr™!, respectively (Fig. 3). The EF ranged between 0.12
and 0.53, the d ranged between 0.68 and 0.79 (Table 5). The model
fairly captured the pattern and magnitude of observed daily CH4 and
N,O fluxes (Fig. 4). The simulated peak for CH4 flux in summer 2014
(3.49 kg C ha™! day™!) agreed well with the observed (3.30 kg C ha™!
day™1), however, the model did not capture the NoO emission peak in
the winter wheat growing season (Fig. 4). The model performance in
simulating daily CH4 and N3O fluxes were effectively, with EF ranged
from 0.14 to 0.63 and d ranged from 0.59 to 0.89 (Table 5).

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 Fig. 5a, b
(conventional cropping system) and Fig. 5c, d (adaptive cropping sys-
tem). Under the conventional cropping system (single rice-winter
wheat), the climate in the SSP1-2.6 scenario considering the CO, fer-
tilisation effects could significantly increase wheat yields by 28 %, while

Statistical analysis describing the performance of the SPACSYS model for the simulations of crop yield, crop N content, SOC stock, daily CH,4 and N,O emissions in the

rice-wheat rotation system.

Crop Variable (kg ha™! for crops) Calibration Validation
n R? NRMSE EF d n R? 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 Cha™) 30 0.21%* 24 % 0.12 0.68 30 0.62** 18 % 0.53 0.79
Daily CH, emissions (g C m~2 day ) 69 0.64** 16 % 0.63 0.89 69 0.56%* 20 % 0.38 0.85
Daily N,O emissions (g N m~2 day ') 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.
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Fig. 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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Fig. 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.

rice yields would not change compared to the baseline scenario (P <
0.05) (Fig. 5a, b). However, the climate in the SSP5-8.5 scenario
(considering the CO, fertilisation effects or considering a constant CO5
concentration) could significantly decrease rice yields by 11.8-29.9 %
and wheat yield by 8.3-19.4 % (P < 0.05) (Fig. 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 (Fig. 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

(Fig. 5d). On the contrary, wheat yield could increase by up to 21.9 %
compared to the baseline scenario (Fig. 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 (Fig. 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 (Fig. S2). Rice had a higher stability and sus-
tainability than wheat (Fig. S2).

3.3. Soil organic carbon stock under different climate change and
mitigation management scenarios

The dynamics of SOC stock in the top 20 cm of soil under various
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RNA with MSD.

scenarios is shown in Fig. 6. The SOC stock is projected to increase over
the simulation period under all scenarios except for SSP5-8.5 with a
constant CO, 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™?
ha™!
ha!
sequestration (Table S3).

yr 1) and SSP5-8.5 (175-197 kg C

yr’l) are lower than that under the baseline scenario (263 kg C
yr~1), suggesting a negative impacts of climate change on SOC
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Fig. 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. CHy, N2O emissions and GWPy under different climate change and
mitigation management scenarios

The influence of climate change scenarios, mitigation management
scenarios and their combination on CHy4, N2O emissions and net global
warming potential (GWPy) are shown in Fig. 7 and Fig. 8. Switching the
irrigation method from continuous flooding to mid-season drainage
(MSD) could significantly reduce CH,4 emissions by 45 % under SSP1-2.6
and 47 % (P < 0.05) under SSP5-8.5 (Fig. 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
(Fig. 7a). Reducing N application rate by 20 % (RNA) could significantly
lower N»O emissions by 23 % under SSP1-2.6 and 25 % under SSP5-8.5
(P < 0.05) (Fig. 7b). As a result, the GWPy for the IM scenarios could
decrease by 70 % and 67 % under the two climate change scenarios
compared with no adaptation (Fig. 8).
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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.

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 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 treat-
ment from 1996 to 2017 due to the conversion from manure application
to straw retention (Fig. 3). However, the model underestimated rice
grain yield and N content in rice grains for both NPK and NPKM
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Fig. 7. CH4 (a) and N-,O 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.



S. Wang et al.

treatments, particularly failing to capture high yields in some years
(Fig. 2). This discrepancy could be attributed to the model’s simplified
partitioning of absorbed N in different organs. In the model, the parti-
tioning coefficients are determined by crop development index (ob-
tained 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 N3O emission peaks during the wheat growing season
(Fig. 4¢), likely due to 1) the inaccurate simulation of soil water content
or soil temperature because the N»O process is highly dependent on soil
moisture and soil temperature (Smith et al., 2008), which was unavai-
lable in this experiment for model validation; 2) other pathways pro-
ducing NyO 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 mea-
surements to project more reliable results; 2) developed regarding dy-
namic changes in nutrient partitioning to different organs and other
pathways of N,O 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., 2022).
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) (Fig. 5 and Fig. S3). The projected rice yield loss would be
nearly 30 % without considering CO» fertilisation effect (Fig. 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 COx, fertilisation effect
would not be sufficient to fully compensate for the negative effect of
warming on rice yield under the SSP5-8.5 scenario (Fig. 5).

One consequence of global warming is the spatial cropping pattern
change in agriculture (Liang et al., 2021; Guo et al., 2024). 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 pro-
duction could face serious threat during 2050-2100 under the intensive
climate change scenario (SSP5-8.5) (Fig. 5 and Fig. 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) (Fig. 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 (ver-
nalisation), 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 °C depends on different cultivars
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(Brooking, 1996; Porter and Gawith, 1999). However, in our study, the
maximum temperature is basically higher than 20 °C during over-
wintering period (from early December to mid-February) under the
SSP5-8.5 scenario during 2070-2100 (Fig. 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 toward global
warming across the studied region (Fig. 5 and Fig. 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 (Jorgen 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 sustain-
ability 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 and N0 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., 2005). N
fertiliser application is the most important driver of soil NoO emissions.
The application rate of N fertiliser can be reduced to lower N2O emis-
sions 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 CH,4 reduction (45-47
%) (Fig. 7a) is in line with previous result (Liu et al., 2019). However,
mitigation measures for CH4 emissions can lead to an increase of NyO
emissions in paddies due to the changes in water status. Study has
indicated that the increase in NyO 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 N»O 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 (Figs. 5 and 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 miti-
gating 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
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(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 pre-
dictions through integrating two or more models should be investigated.
Fourth, our study lacks measured soil water content and soil tempera-
ture for model’s calibration and validation, this could introduce signif-
icant uncertainty in the results. Soil water content and soil temperature
are the two important factors for CH4 and N3O emissions (Le Mer and
Roger, 2001; Liu and Hayden, 2017). As such, improving the simulation
performance of the model with detailed information should be consid-
ered in future study.

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 N,O
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 intro-
duction of mid-season drainage and integrated management) were
established. Results showed that SPACSYS model effectively simulated
the observed variables from the experimental fields. Simulation sce-
narios 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 NyO
emissions. Mid-season drainage could significantly decrease CH4 emis-
sions 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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