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• APSIM was used to simulate the effects 
of residue retention and crop rotation on 
GHG emissions and gross margins. 

• Retaining all crop residues could turn 
the soil from a carbon source to a carbon 
sink, and benefit gross margins. 

• Enhancement of residue retention on 
GHG abatement overweighed adverse 
effects of climate change under SSP245 
and SSP585. 

• The wheat-wheat-canola rotation was 
the most beneficial in terms of GHG 
mitigation and profitability compared 
with others.  
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A B S T R A C T   

CONTEXT: Farming systems face dual pressures of reducing greenhouse gas (GHG) emissions to mitigate climate 
change and safeguarding food security to adapt to climate change. Building soil organic carbon (SOC) is proposed 
as a key strategy for climate change mitigation and adaptation. However, practices that increase SOC may also 
increase nitrous oxide (N2O) emissions, and impact crop yields and on-farm income. A comprehensive assessment 
of the effects of different management practices on trade-offs between GHG emissions and agricultural systems 
profitability under climate change is needed. 
OBJECTIVE: We aimed to: (1) analyze the long-term trends of SOC and N2O emissions, and ascertain whether the 
croplands of the study region are net GHG sources or sinks under climate change; (2) quantify the GHG 
abatement on a gross margin basis; (3) identify effective management practices that could achieve a win-win 
strategy; and (4) investigate sources of uncertainty in estimates of GHG emissions and gross margins under 
climate change. 
METHODS: APSIM was used to simulate the effects of three crop residue retention rates (10%, 50% and 100%), 
and six representative crop rotations (wheat-canola, wheat-field pea-wheat-canola, wheat-field pea-wheat-oats, 
wheat-wheat-barley, wheat-wheat-canola, and wheat-wheat-oats) under two Shared Socio-economic Pathways 
scenarios (SSP245 and SSP585) using climate projections from 27 GCMs. GHG emissions and gross margins from 
1961 to 2092 were assessed across 204 study sites in southeastern Australia. 
RESULTS AND CONCLUSIONS: Our results showed that residue retention can turn the soil from a carbon source 
(10% retention, 304–450 kg CO2-eq ha− 1 yr− 1) to a carbon sink (100% retention, − 269 ~ − 57 kg CO2-eq ha− 1 

yr− 1), and the potential of carbon sequestration was partly offset by concomitantly increased N2O emissions. The 
wheat-wheat-canola rotation with full residue retention was shown to be a win-win solution with both large 
potential of GHG abatement and high gross margin compared with other rotations. Spatial analysis showed that 
the southeastern part of the study region, with higher rainfall, had higher gross margins, while the drier 
northwestern part had greater GHG emission reduction potentials. Although climate change led to increased 
GHG emissions and decreased yields for some crops, these adverse effects were overweighed by the higher SOC 
and yield advantages from full residue retention. 
SIGNIFICANCE: This study emphasizes the significant potential for agronomic management to maximize gross 
margin and reduce GHG emissions under climate change in southeast Australia. Results from this study could be 
used by farmers and policymakers to mitigate climate change without compromising agroecosystem profitability.   

1. Introduction 

To meet the goal of the Paris Agreement to limit global warming to 
1.5 ◦C above pre-industrial levels, both reductions of greenhouse gas 
(GHG) emissions and removal of atmospheric carbon dioxide (CO2) are 
necessary (Field and Mach, 2017). Soil is a large carbon (C) reservoir in 
terrestrial ecosystems with a pool size of around 2400 Gt C (2 m depth), 
which is three times the amount of atmospheric carbon (Launay et al., 
2021). Of the soil C pool, cropland soil plays a significant role in the 
global C budget, with a high and attainable mitigation potential of 
1.4–2.3 Gt CO2-eq yr− 1 through improved management (Smith et al., 
2019). According to the IPCC Special Report on Climate Change and 
Land, approximately 23% of global GHG emissions came from the 
agriculture, forestry and other land use (AFOLU) sector (Jia et al., 2019), 
and, without intervention, the anthropogenic GHG emissions from 
agriculture are projected to increase by 30–40% by 2050 (Mbow et al., 
2019). To mitigate AFOLU GHG emissions, the international initiative “4 
per 1000” that aims to increase global agricultural soil organic carbon 
(SOC) stocks through sustainable practices has been launched. The 
emphasis on increasing SOC has resulted in many studies conducted to 
assess the effects of different agricultural practices on SOC and promote 
various measures to enhance carbon sequestration (Farina et al., 2021; 
He et al., 2021; Lessmann et al., 2021; Rodrigues et al., 2021; Sándor 
et al., 2020). 

Soil carbon sequestration is considered as one of the most important 
GHG mitigation opportunities for the agriculture sector, but its capacity 
can be overestimated if not assessed in a holistic manner as part of an 
integrated system (Harrison et al., 2021; Harrison et al., 2016; Meier 
et al., 2020b). For example, the retention of residue could not only in-
crease the SOC but also increase the N2O emissions via stimulating 
nitrification/denitrification and soil urease activity (Xia et al., 2018); 
longer crop rotations could impact multiple soil physicochemical and 
biological properties associated with releasing N2O (Lehman et al., 
2017) and building SOC (Renwick et al., 2021). Thus, the amount of N2O 
emissions can determine whether the soils are net sinks or sources of 

GHG, depending on how other aspects of a system change under a given 
intervention (Christie et al., 2020; Ehrhardt et al., 2018). Moreover, the 
potential for SOC sequestration to continue is limited by the saturation 
ceiling, reflecting the capacity of soil to protect organic matter from 
decomposition (Lehmann and Kleber, 2015), but N2O emissions 
continue each year (Lugato et al., 2018). Furthermore, SOC sequestra-
tion and N2O emissions will be influenced differently by climate change- 
induced warming and rainfall variation (Meier et al., 2020b), since the 
microbial production of CO2 and N2O in soils have different sensitivities 
to temperature and moisture (Butterbach-Bahl et al., 2013). Therefore, 
the real mitigation effectiveness of C-sequestration management prac-
tices remains uncertain in space and time under climate change. 

Greenhouse gas emissions mitigation and climate change adaptation 
must occur without compromising food security or causing loss of 
biodiversity, farm prosperity and social license to operate (Harrison 
et al., 2021). Altered management practices may impact food produc-
tion and farmers' income (Dumbrell et al., 2017; Meier et al., 2020a), 
resulting in trade-offs between food security, GHG emissions, and farmer 
prosperity (Li et al., 2021b; Luo et al., 2017; Wang et al., 2018b; Xing 
et al., 2017). Recently, several practices intending to balance the trade- 
off between crop yields and GHG emissions, such as manure application, 
cover crop and no-tillage, have been assessed in China (Wang et al., 
2018b), Europe (Quemada et al., 2020) and USA (Huang et al., 2022). In 
dry and hot environments such as experienced in Australian mainland 
cropping regions, the capacity for SOC sequestration is limited because 
of the high decomposition rates (high temperature promotes soil respi-
ration) and low amount of crop residues (low rainfall reduces the 
organic matter inputs) (Liu et al., 2016). Combined with the uniquely 
variable and changing distribution of seasonal rainfall, Australia is 
facing great risks to crop productivity and profitability (Wang et al., 
2022; Wang et al., 2018a). In New South Wales (NSW) and Queensland 
cropping systems, the climate variability over the past 20 years 
contributed to a 36% decline in profits on average (relative to 
1950–2000) and this trend is expected to continue (Wood et al., 2021). 
Understanding the relationships among crop profitability, GHG 
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emissions, and climate change is essential for designing improved 
management practices that offer win-win-win in terms of productivity, 
profitability and GHG emissions (Harrison et al., 2021). The GHG 
emissions per unit farm gross margin (in other words, the gross margin- 
scaled emissions) is a useful indicator to contrast the GHG impacts of the 
cropping system without neglecting the economic performance, espe-
cially for multi-crop rotation systems where different crops have 
different economic values (Li et al., 2017). 

Alternative management practices can affect SOC sequestration, N2O 
emissions, and crop profitability simultaneously. Although numerous 
studies have assessed the effects of management practices, most of them 
focus on one aspect only, leaving the integrated effects of practices 
poorly understood. For example, Mohanty et al. (2020) found that 
nutrient management helped to turn soils into C sinks by increasing SOC 
stocks, but the possible concomitant increase in N2O emission was not 
considered. In addition, although many field experiments have been 
conducted to assess the effects of agricultural practices on soil gas fluxes 
and crop growth, few practices can be evaluated in an individual field 
experiment, and these results cannot readily be extrapolated to regional 
scales due to variation in climate, soil type, management and other. 
Moreover, the trade-offs between GHG emissions and gross margins are 
not often reported and the interactions between climate change and 
management interventions are rarely considered over long time-scales 
(Huang et al., 2022). 

In this study, we used APSIM to simulate the economic performance 
and net GHG emissions for a range of on-farm practices under climate 
change across a cropping region in southeastern Australia. We aimed to: 
(1) analyze the trends of SOC and N2O emissions, and ascertain whether 
the agricultural soils of the study region are net GHG sources or sinks 
under climate change; (2) quantify the GHG abatement on the gross 
margin basis; (3) identify effective management practices that could 
achieve a win-win strategy; and (4) investigate sources of uncertainty in 

estimates of GHG emissions and gross margins under climate change. 

2. Materials and methods 

2.1. Study area 

The 204 sites selected for this study were distributed across the 
cropping area in the Riverina region of NSW, in south-eastern Australia 
(Fig. 1a), which is responsible for a large proportion of Australia grain 
production. The region is characterized by a semi-arid climate with a 
long-term annual rainfall of 477 mm and an average temperature of 
16.5 ◦C (Fig. 1b-c). The main soil types are Chromosols, Dermosols, and 
Vertosols (Isbell and National Committee on Soil and Terrain, 2021). 
Agriculture is the major economic activity and the region generates 
12.7% of all agricultural production in NSW (Department of Planning 
and Environment, 2017). Wheat, barley, and canola are the three major 
crops grown in this region. However, increasingly frequent extreme 
weather events, such as drought and heat waves are likely to continue to 
pose economic and environmental challenges on many agricultural 
sectors in this region (Chang-Fung-Martel et al., 2017). 

2.2. Climate and soil data 

Daily climate data comprising global solar radiation, rainfall, 
maximum and minimum temperature were required to drive the crop 
model. The historical climate data during 1900–2020 at the 204 study 
sites were downloaded from SILO-patched point dataset (Scientific In-
formation for Land Owners) (https://www.longpaddock.qld.gov.au/silo 
/) (Jeffrey et al., 2001). For future climate scenarios, we selected two 
SSPs to represent an intermediate “middle of the road” scenario 
(SSP245) and a high emissions “fossil-fueled development” scenario 
(SSP585) (O'Neill et al., 2016). Basic information for 27 available GCMs 

Fig. 1. Locations of the Riverina region, 204 study sites and 41 soil sites in southern New South Wales (NSW) in southeastern Australia (a), the average historical 
climate during 1985 to 2020 (b-c), and the average SOC content before implementing management practices during 1958 to 1960 (d). The spatial distributions (b-d) 
were interpolated using inverse distance weighting method (IDW). 
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from the Coupled Model Intercomparison Project Phase 6 (CMIP6, 
https://pcmdi.llnl.gov/CMIP6/) is presented in Table S3. As APSIM 
input requires daily climate data but raw GCMs are at coarse temporal 
(monthly) and spatial (100–300 km grid solution) resolutions, these 
gridded data were downscaled to each study site using the method 
developed by Liu and Zuo (2012). The statistical downscaling model 
involved three steps. In the first step, the gridded monthly GCM data in 
1900–2100 were spatially downscaled to each of 204 weather stations 
using the inverse distance weighting method (IDW). The second step 
was the bias-correction of the GCM data towards the observed climate 
data for each site by using the quantile mapping technique. In the third 
step, the monthly bias-corrected data were disaggregated to daily data 
using a modified version of the WGEN stochastic weather generator 
(Richardson and Wright, 1984). 

We used soil data from APSoil database (http://www.asris.csiro. 
au/mapping/hyperdocs/APSRU/), which contains information 
including soil description, soil classification, site, region, country, lati-
tude, longitude, and data source recording the experiments from where 
the soil was sampled (Dalgliesh et al., 2012). Each soil dataset has the 
layer-wise parameters including bulk density, organic carbon, saturate 
water content, crop specified lower limit, and drained upper limit. Some 
other parameters such as soil pH, electrical conductivity, chloride and 
exchangeable cations are also recorded for some profiles. This database 
was constructed for the explicit purpose of providing input soil param-
eters required for running APSIM. Soils that were identified to be 
geographically closest to our study sites were ultimately selected 
(Fig. 1a). Using the closest soil data for each site could reduce the bias 
from using an unrepresentative soil in spatial analysis, and this method 
had been used in many other crops modelling studies in Australia (Feng 
et al., 2020; Wang et al., 2019b). 

2.3. APSIM model 

The Agricultural Production Systems Simulator (APSIM, version 
7.10) (Keating et al., 2003) is a process-based biophysical model, and 
has been widely used to simulate crop growth and soil processes in 
response to management practices and/or environmental change (Li 
et al., 2021b; Liu et al., 2017; Liu et al., 2020; O'Leary et al., 2016; Wang 
et al., 2019a). In APSIM Classic, the SoilN module simulates SOC dy-
namics on a daily time step, coupling with modules of SoilWat/SWIM 
(soil moisture), SurfaceOM (surface organic matter), and crop modules. 
Soil organic matter (SOM) is divided into three conceptual pools, namely 
fresh organic matter (FOM), microbial biomass (BOM), and humic pool 
(HUM). The FOM pool has three types of organic matter including car-
bohydrate, cellulose, and lignin. The BIOM pool contains the soil mi-
crobial biomass and microbial products. The HUM pool contains the rest 
of the SOM, and a fraction of HUM is considered indecomposable (inert 
carbon). Decomposition of each pool is treated as a first-order decay 
process modified by temperature, moisture, and nutrient availability 
(Probert et al., 1998). Simulation of the decomposition of crop residues 
takes into account the degree of contact between residues and soil to 
modify the maximum potential decomposition rate (Thorburn et al., 
2001). Crop residues can be burnt, removed from the system, incorpo-
rated into soil or left at the surface for decomposition, as specified in 
Manager and SurfaceOM modules. Retention of residues via tillage 
moves the surface residues directly into the FOM pool, thereafter 
resulting in C transfer to other pools and the release of CO2 to the 
atmosphere. 

Daily N2O emissions from soil are simulated as the sum of N2O 
emissions from daily denitrification and nitrification. Denitrification 
rates (Rdenit, kg N ha− 1 day− 1) are estimated as a function of the deni-
trification coefficient (Kdenit, = 0.001379), the amount of NO3

− in soil 
(NO3-N, kg N ha− 1), active carbon (CA, ppm), and the limiting factors 
(scaled from 0 to 1) for soil temperature (T) and moisture (M), which can 
be expressed as (Thorburn et al., 2010): 

Rdenit = Kdenit ×NO−
3 ×CA × f (T)× f (M) (1) 

N2O emissions during denitrification are then calculated by 
combining the denitrification rate with the ratio of N2 to N2O emitted 
during denitrification predicted by the model of Del Grosso et al. (2000). 
Simulation of the nitrification rate (Rnit, kg N ha− 1 day− 1) follows the 
Michaelis-Menten response to available soil ammonium (NH4, mg kg− 1), 
and is modified by soil temperature (T), moisture (M), and pH, repre-
sented as: 

Rnit = Kmax ×
NH4

NH4 + KNH4

× f (T)× f (M)× f (pH) (2)  

where, Kmax is the maximum nitrification rate and KNH4 is the NH4 
concentration for half the maximum reaction velocity. N2O emissions 
during nitrification are calculated as a proportion of nitrified N (0.2%) 
(Li et al., 2007). A detailed description of the method used in APSIM to 
simulate N2O emissions from soil is given by Thorburn et al. (2010). 

2.4. Model validation and scenario analysis 

The performance of APSIM in simulating crop yields (Meier et al., 
2020a; Wang et al., 2018b; Yan et al., 2020), SOC dynamics (Godde 
et al., 2016; Luo et al., 2011; O'Leary et al., 2016), and N2O emissions 
(Bilotto et al., 2021; Mielenz et al., 2016; Thorburn et al., 2010) has been 
widely and explicitly tested and verified under different cropping sys-
tems, and could be applied for various rotation systems (Hochman et al., 
2020). In this study, we used the previously calibrated and validated 
varieties in each crop module released by APSIM. Similar to some 
regional modelling studies (Choi et al., 2021; Jin et al., 2022; Kheir 
et al., 2021), we further evaluated the ability of APSIM in simulating 
SOC, N2O and crop yields, using the experimental data collected at 
Wagga Wagga site before the simulation for all sites. We also compared 
our simulated yields with the regional average from Yield Gap (https 
://yieldgapaustralia.com.au/maps/). Specifically, the SOC and wheat 
yields were validated using data from a long-term experiment (SAT-
WAGL) conducted from 1979 to 2004 at Wagga Wagga (Liu et al., 2009). 
N2O emissions were validated using experimental data from Li et al. 
(2016); Li et al. (2021a); and Li et al. (2018). Details of the two exper-
iments and APSIM performance are provided in supplementary material. 
To evaluate the model performance, we used root mean squared error 
(RMSE) and mean absolute percentage error (MAPE) to measure the 
difference between predicted and observed values as follows: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(Pi − Oi)

2

√

(3)  

MAPE = 100%×
1
n

∑n

i=1

⃒
⃒
⃒
⃒
Pi − Oi

Oi

⃒
⃒
⃒
⃒ (4)  

where, Pi and Oi are the predicted and observed values, and n is the 
number of samples. 

As the SOC recorded in the APSoil database for each site represents 
different cropping histories and farming management at the time of the 
data collected, it was necessary to establish a comparable initial SOC 
level for each site to enable an unbiased comparison of the spatial- 
temporal changes across different managements. To achieve this, 
APSIM was run at the 204 sites from 1920 to 1960 for a continuous 
wheat cropping system with 50 kg N ha− 1 at sowing and 25% retention 
of wheat residues. The rate of retention represents a farming practice 
with most of the residues removed from the field and the N application 
amount is the rate typically applied across the study area. The accu-
mulation of SOC could reach a steady state after the 41-year spin-up 
period (O'Leary et al., 2016), and the outputs were used as the initial 
values for following 132-year simulation. From 1961 to 2092, APSIM 
was used to simulate six crop rotations: wheat-canola (WC), wheat-field 
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pea-wheat-canola (WFWC), wheat-field pea-wheat-oats (WFWO), 
wheat-wheat-barley (WWB), wheat-wheat-canola (WWC) and wheat- 
wheat-oats (WWO), which were chose based on crop rotations prac-
ticed in this region. For each rotation, we set three residue retention 
rates: 10% (removing stubble from simulation, i.e., typical burning 
practices in the study region), 50% (removing half of the stubble), and 
100% (retaining all stubble from the previous year). Fertilizer applica-
tion for field pea was 10 kg N ha− 1 at sowing, while for cereals and 
canola, fertilizer N amount varied with the average precipitation of each 
site using a fitted relationship (Simmons et al., 2022): 

N =
(WU − A) × C

WU − B
(5)  

where, WU is the sum of the precipitation during growing season and 
one quarter of the precipitation during fallow period at each study site. 
A, B, and C are coefficients. The amount of N applied at sowing was 
calculated by A = 150, B = 10 and C= 25 for all crops. The total N 
applied (sum of N application at sowing and top dressing) was calculated 
by A = 150 and B = 90 for all crops, while C= 108, 130, 80 and 64.8 for 
wheat, canola, barley and oats, respectively. The total N application in 
the range from 43 to 121 kg N ha− 1, representing the local farming 
practices under rainfed conditions. 

The sowing times and the length of sowing windows were set ac-
cording to the NSW Department of Primary Industries sowing guidelines 
(Matthews et al., 2015). Different sowing windows were set for wheat 
(15 March to 30 June), barley (15 April to 15 July), canola (8 April to 15 
June), field pea (1 May to 30 June), and oats (1 May to 22 June). We 
used two generic cultivars for each site: a longer season “winter-type” 
was used when crop was sown before the mid-point of the sowing 
window, and a shorter season “spring-type” was used when crop was 
sown after the mid-point of the sowing window (Liu et al., 2016). The 
soil water requirement for sowing was nonlinearly declined from 1.2 
plant available water capacity (PAWC) for the start of the sowing- 
window to 0.8 PAWC at the end of the sowing-window. If soil water 
that met the criteria was less than PAWC, crop was sown on the same 
day, otherwise, sowing date was delayed by 1 day (1.0–1.1 PAWC), 2 
days (1.1–1.2 PWAC) or 3 days (>1.2 PAWC). If these sowing criteria 
were not met, crop was sown at the end of the sowing-window. In 
addition, the APSIM also requires atmospheric CO2 concentrations to 
simulate crop growth. We calculated [CO2] for SSP245 and SSP585 
following the approach used by Bai et al. (2022): 

[CO2]SSP245 = 62.044 +
34.002 − 3.8702y

0.24423 − 1.1542y2.4901 + 0.028057 × (y − 1900)2

+ 0.00026827 × (y − 1960)3
− 9.2751 × 10− 7 × (y − 1910)4

− 2.2448 × (y − 2030)
(6)  

[CO2]SSP585 = 757.44 +
84.938 − 1.537y

2.2011 − 3.8289y− 0.45242 + 2.4712 × 10− 4

× (y + 15)2
+ 1.9299 × 10− 5 × (y − 1937)3

+ 5.1137 × 10− 7

× (y − 1910)4

(7)  

where, y is the calendar year from 1920 to 2092 (i.e., y = 1920, 1921, 
…, 2092). 

2.5. Greenhouse gas emissions and gross margins 

To assess the long-term impacts of management practices on soil 
GHG emissions and gross margins, APSIM was continuously run from 
1961 to 2092. The 132-year simulation was used because a 36-year 
period can provide full rotation cycles for all six rotations, i.e., 18, 12, 
and 9 full rotation cycles for the two-year (WC), three-year (WWB, 
WWC, and WWO) and four-year rotations (WFWC and WFWO), 

respectively. Downscaled climate projections of 27 GCMs under SSP245 
and SSP585 were used. In total, we ran 198,288 simulations (204 sites ×
27 GCMs × 2 climate scenarios × 6 rotations × 3 residue retentions). 
Each simulation quantified the GHG flux in CO2 equivalents (CO2-eq), 
which was calculated as the sum of soil CO2 and N2O fluxes using 100- 
year global warming potential (GWP) of 273 for N2O according to AR6 
(Forster et al., 2021): 

GHG = 273×N2O − ΔSOC× 44/12 (8)  

where, ΔSOC is the difference between the SOC (0-30 cm) after t years 
(from 1 to 132 years) of the simulation and the initial SOC content. 
Positive and negative values of GHG indicate that the soil is a net sink 
and source of atmospheric CO2, respectively. N2O emissions are esti-
mated as the sum of direct emissions from soil via nitrification and 
denitrification processes (predicted by APSIM as specified above, N2Od) 
and indirect emissions from atmospheric deposition of N volatilized 
from soil as well as from N leaching/runoff. For the indirect emissions 
resulting from N volatilization, we adopted the IPCC approach as Her-
goualc'h Hergoualc’h et al. (2019): 

N2OV = N×FV ×EFV × 44/28 (9)  

where, N is the annual amount of fertilizer being applied (kg N ha− 1 

yr− 1), FV (= 0.11) is the fraction of total N input that is volatilized as 
NH3 and NOX (kg N volatilized per kg N applied), EFV (= 0.01) is the 
emission factor for N2O emission resulting from N volatilization (kg N- 
N2O per kg N volatilized). Emissions from N leaching/runoff were 
similarly estimated using the IPCC approach (Hergoualc'h Hergoualc’h 
et al., 2019): 

N2OL = NL ×EFL × 44/28 (10)  

where, NL is the amount of N leaching/runoff which is estimated by the 
APSIM model (kg N ha− 1 yr− 1), and EFL (= 0.011) is the emission factor 
for N2O emission resulting from the N leaching/runoff (kg N-N2O per kg 
N leached/runoff). Thus, the total N2O emissions were calculated as: 

N2O = N2Od +N2OV +N2OL (11) 

To compare the six rotations, the income of each crop was estimated 
using gross margins (GM, AU$ ha− 1 yr− 1), that were calculated using the 
method given in Li et al. (2017) and Xing et al. (2017): 

GM = (GI − CS − CT − CF − CH − CI)× (1 − L) (12)  

where, GI is the on-farm grain income estimated as the on-farm price ($ 
t− 1) multiplied by crop yield (t ha− 1). L is the government levy (%). CS, 
CT, CF, CH and CI are the costs for sowing, tillage, fertilizer, harvest and 
pest control, respectively ($ ha− 1). The on-farm price for each crop is 

Table 1 
Details of economic costs of agricultural management for wheat, barley, canola, 
field pea, oats and the on-farm prices used to calculate gross margins of these 
five crops.  

Variable costs Unit Wheat Barley Canola Field 
pea 

Oats 

Income       
On-farm grain 
price 

$ t− 1 317 243 757 400 204 

Cost       
Cultivation $ ha− 1 0 0 17 6 38 
Sowing $ ha− 1 30.2 28.7 47.2 100.9 33.6 
Fertilizer $ ha− 1 72.5 58.5 108.7 37.6 40.0 
Pest control $ ha− 1 80.7 67.6 61.7 90.6 56.2 
Harvesta $ ha− 1 50.5 37.0 52.0 49.4 37.1 
Levies % 1.02 1.02 1.02 1.02 1.02 

Data are from DPI gross margin budgets (https://archive.dpi.nsw.gov.au/). 
a The prices of harvest are for the first 2.5 t of grain yield, beyond which a 

factor of 0.01 is multiplied. 
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given in Table 1. Costs and calculations were coded in the Manager 
module of APSIM. Thus, GMs for the rotations were calculated as the 
sum of the single crop gross margins in each treatment. When studying 
the trade-offs between GHG mitigation and GM, emissions from tractor 
use associated with each operation were also considered. Fuel use for 
sowing, spraying, spreading, harvesting and grain collection were esti-
mated as 4.4, 0.7, 1.15, 5.8 and 2.1 L ha− 1 according to the AusAgLCI 
(Grant et al., 2014), with emissions of 2.7174 kg CO2-eq per liter of fuel 
burned (NGA, 2021). 

2.6. Secondary bias correction of simulation outputs 

The statistical downscaling model procedure we used in this study 
was applied to correct stationary bias and systemic errors in the GCM 
data (Liu and Zuo, 2012). Theoretically, a perfect procedure could 
generate downscaled climate data that are the same as the observations. 
Consequently, the APSIM model outputs driven by the downscaled data 
should be the same as the outputs driven by observations. However, due 
to imperfections in the bias correction and non-stationary biases in the 
GCM data, there are some differences between the simulation outputs 
driven by downscaled GCM data and by climate observations for the 
historical period. These differences can be corrected, denoted as a sec-
ondary bias correction (SBC) procedure after the bias correction in the 
downscaling procedure (Liu et al., 2017). Therefore, prior to the analysis 
of soil GHG emissions and crop gross margins, all the APSIM outputs 
driven by the downscaled climate data were subjected to SBC as (Yang 
et al., 2016): 

X = XG −
(
XGbl − XObl

)
(13)  

where, X is the value after correction, XG is the value from APSIM 
simulation driven by downscaled GCM data, XGbl and XObl are the mean 
values over a historical baseline period driven by GCM data and 
observed climate data, respectively. In this study, we used the period 
from 1961 to 2020 as the historical baseline period and all following 
analyses are based on the corrected values. 

2.7. Analyses and partitioning uncertainty 

We assessed the uncertainties in soil GHG emissions and gross mar-
gins due to 27 GCMs, two SSPs with two future periods (SSP245 for the 
2040s, SSP245 for the 2080s, SSP585 for the 2040s, and SSP585 for the 
2080s), and their interaction for each residue retention rate using the 
ANOVA method following Wang et al. (2020). The total uncertainty can 
be expressed as: 

SST = SSSSP + SSGCM + SSI (14)  

where, SST is the total sum of the squares, SSSSP and SSGCM are the sum 
of squares due to the two main factors, and SSI is their interaction (SSP 
× GCM). In this study, we used the percentages of these three sources to 
compare their contributions to total uncertainty. 

3. Results 

3.1. Model performance 

The APSIM model simulated SOC change reasonably well in the 
0–30 cm soil layer for the SATWAGL experiment at Wagga Wagga from 
1979 to 2004. The RMSE (root mean square error) ranged between 1.3 
and 2.5 t C ha− 1, and MAPE (mean absolute percentage error) ranged 
between 2.6 and 5.3% (Fig. S1a-d). Despite large inter-annual variation 
in SOC observations, APSIM captured the declining trend in SOC well. 
APSIM was also well constrained for simulating the observed N2O 
emissions in the top 30 cm soil layer, with a RMSE of 0.02 kg N ha− 1 and 
MAPE of 11.3%, although the N2O data were very limited (Fig. S1e). In 
addition, the observed wheat yield of the SATWAGL experiment during 

1979–2002 was 3.26 t ha− 1 on average, and the average simulated 
wheat yields in the same period were 2.99, 3.13 and 3.32 t ha− 1 under 
10%, 50% and 100% residue retentions, respectively (Fig. S1f). The 
average yields of different crops over the study region were also 
compared with the data from an open database, in which the simulated 
yields were similar to the actual yields for wheat and barley but close to 
the water-limited yields for canola (Fig. S2). 

3.2. Temporal trend of cumulative soil fluxes 

For the SSP245 scenario, when 10% residue was retained, SOC stock 
decreased gradually and soil released CO2 into the atmosphere (Fig. 2A 
a-f), with cumulative emissions of 15.8, 24.5 and 30.6 t CO2-eq ha− 1 

across six rotations during the 2000s, 2040s and 2080s, respectively 
(Table S4). The cumulative N2O emissions were relatively small 
compared to the SOC loss, with average values of 0.6, 0.8 and 0.9 t CO2- 
eq ha− 1 during the three periods, respectively. Under this residue 
management, average net GHG flux increased up to 31.6 t CO2-eq ha− 1 

by 2080s, in which WWO had the lowest emission of 30.3 t CO2-eq ha− 1, 
and WC had the highest emission of 33.7 t CO2-eq ha− 1 (Table S5). 

When 50% of residue was retained, inputs of C provided by crop 
residues were still inadequate to compensate for decomposition loss, 
resulting in a net loss of SOC and positive net GHG emissions (Fig. 2A g- 
l). Compared with the 10% retention, the cumulative CO2 emission from 
soil decreased to 10.3 t CO2-eq ha− 1, while N2O emission increased to 
2.0 t CO2-eq ha− 1 by the 2080s. Consequently, net GHG emissions fell by 
more than half in the 10% retention treatment, with an average value of 
12.2 t CO2-eq ha− 1 (Table S4). Similar to 10% residue retention, the WC 
rotation had the highest GHG emission of 14.6 t CO2-eq ha− 1, while 
WWO contributed the least GHG of 8.7 t CO2-eq ha− 1 by 2080s 
(Table S5). 

When 100% residue was retained, all of the six rotations switched 
from carbon sources to carbon sinks. Although the N2O emissions 
quadrupled during the whole period compared with 10% retention 
treatment, SOC sequestration was great enough to completely offset the 
additional N2O emissions, thus the cumulative soil GHG fluxes were 
always negative (Fig. 2A m-r). The SOC stocks for all rotations increased 
asymptotically until the 2040s, reaching a new steady-state equilibrium, 
and thereafter the sequestration rates slowed down. For example, the 
amounts of SOC sequestration in WWB increased from 12.3 t CO2-eq 
ha− 1 during 2000s to 17.9 t CO2-eq ha− 1 during 2040s, but for the 
following 36 years the sequestration only reached 19.5 t CO2-eq ha− 1 by 
2080s. The gradually saturated SOC and cumulative N2O emissions 
finally caused inflection points of net GHG fluxes, that is, GHG removal 
of WWB was − 15.3 t CO2-eq ha− 1 by the 2040s, but decreased to − 15.0 t 
CO2-eq ha− 1 by the 2080s (Table S5). However, the SOC content in 
WWO increased steadily until the end of the simulation with low N2O 
emissions, showing the largest potential of GHG removal of − 20.5 t CO2- 
eq ha− 1 by the 2080s (Fig. 2A r). 

For the SSP585 scenario, simulated outcomes from all rotations were 
consistent with those under SSP245 scenario (Fig. 2B). Specifically, WC 
with 10% and 50% residue retention had the largest cumulative net 
GHG emissions, releasing up to 34.7 and 16.5 t CO2-eq ha− 1 by 2080s, 
respectively. WWO emitted the least GHG of 31.5 and 10.4 t CO2-eq 
ha− 1 under 10% and 50% retention respectively, and removed the most 
GHG (− 18.2 t CO2-eq ha− 1) under 100% retention by 2080s (Table S5). 
However, the mitigation potential of all treatments was reduced under 
SSP585 compared to SSP245. It is noteworthy that, although GHG 
emissions were always negative when 100% residue was retained, the 
benefits of SOC sequestration would be partly negated by N2O emis-
sions. The net mitigation increased until around the 2040s, after which 
the mitigation potential decreased. 

3.3. Trade-offs between GHG and GM 

When 10% and 50% residues were retained, the average annual GHG 
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Fig. 2. Temporal trend of cumulative CO2 emissions from soil (green lines), N2O emissions (blue lines) and net GHG soil fluxes (orange lines) over six rotations (WC, wheat-canola; WFWC, wheat-field pea-wheat-canola; 
WFWO, wheat-field pea-wheat-oats; WWB, wheat-wheat-barley; WWC, wheat-wheat-canola; and WWO, wheat-wheat-oats) and three residue retention rates (10%, 50%, and 100%) during historical (gray lines, 
1961–2020) and future (2021–2092) periods under SSP245 (A) and SSP585 (B). The lines are the median values, and the shaded areas are the 10th and 90th percentiles of APSIM simulations based on 27 GCMs. Negative 
and positive values indicate an atmospheric sink and source, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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emissions of WWO were always lower than other rotations, and WC had 
relatively higher annual values (Fig. 3A a-d). The differences among 
rotations became more pronounced under 100% retention, in which 
average annual GHG emissions were negative for all rotations, WC, 
WFWC and WFWO had the lowest annual GHG removals, while WWC 
and WWO had the highest values (Fig. 3A e-f). With respect to the 
average annual GHG emissions of historical simulations for 1985–2020, 
GHG emissions decreased with time under 10% retention, while re-
movals decreased over time under 100% retention. GHG emissions 
differed little between climate change scenarios. 

The WC rotation, which always showed the largest annual GHG 
emissions, also had the highest gross margin, while the WWO had both 
the lowest GHG emission and gross margin (Fig. 3B). For example, with 
100% retention under SSP585 scenario, gross margins of WC and WWO 
were 719 and 365 AU$ ha− 1 yr− 1 in 2080s, respectively, with net GHG 
removals of − 62 and − 122 kg CO2-eq ha− 1 yr− 1, respectively 
(Table S6). In addition, residue retention increased gross margins under 
both SSP245 and SSP585 scenarios. For example, the gross margins of 
WWO were 265, 305 and 365 AU$ ha− 1 yr− 1 in 2080s under 10%, 50%, 
and 100% retention, respectively (Table S6). 

Fig. 3. Effects of management practices on annual GHG (A), GM (B) and GHG/GM (C) during 2021–2056 (2040s) and 2057–2092 (2080s) under SSP245 and SSP585 
scenarios. Horizontal black lines represent the average historical values (1985–2020). Each box summarizes 27 values of the APSIM simulations based on 27 GCMs. 
Boxplots show the median, and the 25th and 75th percentiles. Different letters indicate significant differences between groups with Tukey post-hoc test (p < 0.05). 
Green and orange letters denote significant differences during the 2040s and 2080s, respectively, and no comparison was done between the two periods. Crop 
rotation abbreviations are defined in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The GM-scaled GHG emissions of WFWO, WWB, and WWO were 
significantly higher than other rotations, and those of WC and WWC 
were the lowest under 10% and 50% residue retention (Fig. 3C a-d). For 
example, the GM-scaled GHG emission of WC was 0.63 kg CO2-eq. AU 
$− 1 with 10% retention in 2080s under SSP585, which was half of the 
WWO with 1.22 kg CO2-eq. AU$− 1 (Table S6). Under 100% residue 
retention, WC and WFWC had larger values of GHG/GM, while WWO 
had the most negative GHG/GM. Overall, WC had the highest gross 
margins and WWO had the greatest GHG abatement, WWC could ach-
ieve both high gross margin and large potential for GHG removal 
(Fig. 4). 

3.4. Spatial pattern of GM-scaled GHG 

Spatially, the southeastern part of the study region always had 
greater GHG emissions from all rotations than those of the northwestern 
region (Fig. S3). The whole region was a carbon source under 10% 
retention and a carbon sink under 100% retention. Furthermore, we 
found that under 50% residue retention with the same rotation, the 
southeastern region was a carbon source but the northwestern region 
was a carbon sink (Fig. S3g-l). However, the GM showed the opposite 
spatial patterns, decreasing from east to west, and this trend became 
more obvious with increasing residue retention (Fig. S5). Therefore, the 
GM-scaled GHG were less positive (with 10% retention) and more 
negative (with 50% and 100% retention) in the north-west compared to 
the south-east, though a small southwestern part showed large GHG 
emissions per unit of GM (Fig. 5). Overall, the northwestern region 
performed better in GHG abatement, while the southeastern region 
showed higher gross margins, and the whole region showed benefits 
from residue retention. 

3.5. Sources of uncertainty 

Since the WWC rotation was optimal in terms of the trade-off be-
tween GHG and GM, we analyzed the contributions of SSP, GCM and 
their interaction to the total uncertainty in simulating annual GHG 
emissions and GM under each residue retention rate (Fig. 6). For annual 
GHG, SSP was the major source of uncertainty under 100% residue 
retention (64%), while the contribution decreased to 43% and only 9% 
under 10% and 50% retention, respectively. Conversely, GCM contrib-
uted the least of 29% and the most of 74% to total uncertainty in 
simulating GHG under 100% and 50% residue retention, respectively 
(Fig. 6a). For GM, GCM contributed the most to total uncertainty inde-
pendent of residue retention rates, with contribution rates ranging from 
64% to 66% (Fig. 6b). The interaction of GCM and SSP was also an 
important source of uncertainty in simulating GM, accounting for 
31–32%. In contrast to GHG, SSP was the smallest source of uncertainty 
for GM, with negligible contributions of only 2–6%. 

4. Discussion 

4.1. Responses of SOC to management practices 

Residue retention is widely considered to be one of the most sus-
tainable and economically viable management practices for seques-
tering atmospheric CO2 and improving global C storage in agricultural 
soils (Jin et al., 2020; Paustian et al., 2016). Our simulation results 
demonstrated that residue retention in dryland crops significantly 
decreased net GHG emissions, mainly due to the enhanced SOC 
sequestration especially in the northwestern part of the Riverina region 
(Fig. 2 and Fig. S3). This result can be explained by the lower initial SOC 
content in northwest than in southeast (Fig. 1d). In general, the rate at 

Fig. 4. Overall effect of management practices on relation-
ships between GHG and GM during 2000s (a), 2040s (b and d) 
and 2080s (c and e) under SSP245 and SSP585 scenarios. Data 
are presented as the median values from APSIM simulations 
based on 27 GCMs. Horizontal and vertical error bars repre-
sent the 25th to 75th percentile range around the median for 
GHG and GM, respectively. The vertical dashed lines represent 
GHG emissions that are equal to 0 and 300 kg CO2-eq ha− 1 

yr− 1, respectively. Crop rotation abbreviations are defined in 
Fig. 2.   
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which SOC increases is related to the initial content (Farina et al., 2021; 
Xia et al., 2018; Zhao et al., 2013). Soils with a lower initial C content 
have a greater saturation deficit, which may result in a higher C 
sequestration rate and a longer duration to reach a new equilibrium 
(West and Six, 2007), depending on the extent to which management is 
changed from its original state (Henry et al., 2022). 

Over the simulation period full residue retention increased SOC 
stocks, with the averaged SOC sequestration rates ranging from 77 kg C 
ha− 1 yr− 1 (2000s) to around 43 kg C ha− 1 yr− 1 (2080s) (Table S4). The 
sequestration rates are small in comparison to a study for the Australian 
wheat belt that reported an increase of soil C sequestration for 80–100 
kg C ha− 1 yr− 1 by incorporating all straw into soil (Liu et al., 2014b), and 
are similar to results from Lugato et al. (2014) who reported an average 
SOC change rate for a cereal straw incorporation and reduced tillage 

scenario for EU-27 of 20–100 kg C ha− 1 yr− 1 from 2000 to 2050. It 
should be noted that the rates of soil C sequestration following total 
residue retention decreased after the first 80 years (around 2040), as a 
new C equilibrium was reached (Fig. 2m-r). The possible mechanism 
that might underpin the soil C saturation with long-term residue C input 
is that, the soil capacity to maintain organic C is regulated by the clay 
content (i.e., chemical stabilization), aggregation (i.e., physical protec-
tion) and recalcitrant compounds (i.e., bio-chemical stabilization) (Liu 
et al., 2014a). Dryland soils in Australia have greater C:N ratios than 
other land uses (Eldridge et al., 2018), which means that the crop 
stubble may have slower turnover rates into the SOC pool because of the 
relatively higher nitrogen demands of soil microorganisms (Jin et al., 
2020). A meta-analysis in China showed that SOC responses were the 
greatest in the initial starting phase of straw incorporation but declined 

Fig. 5. Effects of management practices on the GM-scaled GHG (GHG/GM, kg CO2-eq. AU$− 1) during 2000s (1985–2020), 2040s (2021–2056) and 2080s 
(2057–2092) under SSP245 and SSP585 scenarios across the study area. The spatial distributions of GHG/GM were interpolated using inverse distance weighting 
method (IDW) with median values from 27 GCMs. Numbers on the figure are spatial averages across the study region. Crop rotation abbreviations are defined 
in Fig. 2. 
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after 28–62 years (Han et al., 2018), and a simulation study in south-east 
UK using RothC model found that the SOC accumulation rate declined 
after 50–100 years of cereal straw addition (Powlson et al., 2008). 

4.2. Responses of N2O emission to management practices 

Although the soil GHG fluxes were dominated by SOC change, our 
results indicated a reduction in GHG removal potential due to the 
enhanced N2O emissions when residues were retained (Fig. 2 m-r). The 
addition of crop residues increased SOC stocks by 38% on average, but 
the annual N2O emissions also went up by 35% (Fig. S7), implying that 
crop residues supply N as a substrate for N2O production (Abalos et al., 
2022). The N2O emissions for the whole simulated period ranged from 
0.34 kg N ha− 1 yr− 1 for no residue retention to 0.46 kg N ha− 1 yr− 1 for 
100% retention, which are considerably smaller than some previous 
studies (Table S7). Simulation results from Chen et al. (2019) showed 
that the average N2O emissions on the Loess Plateau of China increased 
from 1.03 kg N ha− 1 yr− 1 (no straw) to 1.19 kg N ha− 1 yr− 1 (straw 
mulching) during 1981–2016 with a total 375 kg N ha− 1 application. 
While fertilizer in this study ranged between 10 and 121 kg N ha− 1 

which may be one of the reasons for the small N2O emissions. Myrgiotis 
et al. (2019) estimated the N2O emissions of around 0.66, 0.49, and 4.80 
kg N ha− 1 yr− 1 for barley, wheat, and oilseed rape cropping systems in 
eastern Scotland, suggesting the importance of N contained in crop 
residues on N2O emissions. Li et al. (2017) reported lower N2O emissions 
of 0.15–0.40 kg N ha− 1 yr− 1 from rotations including legume compared 
with 0.42–0.66 kg N ha− 1 yr− 1 from canola rotated with cereals under 
four RCP scenarios. Crop residues of cereals typically have higher C/N 
ratios (>40) than those of pulse crops, and thereby impact the substrate 
availability for nitrification and denitrification reactions (Wang et al., 
2011). Moreover, the roots of cereal and pulse crops are generally 
distributed more evenly in the soil profile, while those of oilseed crops 
are accumulated more in the upper soil layers (Fan et al., 2016), which 
may also influence SOC inputs and N2O emissions. 

Crop residues, as the nutrient and energy resources for soil microbes, 
are subjected to microbial N mineralization and nitrification which 
result in N2O production (Bilotto et al., 2021; Frimpong and Baggs, 

2010), and meanwhile, they provide substrates for microbial growth and 
therefore increase SOC. There are some discrepancies between the re-
sults from different studies, which may be partly due to the different 
residue and fertilizer management. More importantly, these SOC and 
N2O-related processes are parameterized in process-based models by 
using mathematical algorithms. Differences in model parameterization 
combined with different input datasets can be an important source of 
uncertainty across models and are still a great challenge (Tian et al., 
2019). In this study, it should be pointed out that the soil C sequestration 
was compensated by accumulative N2O emissions (in CO2 equivalent) of 
15–24% (for SSP245) and 16–28% (for SSP585) in 2080s when the soils 
reached an equilibrium with 100% residue retention (Fig. 2m-r and 
Table S4). This is in line with the results from Lugato et al. (2018), who 
reported that N2O emissions from practices based on crop residue 
retention and lower soil disturbance would offset 13–47% of SOC gains 
(in CO2 equivalent) by 2100 under the RCP4.5 scenario. A recent study 
using three biogeochemical models also found that the benefits of 
increased SOC sequestration by residue retention would eventually be 
compensated by N2O emissions on the long run (50–100 years) (Haas 
et al., 2022). These results highlight that any strategy aiming at climate 
change mitigation in cropping systems should look at the coupled soil C 
sequestration and N2O emissions together. 

4.3. Responses of crop yield and gross margin to management practices 

Apart from increasing soil SOC sequestration, residue retention also 
benefits crop yields (Table S8). Many studies have reported a positive 
correlation between SOC content and crop yield (Berhane et al., 2020; 
Han et al., 2018; Liu et al., 2014a). In this study, we found that residue 
retention increased or maintained yield of each crop in each rotation 
under both SSP245 and SSP585. Up to a point, crop growth benefits 
directly from increased soil organic matter (evidenced by higher SOC 
content) through the improvements in water and nutrient holding ca-
pacity, soil structure and biotic activity (Lal, 2004; Xia et al., 2018). 
Furthermore, the increased water use efficiency can enhance the resil-
ience of agricultural production to climate change (Hao et al., 2020). 

In Australia, most farmers are conscious of the weather-related risks 

Fig. 6. Proportion of uncertainty in the simulated annual GHG (a) and GM (b) of WWC (wheat-wheat-canola) rotation. The sources of uncertainty were separated 
into SSP (e.g., SSP245_2040s, SSP245_2080s, SSP585_2040s, and SSP585_2080s), GCM, and their interaction. The inner-to-outer rings represent the uncertainty share 
for 10%, 50% and 100% residue retention, respectively. 
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to crop production (e.g., frost, flooding, and drought) and usually invest 
in practices based on economic optimum (Lam et al., 2013). Economic 
return is an important factor in farmers' decisions to adopt new man-
agement practices (Li et al., 2017; Meier et al., 2020a; Meier et al., 2017; 
Nash et al., 2013). Consistent with the above GHG and crop yield 
analysis, both increased GHG removal and increased gross margins were 
achieved under 100% residue retention (Fig. 3), which suggests that 
residue management provides an opportunity for economic and envi-
ronmental co-benefits. In this study, we found that 100% residue 
retention increased gross margin by 22% on average compared with 
10% retention (Table S6), which is consistent with the experimental 
findings of Li et al. (2021c) who reported that gross revenue increased 
by 22.1% with straw return, and the findings of Zhuang et al. (2019) 
who found that net profit increased by 53.4% with the combination of 
straw return and fertilizer optimization. The eastern region in Riverina 
had greater gross margins and higher GM-scaled GHG than the west 
(Fig. 5 and Fig. S5), suggesting that the eastern region would benefit less 
from residue retention. 

Similar to results from Smith et al. (2013), we found that the wheat- 
canola rotation systems (WC and WWC) had high gross margins because 
canola price was high relative to other crops (Fig. 3B and Table 1). 
Leguminous rotations (WFWC and WFWO) were less profitable, which is 
contradictory to the findings of Xing et al. (2017) who reported that 
including legumes in cereal-based (wheat and canola) crop rotations 
were more profitable due to reduced N applications. The apparent 
discrepancy may be because our study applied 10 kg N ha− 1 for field pea 
at sowing, and 43–121 kg N ha− 1 for cereals and canola, without 
including the likely economic benefit of N contribution from legumes to 
subsequent crops. Southern Australia is characterized by a winter- 
dominated precipitation pattern, in which canola has become an 
important break crop for wheat-based rotations (Maaz et al., 2018). 
More importantly, the WWC combined with 100% residue retention can 
achieve both large gross margins and GHG abatement (Fig. 4), which 
may be closely linked to the quantity and quality of crop residues. 

4.4. Climate change effect 

A recent global meta-analysis reported that the climate drove SOC 
and crop yield changes under conservation agriculture (Sun et al., 
2020). Our results show that climate change could hamper SOC accu-
mulation as well as stimulate GHG emissions (Fig. 2). The negative ef-
fects were marginal compared with residue management practices, such 
as the 100% residue retention in which soils are always carbon sinks 
(Fig. 2m-r). However, taking the historical simulations as references, the 
annual GHG under 10% residue retention decreased with time for both 
SSP245 and SSP585 (Fig. 3A a-b). Generally, rates of chemical and mi-
crobial processes increase exponentially with temperature only when 
other factors (substrate or moisture availability) are not limiting 
(Meixner and Yang, 2006). The substrate (crop stubble in this study) 
under 10% retention would be exhausted with time and limiting GHG 
emissions, while for 100% retention, with large annual substrate addi-
tion, annual GHG emissions increased greatly in the future (Fig. 3A e-f). 
Moreover, the rainfall showed an increased trend in most parts of this 
study region (Fig. S8b and d), which may favor soil N2O production 
(Chen et al., 2019; Schaufler et al., 2010; Wu et al., 2020). 

Increased temperature, particularly during anthesis and grain filling, 
could result in decreased yields due to infertility and advanced maturity 
dates (Liu et al., 2020; Muleke et al., 2022). While elevated atmospheric 
CO2 concentration can increase crop yields by enhancing photosynthetic 
rate and water use efficiency (Fitzgerald et al., 2016). Our results 
showed that the overall average crop yields for 2080s with 10% residue 
retention changed by − 1.6% (wheat), − 7.0% (oats), − 5.7% (barley), 
+3.2% (canola) and + 16.0% (field pea) relative to the historical pe-
riods, and all the crop yield changes became positive, with increases of 
4.7–14.7% for 100% residue retention (Table S8). This is consistent with 
the results from Liu et al. (2017), who suggested that residue 

incorporation could improve water use efficiency and mitigate the 
negative climate change impacts on crop yields. Interestingly, compared 
to canola and fieldpea, cereals (wheat, oats and barley) benefited more 
from residue retention shifting from negative response under 10% 
retention to positive under 100% retention, which may be partly due to 
their higher amounts of biomass (Flower et al., 2021). These results 
indicated that positive effects of residue retention on gross margins 
could overcome the adverse effects from climate change. However, the 
potential income from utilization of the crop residues removed under 
10% and 50% retention scenarios was not considered in this study. 
Biomass can be used as livestock feed or bioenergy for climate change 
mitigation, but evaluating these scenarios requires more sophisticated 
modelling practices or life cycle assessment. The western part of Riv-
erina region always had lower gross margins than the eastern part due to 
the hotter and drier climate (Fig. S5), suggesting a need to investigate a 
wider range of practices (e.g., pasture rotation, Meier et al. (2017)) and 
use of dry or heat tolerant cultivars to build a climate-resilient crop 
system in the future (Pequeno et al., 2021; Zhao et al., 2022). 

4.5. Limitations and future research 

We constrained our analysis to concentrate on the environmental 
and economic effects of management practices under climate change. 
There are still some limitations requiring additional research as well as 
providing insights into future studies. First, we did not consider the 
future fluctuation of on-farm prices and agrotechnology innovations 
(Schmidhuber and Tubiello, 2007). There are many factors influencing 
the crop yield and the subsequent price variability, such as pest or dis-
ease outbreaks, domestic policies, macro-economic conditions, and 
changing agrometeorology (Chatzopoulos et al., 2020), which need to 
be further assessed. Second, we aimed to evaluate the effectiveness of 
conservation farming practices, specifically residue retention and crop 
rotation, but did not consider the potential changes of these practices in 
the future. Although our N application rates are based on local practices 
and climate, and the six rotations comprised common rotation cycles 
across the Riverina, they are still simplified simulations of the real 
world. For example, breeding efforts may result in the adaptation of 
crops to climate change, and changes in social and other environmental 
factors may affect the choice of planting systems in the future. There-
fore, the implications of the modelling results should be cautiously 
interpreted. In addition, although APSIM has been widely applied for 
agricultural management assessment globally, a single crop model may 
be overconfident. The uncertainties of GHG and gross margins from 27 
GCMs were assessed (Figs. S4 and S6), but extending the simulation to a 
multi-model comparison with different model structures would provide 
additional information and greater confidence. Thus, a useful future 
extension would be to evaluate some other management options (e.g., 
fertilizer management, cover crop and green manure) based on con-
clusions from this study with multi-model ensembles to explore the 
mitigation and adaption potentials of management practices under 
climate change. 

5. Conclusions 

In this study, we conducted a comprehensive simulation analysis to 
quantify the interaction effects of crop rotation, residue retention, and 
climate change on both soil GHG emissions and gross margins at the 
regional level. Our results indicated that retaining all crop residues in 
cropland can turn the soil from a carbon source to a carbon sink, while 
the benefit was partly offset by the concomitantly increased N2O emis-
sions. The wheat-wheat-canola rotation with full residue retention could 
achieve a win-win solution with both large GHG abatement and high 
gross margin compared to other rotations. Spatial analysis showed the 
eastern Riverina region had higher gross margins while the western 
region had higher GHG abatement potentials. Climate change led to 
increased GHG emissions and decreased yields for some crops, but the 
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adverse effects were smaller than the advantages provided from 
adopting residue conservation and wheat-wheat-canola rotation 
regarding the GHG abatement. The results from this study are expected 
to provide helpful information for farmers and policymakers to guide 
mitigation and adaptation strategies to meet the net-zero emission target 
of NSW government. 
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