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A B S T R A C T   

Climate change poses a challenge for resource utilization and environmental pollution issues caused by agri-
cultural production, especially in arid to semi-arid regions. Farmland water, carbon and nitrogen balances are 
closely related to these resource and environmental issues. Thus, the Agro-Hydrological & chemical and Crop 
systems simulator was used to assess the response of water, carbon and nitrogen balances to climate change in a 
spring wheat farmland of arid to semi-arid Northwest China and to propose adaptation strategies. Five Global 
Climate Models from the Coupled Model Intercomparison Project 6 and two Shared Socioeconomic Pathways 
(SSP1–2.6 and SSP5–8.5) were used to establish scenarios with the Agro-Hydrological & chemical and Crop 
systems simulator to simulate farmland water, carbon and nitrogen balances for the 2025–2100 period. Various 
irrigation amounts and nitrogen fertilization rates were tested as compensation strategies. Results indicated that 
climate change could negatively affect farmland water, carbon and nitrogen balances, especially under the 
SSP5–8.5 scenario. Precipitation showed an increasing trend, thus percolation increased and soil water con-
sumption decreased from 2025 to 2100. However, for the carbon budget, although the soil carbon dioxide 
emissions tend to decrease, the net primary production was also significantly reduced, which resulted in 
declining the net ecosystem carbon budget under future climatic conditions. In addition, higher temperature and 
increased precipitation enhanced soil inorganic nitrogen leaching and nitrous oxide emissions but reduced 
ammonia volatilization from 2025 to 2100. Overall, the soil total nitrogen loss was increased over time, whereas 
crop nitrogen uptake was significantly reduced. In relation to the SSP1–2.6 scenario, the SSP5–8.5 scenario 
accelerated the increase rates of soil water percolation and total nitrogen loss over time, as well as the decrease 
rates of crop nitrogen uptake and net primary production over time. The negative effects caused by climate 
change can be mitigated by reducing irrigation and increasing nitrogen fertilization. For the SSP1–2.6 scenario, 
30% irrigation reduction and 30% nitrogen fertilization increase can effectively decrease soil water percolation 
and the related nitrogen losses while crop nitrogen uptake, net primary production and net ecosystem carbon 
budget increase in relation to the current management (irrigation = 240 mm and nitrogen fertilization =
200 kg ha–1). For SSP5–8.5 the strategy with 45% irrigation reduction and 45% nitrogen fertilization increase 
can also decrease nitrogen losses and increase crop nitrogen uptake, net primary production and net ecosystem 
carbon budget.   

1. Introduction 

Globally, the farmland water, carbon and nitrogen balances have 
received attention because they are closely related to effective resources 

use and various environmental issues, e.g., soil water and fertilizer 
losses, groundwater pollution, greenhouse gas emissions, and ammonia 
(NH3) volatilization caused by agricultural production (Tongwane and 
Moeletsi, 2018; Lu et al., 2019; Kamran et al., 2023). These 
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characteristics of water, carbon and nitrogen balances are strongly 
impacted by environmental changes including meteorological condi-
tions and farmland management practices (Hatfield and Dold, 2019; 
Zhang et al., 2021). To mitigate these negative resource and environ-
mental issues, many studies have assessed the response of water, carbon 
and nitrogen balances to environmental changes and suggested optimal 
field management strategies (e.g., irrigation and fertilization) over the 
past few decades (Riley et al., 2001; Shi et al., 2012; Patra et al., 2013; 
Sainju, 2019; Wang et al., 2022). However, global climate change is 
accelerating, such as increases in atmospheric carbon dioxide (CO2) 
concentrations and temperature as well as precipitation changes (IPCC, 
2014), which will significantly affect the farmland water, carbon and 
nitrogen dynamics (Cammarano et al., 2020). This indicates that many 
appropriate strategies obtained in previous studies may not adapt to 
future climate change, but instead have negative impacts on the sus-
tainable development of agricultural resources and ecosystems (Hab-
ib-Ur-Rahman et al., 2022). Thus, it is highly relevant to evaluate the 
response of farmland water, carbon and nitrogen balances to future 
climate change and to propose compensation strategies for agricultural 
resources efficient utilization and environmental protection. 

Climate change increases the uncertainty related to farmland water, 
carbon and nitrogen balances. Changes in precipitation, air temperature 
and CO2 concentration caused by climate change can significantly affect 
crop growth, thereby affecting crop water consumption, nitrogen uptake 
and net primary production (NPP) (Chen et al., 2020; Zydelis et al., 
2021). In recent years, many studies have assessed the influence of 
climate change on crop growth for various farmland systems and cli-
matic zones worldwide. For example, in Northern China, some C3 and 
C4 crops (e.g., wheat and maize) biomass and yield are expected to 
decline under future climate change with increased air temperature and 
CO2 concentration (Liu et al., 2020; Wang et al., 2021). In Europe, 
however, crop yield generally increases under future climate scenarios 
because the CO2 concentration has a positive effect on crop physiolog-
ical processes (Parent et al., 2018; Zydelis et al., 2021). However, due to 
the uncertainty of the expected crop growth and production under 
future climate conditions, there is considerable variation in the pre-
dicted impacts with respect to crop water consumption, nitrogen uptake 
and NPP (Habib-Ur-Rahman et al., 2022). Thus, assessing the response 
of crop water consumption, nitrogen uptake and NPP to climate change 
may directly support the understanding of future changes in farmland 
water, carbon and nitrogen balances. 

Farmland water, carbon and nitrogen losses are significantly affected 
by climate change. Gong et al. (2013) and Tongwane and Moeletsi 
(2018) reported that rising temperatures may enhance soil CO2 emis-
sions by increasing microbial and crop root activities and may also 

increase soil nitrous oxide (N2O) emissions and NH3 volatilization by 
accelerating nitrification and denitrification. Changes in precipitation 
potentially influences soil CO2 and N2O emissions and NH3 volatiliza-
tion by impacting soil moisture and aeration (Scheer et al., 2012; Oertel 
et al., 2016). In addition, soil water percolation and inorganic nitrogen 
leaching are closely related to precipitation. Many studies have found 
that higher precipitation increased percolation, thus enhancing soil ni-
trogen leaching (Bouwman et al., 2005; Lu et al., 2019). However, 
climate change increases the uncertainty of temperature and precipita-
tion changes in the future (Dutta et al., 2022), which complicates the 
prediction of water, carbon and nitrogen dynamics under future climate. 
How exactly fates to farmland water, carbon and nitrogen balances will 
evolve under different future climate conditions remains unclear. 

Combining agro-hydrological and crop models with different emis-
sion scenarios of Global Climate Models (GCMs) is an effective approach 
to assess the influence of climate change on agricultural systems. For 
instance, Cammarano et al. (2020) evaluated the response of tomato 
water and nitrogen productivity to climate change for Italy using the 
DSSAT model in combination with GCMs from CMIP5 (Coupled Model 
Intercomparison Project 5). The response of wheat biomass and yield to 
climate change was estimated and appropriate field management prac-
tices were suggested for Northern China based on the SWAP model again 
combined with GCMs from CMIP5 (Wang et al., 2021). Tan et al. (2022) 
investigated the influence of climate change on water productivity and 
net groundwater use of winter wheat and summer maize and relevant 
adaptation strategies for Northwest China, based on SWAT and GCMs 
from CMIP6. However, these studies mainly focused on the assessment 
of farmland productivity and water and fertilizer utilization under 
future climate conditions, while little attention has been given to 
farmland water, carbon and nitrogen balances. Therefore, the adapta-
tion strategies allowing to compensate negative impacts (e.g., low crop 
nitrogen uptake, NPP and net ecosystem carbon budget (NECB), and 
high soil water percolation, carbon emissions and nitrogen leaching) of 
climate change on farmland water, carbon and nitrogen balances are 
still limited. For instance, in the arid upper Yellow River basin of 
Northwest China, the sustainable development of agricultural resources 
and environmental systems is severely restricted by high water and 
fertilizer losses, nitrogen leaching and greenhouse gas emissions caused 
by excessive irrigation and nitrogen fertilization, especially in spring 
wheat farmland (Zhou, 2020; Li et al., 2022a). However, in the context 
of climate change, how these restrictions will develop in the future and 
how to improve irrigation and fertilization strategies to handle climate 
change needs to be explored. 

The AHC model (Agro-Hydrological & chemical and Crop systems 
simulator) is an agro-hydrological model (Xu et al., 2018), which can 
consider the impacts of meteorological variables and atmospheric CO2 
concentration changes on farmland water, carbon, nitrogen and crop 
growth processes when simulation work is implemented (Liu et al., 
2020). This model was also validated against experimental data and 
showed good performance for wheat, maize and sunflower farmlands 
under various irrigation, fertilization, plant density and hydrological 
year conditions in Northwest China, North Plain China and Northeast 
China (Xu et al., 2018; Huang et al., 2020; Chen et al., 2023; Li et al., 
2023b; Wu et al., 2023). Thus, the AHC model was applied in this study, 
and the statistically downscaled daily climate data from different GCMs 
(CMIP6) were used as atmospheric forcing for AHC. The objectives were 
(1) to assess the response of spring wheat farmland water consumption, 
crop nitrogen uptake, NPP and NECB to future climate change in the arid 
to semi-arid upper Yellow River basin of Northwest China; (2) to explore 
the changes in soil water percolation, nitrogen losses and carbon emis-
sions from spring wheat farmland under future climate conditions; (3) to 
devise appropriate compensation strategies to deal with the negative 
impacts of climate change on spring wheat farmland water, carbon and 
nitrogen balances in this region. 

Table 1 
Detailed compensation strategies design.  

Climate 
scenarios 

Compensation 
strategies 

Note 

SSP1–2.6  
SSP5–8.5 

Irri-15%Nitr+15% Irri denotes irrigation strategy. The 
percentage means the reduced proportion of 
irrigation amounts compared to the current 
irrigation depth (i.e., 240 mm). 
Nitr denotes fertilization strategy. The 
percentage means the increased proportion 
of nitrogen input compared to the current 
nitrogen fertilization rate (i.e., 200 kg ha− 1). 

Irri-15%Nitr+30% 

Irri-15%Nitr+45% 

Irri-15% Nitr+60% 

Irri-30%Nitr+15% 

Irri-30%Nitr+30% 

Irri-30%Nitr+45% 

Irri-30% Nitr+60% 

Irri-45%Nitr+15% 

Irri-45%Nitr+30% 

Irri-45%Nitr+45% 

Irri-45% Nitr+60% 

Irri-60%Nitr+15% 

Irri-60%Nitr+30% 

Irri-60%Nitr+45% 

Irri-60% Nitr+60%  
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2. Materials and methods 

2.1. Study site and experiment data 

In the upper Yellow River basin of Northwest China (41◦09′N, 
107◦39′E), a field experiment was carried out in 2019 and 2020. This 
area is dominated by arid to semi-arid temperate continental climate. 
Annual mean temperature and annual precipitation are in the range of 
5–10℃ and 50–250 mm, respectively. Groundwater depth during the 
spring wheat seasons ranges between 1 and 2.8 m. Soil texture is mainly 
silt loam to loam and average soil depth varies around 1 m. The mean 
soil bulk density, organic matter, field capacity and wilting point in 
topsoil (0–25 cm) are 1.44 g cm–3, 18.3 g kg–1, 0.35 cm3 cm–3 and 
0.08 cm3 cm–3, in subsoil (25–100 cm) are 1.43 g cm–3, 13.03 g kg–1, 

0.31 cm3 cm–3 and 0.07 cm3 cm–3, respectively. To calibrate and vali-
date the AHC model under different irrigation depths and nitrogen 
fertilization conditions, seven irrigation depth combined with nitrogen 
fertilization treatments [i.e., irrigation depth (mm) × nitrogen fertil-
ization (kg ha− 1) = 450 × 340, 315 × 340, 180 × 340, 450 × 170, 315 ×
170, 180 × 170 and 315 × 250] were considered in the experiment. 
Water was applied to the field by surface irrigation and fertilizer was 
added to the field by the broadcasting method. Three irrigations with the 
same amount were implemented during the tillering, jointing, and 
heading stages. For each treatment, 95 kg ha− 1 phosphate, 95 kg ha− 1 

potassium and 50 kg ha− 1 nitrogen fertilizer were applied before sow-
ing, and then the remaining nitrogen fertilizer was applied at a ratio of 
6:4 before irrigation in the tillering and jointing stages. Each treatment 
had three replicates, resulting in 21 test plots in total. 

Fig. 1. Cumulative precipitation, average maximum temperature, average minimum temperature and cumulative radiation during spring wheat growing seasons 
under the SSP1-2.6 and SSP5-8.5 scenarios from 2025 to 2100. Note: the average values of monitored meteorological data in 2019 and 2020 was used as the 
meteorological baseline. 
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The wheat investigated in this study was the cultivar Yongliang No. 
4, and growing season covers the period from March to July in both 
years. The planting density was approximately 6.03×106 plants ha− 1. 
During the experimental period, soil water content, soil inorganic ni-
trogen (NH4

+-N and NO3
- -N) concentrations, CO2, N2O and NH3 fluxes, 

wheat leaf area index, plant height and aboveground dry biomass were 
measured approximately every 10 days. Soil water percolation and 
inorganic nitrogen leaching was measured after each irrigation or pre-
cipitation event. At harvest, undisturbed wheat plants of one square 
meter were harvested in the center of each test plot to measure wheat 
grain yield. A more detailed description of experimental design, irriga-
tion and fertilization arrangements, soil physicochemical properties, 
daily meteorological and groundwater data, sample collection and test 
methods had been described in Li et al. (2022a); (2023b). 

2.2. AHC model 

The AHC is a 1-D agro-hydrological model that can simulate the 
transport of water, solutes and heat, mass transformation and crop 
growth (Xu et al., 2018). The soil water, solute and heat dynamics are 
simulated by the 1-D Richards’ equation, convection-dispersion equa-
tion and convection-diffusion equation, respectively. The first-order 
reaction kinetics are used to defined carbon/nitrogen turnover pro-
cesses. The source and sink terms consider soil nitrogen leaching, crop 
nitrogen uptake, root water extraction and nitrification and denitrifi-
cation. Crop growth is described by a modified EPIC routine (Williams 
et al., 1989). With respect to the influence of climate change, water and 
temperature stress are two major factors affecting nitrification and 

denitrification, carbon/nitrogen turnover and crop growth. Liu et al. 
(2020) added the crop growth response function to atmospheric CO2 
concentration to the crop growth module. Relevant control equations 
can be found in Liu et al. (2020). A more detailed description of the AHC 
model is given by Xu et al. (2018) and Li et al. (2023b). 

2.3. Model setup, calibration and validation 

Soil water flow and solute transport (NH4
+-N and NO3

- -N) were 
computed for a soil profile with 300 cm depth. The soil profile was 
divided into four horizons (i.e., 0− 25 cm, 25− 50 cm, 50− 70 cm and 
70− 300 cm) according to the soil physicochemical characteristics 
(Table S1, see supplementary material) (Ren et al., 2016; Xu et al., 
2018). Soil texture was considered as the primary basis, and other 
physicochemical characteristics were considered as the secondary basis. 
The vertical one-dimensional soil domain (0− 300 cm) was discretized 
into 301 nodes with a uniform spacing of 1 cm. For soil water flow and 
solute transport, the upper and lower boundary conditions were set as 
the third-type (Cauchy) and first-type (Dirichlet) boundary conditions, 
respectively. For soil water flow, the evaporation rate and infiltration 
rate by precipitation and irrigation were considered as its upper 
boundary, while its lower boundary was defined based on the observed 
groundwater depth. For solute transport, the inorganic nitrogen flux 
introduced by precipitation and irrigation was defined as its upper 
boundary, while the inorganic nitrogen concentration in groundwater 
was defined as its lower boundary. The initial conditions for soil water 
flow and solute transport simulation were set based on the tested soil 
water and inorganic nitrogen contents before spring wheat sowing, 

Fig. 2. Farmland water balance characteristics during spring wheat growing seasons under the SSP1-2.6 and SSP5-8.5 scenarios from 2025 to 2100. Note: BY denotes 
the base year. Fitting equations corresponding to each trend line are shown in Table 2. 
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respectively. The simulation period covered the full spring wheat 
growth period in this region. 

The soil hydraulic parameters, carbon/nitrogen turnover parameters 
and crop growth parameters of AHC model were calibrated and vali-
dated using the measured soil water and inorganic nitrogen dynamics, 
water percolation and inorganic nitrogen leaching from 0− 100 cm soil 
layers, soil CO2, N2O and NH3 fluxes and crop growth indicators (leaf 
area index, crop height, aboveground dry biomass and grain yield) in 
2019 and 2020 (Li et al., 2023b). The model performance was evaluated 
by comparing the results to simulations described in previous studies 
(Xu et al., 2018; Wang et al., 2022). The calibrated AHC model accu-
rately captured soil water and nitrogen dynamics, water percolation, 
inorganic nitrogen leaching, greenhouse gas emissions, NH3 volatiliza-
tion and crop growth processes. The goodness-of-fit indices (normalized 
root mean square error, normalized standard error and coefficient of 
determination) were all in an acceptable range (Cameira et al., 2007; 
Zhang et al., 2012; Ren et al., 2016). The calibrated parameters and their 
values are shown in Table S2¡S4 (see supplementary material). More 
details on model setup, calibration and validation are given by Li et al. 
(2023b). 

2.4. Future climate data 

The CMIP6 data set was established to consider the impact of natural 
changes and human activities on the climate system (O’Neill et al., 
2016), which brings together GCMs around the world with the goal to 
understand the variability and predictability of climate in the future. 
Therefore, meteorological data was sampled from CMIP6 in this study. 

To deal with these uncertainties, the future meteorological data from 
five GCMs was selected to drive the AHC model (Table S5 shows the 
basic information of these five GCMs, see Supplementary material) 
(Dutta et al., 2022;Tan et al., 2022). The average values of simulation 
results corresponding to five GCMs were calculated to reflect their re-
sponses to climate change. The standard deviations were calculated to 
reflect the uncertainty of simulation results, were represented by error 
bars. Daily meteorological data (air temperature, precipitation, solar 
radiation and relative humidity) of these GCMs was generated for the 
Linhe Meteorological Station (ID: 53513) located near the study site 
using a statistical downscaling method (Liu and Zuo, 2012). Each GCM 
from CMIP6 includes four Shared Socioeconomic Pathways (SSPs), i.e., 
SSP1–2.6, SSP2–4.5, SSP3–7.0 and SSP5–8.5. In this study, the SSP1–2.5 
(i.e., low emission scenario) and the SSP5–8.5 (i.e., high emission sce-
nario) were selected to assess the response of farmland water, carbon 
and nitrogen balances to future CO2 emission levels. The annual atmo-
spheric CO2 concentration for the two SSPs from 2025 to 2100 are 
shown in the supplementary material (Fig. S1). 

2.5. Simulation and calculation of future climate scenarios and 
compensation strategies design 

The soil water percolation, actual evapotranspiration, inorganic ni-
trogen leaching, CO2 and N2O emissions, NH3 volatilization, crop ni-
trogen uptake, crop dry biomass and grain yield were simulated under 
the currently recommended irrigation and fertilization strategy (i.e., 
irrigation depth = 240 mm and nitrogen fertilization = 200 kg ha− 1) (Li 
et al., 2023b). NPP can be calculated through multiplying the simulated 

Fig. 3. Farmland carbon balance characteristics during spring wheat growing seasons under the SSP1-2.6 and SSP5-8.5 scenarios from 2025 to 2100. Note: BY 
denotes the base year. Fitting equations corresponding to each trend line are shown in Table 2. 
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crop dry biomass (including ears, leaves, stems and roots of wheat) and 
corresponding carbon content at harvest. The carbon removed via grain 
harvest can be calculated through multiplying the simulated grain yield 
and grain carbon content. In addition, based on these above data, the 
soil water storage consumption and NECB were calculated using the 
farmland water balance equation (Li et al., 2022a) and carbon budget 
equation (Chen at al., 2022; Li et al., 2023a), respectively (see supple-
mentary material, Eqs. (S1 and S2)). The average results of 2019 and 
2020 were considered as the corresponding base year results. The 
simulation period was 2025− 2100, and the simulated output was 
generated every five years. 

Under the influence of climate change, the precipitation and total 
nitrogen losses during the spring wheat growth periods showed an 
increasing trend from 2025 to 2100. Thus, to utilize the increased pre-
cipitation, different irrigation depth reduction strategies were designed 
for the future climate scenarios based on the principle of water balance. 
The currently recommended irrigation depth was considered as a con-
trol strategy. The maximum reduction of irrigation depth was deter-
mined based on the maximum increase of precipitation at the end of the 
simulation period (i.e., 2100). Moreover, considering the increase of 
precipitation during the different subperiods (2025–2050, 2050–2075 
and 2075–2100), three irrigation strategies with lower irrigation depth 
reduction were added. Overall, based on the current irrigation depth (i. 
e., 240 mm), four irrigation reduction levels (i.e., − 15%, − 30%, − 45% 
and − 60%) were considered. In addition, different nitrogen fertilization 
increase strategies were designed as compensation strategies to deal 
with the increased nitrogen losses under future climate conditions. On 
the basis of current nitrogen fertilization rate (i.e., 200 kg ha− 1), four 
nitrogen fertilization increase levels (i.e., +15%, +30%, +45% and 
+60%) were considered. Under the each SSP scenario, these irrigation 
and fertilization treatments were completely random with sixteen 
combinations (Table 1). In order to obtain the appropriate compensa-
tion strategy, three future subperiods, i.e., near-term (2025–2050), 
mid–term (2051–2075), and long–term (2076–2100) were divided. 
Then, the average results of each subperiod were used to reflect the 
response of farmland water, carbon and nitrogen balances 

characteristics to different compensation strategies under the future 
climate conditions. In the next step, the appropriate irrigation and ni-
trogen fertilization compensation strategies for SSP1–2.6 and SSP5–8.5 
scenarios were determined, seeking low water percolation and nitrogen 
losses, and high crop nitrogen uptake, NPP and NECB. 

3. Results and discussion 

3.1. Future climate change 

Fig. 1 shows the cumulative precipitation, average maximum tem-
perature, average minimum temperature and cumulative solar radiation 
during the spring wheat growing seasons from 2025 to 2100. In terms of 
precipitation, the SSP1–2.6 and SSP5–8.5 scenarios showed higher cu-
mulative precipitation for the 2025–2100 period in relation to the pre-
cipitation baseline (Fig. 1A and E). From 2025–2100, the cumulative 
precipitation increases by 33% under the SSP1–2.6 scenario, while an 
even more pronounced increase by 49% was observed under the 
SSP5–8.5 scenario. The observed trends in average maximum and 
minimum temperatures over time were similar to the trends observed 
for precipitation (Fig. 1B, C, F and G). Again, the increase in minimum 
and maximum temperatures under SSP5–8.5 were higher than those 
under SSP1–2.6. From 2025–2100, the average maximum and minimum 
temperatures under SSP1–2.6 increased by 3% and 19%, while their 
values under SSP5–8.5 clearly increased by 23% and 73%, respectively. 
In contrast to precipitation and temperature, the cumulative solar ra-
diation during the growing seasons of the both climate scenarios did not 
change significantly for the 2025–2100 period (Fig. 1D and H), values 
range between 2942 and 3470 MJ m–2 and between 2871 and 3548 MJ 
m–2, respectively. These indicate that the high emission scenario de-
scribes accelerated climate warming and increased precipitation in the 
coming decades. The trends of the low emission scenario also indicate a 
temperature and precipitation increase, however at a smaller rate. 

3.2. Responses of farmland water balance characteristics to future climate 
change 

Climate change affected farmland actual evapotranspiration, soil 
water percolation and soil water consumption during the wheat seasons 
in future (Fig. 2). For the future period of 2025–2100, actual evapo-
transpiration gradually increased over time under SSP1–2.6, while 
actual evapotranspiration first increased and then decreased after 2085 
under SSP5–8.5 (Fig. 2A and C). Actual evapotranspiration mainly 
increased because high precipitation increased the soil water storage 
and higher temperatures propel soil evaporation and crop transpiration 
(Tan et al., 2022). However, actual evapotranspiration of SSP5–8.5 
scenario decreased from 2085 onwards due to excessively high tem-
peratures during that period, resulting in a shorter growing season of 
spring wheat, which in turn reduced total actual evapotranspiration 
over wheat growing season (Rashid et al., 2019). Christy et al. (2018) 
and Wang et al. (2021) also reported that temperature is the main factor 
affecting the crop growth period, high temperature can shorten the 
growth period. In addition, many previous studies found that high at-
mospheric CO2 concentration decreased the stomatal conductance of C3 
crop (e.g., wheat), thus reducing crop transpiration (Wand et al., 1999; 
Gedney et al., 2006; Liu et al., 2020). This may be another reason for the 
actual evapotranspiration reduction under the high emission scenario in 
2085–2100 period. 

From the time series, the water percolation from 0–100 cm root zone 
soils showed a gradual increasing trend under future climate conditions 
(Fig. 2A and C). Water percolation slightly increased over time under the 
SSP1–2.6 scenario, while it clearly increased under the SSP5–8.5 sce-
nario. In relation to base year, the water percolation in 2100 under 
SSP1–2.6 and SSP5–8.5 increased by 25% and 136%, respectively. The 
SSP1–2.6 scenario in 2100 predicted a water percolation of approxi-
mately 101 mm per season, while the SSP5–8.5 scenario in 2100 

Table 2 
Fitting equation corresponding to each trend line of farmland water, carbon and 
nitrogen balance characteristics.  

SSPs Items Fitting equation R2 

SSP1–2.6 Soil water percolation y=0.91x+61.83  0.11 
ETa y=1.25x+454.76  0.18 
Soil water consumption y=− 0.54x+210.76  0.05 
Net primary production y=− 0.12x+8.68  0.37 
Soil CO2 emissions y=− 0.01x+1.34  0.24 
Grain carbon output y=− 0.02x+3.26  0.23 
Net ecosystem carbon budget y=− 0.08x+4.17  0.35 
Inorganic nitrogen leaching y=0.98x+42.80  0.57 
Soil N2O emissions y=0.03x+1.31  0.36 
Soil NH3 volatilization y=− 0.12x+25.77  0.51 
Crop nitrogen uptake y=− 2.85x+236.15  0.33 

SSP5–8.5 Soil water percolation y=3.01x+52.79  0.21 
ETa during the rising period 
(2025–2085) 

y=2.30x+446.83  0.35 

ETa during the decline period 
(2085–2100) 

y=− 22.5x+504.38  0.93 

Soil water consumption y=− 2.91x+224.59  0.67 
Net primary production y=− 0.37x+9.42  0.93 
Soil CO2 emissions y=− 0.04x+1.45  0.72 
Grain carbon output y=− 0.11x+3.56  0.81 
Net ecosystem carbon budget y=− 0.22x+4.51  0.87 
Inorganic nitrogen leaching y=4.43x+25.57  0.79 
Soil N2O emissions y=0.23x+0.53  0.69 
Soil NH3 volatilization y=− 0.14x+25.69  0.45 
Crop nitrogen uptake y=− 10.28x+262  0.92 

Note: x denotes the time (each time unit is 5 years). y denotes the values of each 
water, carbon or nitrogen characteristic. ETa denotes the actual 
evapotranspiration. 
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estimated water percolation of 190 mm per season, which represents 
48% of total water input (irrigation and precipitation). Because pre-
cipitation increase of the SSP5–8.5 scenario was faster than that of 
SSP1–2.6 scenario from 2025 to 2100, and the precipitation of SSP5–8.5 
scenario was higher than the corresponding value of the SSP1–2.6 sce-
nario. Further, the farmland water output caused by actual evapo-
transpiration of SSP5–8.5 scenario was lower that of the SSP1–2.6 
scenario in 2085–2100 period, which further exacerbated the water 
percolation of the SSP5–8.5 scenario in this period. In addition, the soil 
water consumption decreased over time, especially under the SSP5–8.5 
scenario (Fig. 2B and D). The reason for this may be that the high pre-
cipitation induced a decrease in the root water uptake rate from the soil 
water storage (Cammarano et al., 2020; Li et al., 2022a,b). The results 
indicate that although water input increased under the impact of climate 
change, large amounts of water cannot be stored in farmland soil and 
will percolate towards the groundwater, especially under the high 
emission scenario. These results also mean that the water use efficiency 
of spring wheat farmland may be reduced under the impact of future 
climate change, but the low emission scenario can slow down the rate of 
water use efficiency reduction by decreasing percolation and promoting 
soil water depletion compared to the high emission scenario. 

3.3. Response of farmland carbon balance characteristics to future 
climate change 

Soil CO2 emissions showed a decreasing trend over time. The 
decrease was faster under the SSP5–8.5 scenario than under the 
SSP1–2.6 scenario (Fig. 3A and C). This is a consequence of the high 

precipitation causing higher soil water saturation, reducing soil aeration 
and available oxygen content, and finally reducing soil microbial 
respiration and root respiration under future climate conditions (Kam-
ran et al., 2023; Li et al., 2020a,b). High precipitation also promoted 
losses of available nutrients for soil microorganisms and crop roots, thus 
reducing their activity and reducing respiration rates (Oertel et al., 
2016; Li et al., 2023a). Precipitation under the SSP5–8.5 scenario was 
significantly higher than that under the SSP1–2.6 scenario. Thus, the 
decrease rate in CO2 emission over time under SSP5–8.5 was faster than 
that under SSP1–2.6. Further, the carbon output caused by grain 
removal also showed a decreasing trend over time, especially under the 
SSP5–8.5 scenario. Overall, for the time series of 2025–2100, the total 
carbon output showed a decline. In relation to base year, the value of 
total carbon output in 2100 was smaller by 21% and by 64% under the 
SSP1–2.6 and the SSP5–8.5 scenario, respectively. 

However, although future climate change reduced farmland total 
carbon output, the values of NECB were still reduced over time (Fig. 3B 
and D). The reduction of NECB of SSP5–8.5 scenario was significantly 
faster than that of SSP1–2.6 scenario. NECB decreased by approximately 
0.16 t C ha–1 per decade for SSP1–2.6 scenario, while its value decreased 
by approximately 0.44 t C ha–1 per decade for SSP5–8.5 scenario 
(Fig. 3B and D, Table 2). The reason being the fact that NPP was the 
largest component of NECB, it determined the trend of NECB (Chen 
et al., 2022; Li et al., 2023a). NPP was reduced significantly over time 
under the impact of climate change, resulting in a reduction in NECB. 
Further, the SSP5–8.5 scenario induced a faster reduction in NPP in 
relation to the SSP1–2.6 scenario, thus this scenario caused a faster 
reduction in NECB. There are several possible explanations for the 

Fig. 4. Farmland nitrogen balance characteristics during spring wheat growing seasons under the SSP1-2.6 and SSP5-8.5 scenarios from 2025 to 2100. Note: BY 
denotes the base year. Fitting equations corresponding to each trend line are shown in Table 2. 
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reduction of NPP: 1) High precipitation caused higher soil water satu-
ration and waterlogging, thus reducing carbon accumulation as a 
consequence of reduced biomass (Igbadun et al., 2008; Li et al., 2023a); 
2) High precipitation accelerated soil nutrients losses from the root zone, 
thereby limiting crop growth and biomass accumulation, and reducing 
the carbon stored in biomass (Li et al., 2022a,b). As the higher precip-
itation under the SSP5–8.5 scenario caused more soil water saturation, 
crop waterlogging and soil fertility loss, the reduction rates of NPP were 
significantly higher under the SSP5–8.5 scenario than that under the 
SSP1–2.6 scenario. 

In addition to these above mechanisms caused by precipitation, 
temperature and CO2 concentration can also affect NECB. The high 
emission scenario SSP5–8.5 estimated higher temperatures and CO2 
concentrations from 2050 to 2100. Thus, the reasons for the faster 
reduction of NECB for the SSP5–8.5 scenario may also include: 1) in-
creases in temperature shortened the crop growth period, which had a 
negative effect on biomass accumulation and NPP (Rashid et al., 2019; 
Wang et al., 2021; Nawaz et al., 2022); 2) excessively high atmospheric 
CO2 concentrations can result in a decrease of stomatal conductance 
(particularly C3 crops), thereby reducing carbon fixation rate by 
limiting crop photosynthesis (Wand et al., 1999; Liu et al., 2020). The 
results show that future climate change will negatively affect NECB, 
especially under the high emission scenario. High precipitation, soil 
fertility loss, temperature and CO2 concentration are the main reasons 
for the reduction of NECB under the high emission scenario, while NECB 
under the low emission scenario is mainly restricted by high precipita-
tion and soil fertility loss. 

3.4. Response of soil nitrogen balance characteristics to future climate 
change 

Soil inorganic nitrogen leaching, N2O emission and NH3 volatiliza-
tion are the main pathways of farmland nitrogen losses (Bedada et al., 
2016; Zhang et al., 2021), which are significantly affected by climate 
change (Fig. 4A and C). Soil inorganic nitrogen leaching and N2O 
emissions during the spring wheat growing seasons both showed 
continuous and significantly increasing trends under the SSP5–8.5 sce-
nario, with an increase of 8.86 and 0.46 kg ha− 1 per decade, respec-
tively. For SSP1–2.6 scenario, nitrogen leaching and N2O emissions 
slightly increased over time and reached about 1.96 and 0.06 kg ha− 1 

per decade, respectively, representing 22% and 13% of the losses esti-
mated for the SSP-8.5 scenario (Fig. 4A and C, Table 2). Because water 
percolation showed an increasing trend over time, resulting in large 
quantities of NO3

- -N and NH4
+-N leaching out the top 1 m of the soils, 

especially under the high emission scenario. The increase of the soil N2O 
emissions from 2025 to 2100 can be explained by higher soil water 
saturation, caused by higher precipitation, increasingly generating more 
anaerobic conditions for nitrification and denitrification bacteria 
(Scheer et al., 2012; Butterbach-Bahl et al., 2013). Further, high tem-
peratures improve the activity of nitrification and denitrification bac-
teria (Bouwman et al., 2005; Hayakawa et al., 2009), thus increasing soil 
N2O emissions. 

However, unlike nitrogen leaching and N2O emissions, soil NH3 
volatilization was reduced under the impact of climate change (Fig. 4A 
and C). The reason for this result may be that the increased precipitation 
led to higher soil moisture, which caused more NH3 was dissolved and 
ultimately reduced soil NH3 volatilization over time (Yang et al., 2019). 

Table 3 
The main characteristics of farmland water, carbon and nitrogen balance for different compensation strategies under SSP1-2.6 and SSP5-8.5 scenarios in 2025− 2050 
period.  

Compensation 
strategies 

SSP1-2.6 SSP5-8.5 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

Irri-15%Nitr+15% 44.5 
±9.1 

216.0 
±22.8 

7.92±0.9 3.52±0.6 76.0±1.5 219.4 
±26.0 

69.4 
±23.1 

211.3 
±10.6 

6.99±0.8 3.05±0.5 78.6±6.5 194.6 
±20.8 

Irri-15%Nitr+30% 44.4 
±9.0 

216.1 
±22.8 

8.09±1.0 3.65±0.6 80.7±1.5 224.1 
±26.5 

69.3 
±23.1 

211.3 
±10.6 

7.08±0.8 3.11±0.5 83.0±6.7 197.0 
±20.8 

Irri-15%Nitr+45% 44.3 
±9.0 

216.2 
±22.8 

8.12±1.0 3.65±0.7 85.2±1.6 224.9 
±27.0 

69.2 
±23.1 

211.4 
±10.6 

7.14±0.8 3.14±0.5 87.5±6.8 198.5 
±21.3 

Irri-15%Nitr+60% 44.3 
±9.0 

216.3 
±22.8 

8.14±1.0 3.65±0.7 90.1±1.6 225.7 
±26.7 

69.2 
±23.0 

211.4 
±10.5 

7.14±0.8 3.14±0.5 92.0±6.9 199.0 
±21.6 

Irri-30%Nitr+15% 26.1 
±7.6 

219.1 
±21.5 

8.00±0.9 3.61±0.6 68.7±4.0 221.8 
±26.3 

49.1 
±20.4 

214.5 
±10.2 

7.03±0.7 3.07±0.5 72.9±4.6 195.8 
±20.8 

Irri-30%Nitr+30% 26.1 
±7.6 

219.2 
±21.5 

8.11±1.0 3.68±0.7 73.3±4.0 224.8 
±26.7 

49.1 
±20.4 

214.6 
±10.1 

7.14±0.7 3.16±0.5 77.4±4.9 198.3 
±21.2 

Irri-30%Nitr+45% 26.0 
±7.6 

219.2 
±21.5 

8.15±1.0 3.68±0.7 77.8±4.1 225.7 
±26.9 

49.0 
±20.3 

214.6 
±10.1 

7.18±0.8 3.19±0.5 81.7±5.1 199.5 
±21.6 

Irri-30%Nitr+60% 25.9 
±7.6 

219.2 
±21.5 

8.10±1.0 3.67±0.7 82.4±4.2 224.3 
±27.4 

49.0 
±20.3 

214.7 
±10.1 

7.19±0.8 3.19±05 86.1±5.5 200.1 
±20.2 

Irri-45%Nitr+15% 12.7 
±6.2 

221.3 
±20.6 

7.94±0.9 3.57±0.6 62.9±4.3 220.1 
±25.4 

33.3 
±16.8 

217.6 
±9.5 

7.22±0.8 3.28±0.5 68.3±8.2 199.6 
±21.9 

Irri-45%Nitr+30% 12.7 
±6.2 

221.4 
±20.5 

8.06±0.9 3.65±0.6 67.3±4.4 223.3 
±25.5 

33.2 
±16.7 

217.7 
±9.4 

7.31±0.8 3.35±0.5 72.5±8.7 201.7 
±22.2 

Irri-45%Nitr+45% 12.7 
±6.2 

221.4 
±20.5 

8.06±1.0 3.65±0.7 71.5±4.3 223.4 
±25.3 

33.2 
±16.7 

217.7 
±9.4 

7.35±0.8 3.38±0.5 76.8±9.2 202.8 
±22.8 

Irri-45%Nitr+60% 12.6 
±6.2 

221.4 
±20.5 

8.08±0.9 3.64±0.7 76.1±4.5 223.8 
±24.9 

33.1 
±16.7 

217.8 
±9.4 

7.37±0.8 3.39±0.5 81.1±9.8 203.4 
±23.1 

Irri-60%Nitr+15% 5.5 
±6.6 

226.8 
±18.7 

7.79±0.9 3.51±0.6 59.9±5.1 215.8 
±25.6 

21.9 
±12.4 

220.0 
±8.3 

6.99±0.7 3.09±0.4 64.9 
±11.2 

194.8 
±20.5 

Irri-60%Nitr+30% 5.5 
±6.5 

226.9 
±18.7 

7.88±0.9 3.59±0.7 64.0±5.1 218.3 
±25.2 

21.9 
±12.4 

220.1 
±8.3 

7.07±0.8 3.16±0.4 69.0 
±11.6 

196.7 
±21.1 

Irri-60%Nitr+45% 5.5 
±6.5 

226.9 
±18.7 

7.88±1.0 3.59±0.7 68.2±5.2 218.5 
±25.4 

21.9 
±12.3 

220.1 
±8.2 

7.11±0.8 3.19±0.5 73.2 
±12.1 

197.6 
±21.6 

Irri-60%Nitr+60% 5.5 
±6.5 

226.9 
±18.8 

7.90±1.0 3.58±0.7 72.4±5.3 218.8 
±25.3 

21.8 
±12.3 

220.2 
±8.2 

7.11±0.8 3.21±0.5 77.3 
±12.5 

198.3 
±22.0 

Note: SWP, SWC, NPP, NECB, STNL and CNU denote the soil water percolation, soil water consumption, net primary production, net ecosystem carbon budget, soil 
total nitrogen losses and crop nitrogen uptake, respectively. 
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Moreover, the substrate (i.e., NH4
+-N) for NH3 volatilization in topsoil 

decreased due to the accelerated leaching, nitrification and denitrifica-
tion (Liu et al., 2017). Furthermore, the SSP1–2.6 scenario shows a 
slower increase in precipitation and temperature in relation to the 
SSP5–8.5 scenario. Thus, the increase of nitrogen leaching and N2O 
emissions and the decline of the NH3 volatilization rate over time was 
slower under SSP1–2.6 than under SSP5–8.5. Generally, the total soil 
nitrogen loss showed an increasing trend under future climate condi-
tions, but for the lower emission scenario lower total nitrogen loss over 
time were estimated. Total nitrogen loss of SSP1–2.6 scenario in 2100 
increased by 52%, in relation to the base year, while the loss of SSP5–8.5 
scenario in 2100 increased by 183%. The results indicate that future 
climate change will increase the risk of groundwater and atmosphere 
pollution caused by farmland soil nitrogen losses. 

In contrast to soil total nitrogen loss, crop nitrogen uptake showed a 
decreasing trend over time. The decrease rate was faster under SSP5–8.5 
than that under SSP1–2.6 (Fig. 4B and D). The estimated decrease of 
nitrogen uptake was 5.7 kg ha–1 per decade (Table 2), from 
236.3 kg ha–1 in 2025–193.5 kg ha–1 in 2100 for the SSP1–2.6 scenario. 
Approximately 20.6 kg ha–1 per decade (Table 2), from 233.3 kg ha–1 in 
2025–78.8 kg ha–1 in 2100, were lost using the SSP5–8.5 scenario. Since 
crop nitrogen uptake was impacted by crop growth and biomass accu-
mulation, the reason for the decrease in nitrogen uptake over time was 
the same as for the decrease in NPP over time, i.e., for the SSP1–2.6 
scenario, high precipitation and high soil fertility loss were the main 
impacting factors of nitrogen uptake reduction. Whereas, for the 
SSP5–8.5 scenario, the impacting factors also include nitrogen uptake 
reduction as a consequence of higher temperatures combined with 
higher CO2 concentrations. 

3.5. Compensation strategies for future climate change 

Soil water percolation, water consumption, total nitrogen loss, crop 
nitrogen uptake, NPP and NECB under future climate scenarios in three 
subperiods, i.e., 2025–2050, 2051–2075 and 2076–2100 are shown in 
Table 3–5. Regardless of the climate scenarios, reducing irrigation 
decreased water percolation and increased soil water consumption from 
2025 to 2100, suggesting that water use efficiency would be improved 
by reducing future irrigation. In addition, reducing irrigation decreased 
soil total nitrogen loss over the 2025–2100 period, and the increase rate 
of total nitrogen loss was clearly slowed down. For example, under the 
same fertilization conditions, compared with the Irri-15% irrigation 
strategy, the Irri-50% irrigation strategy reduced total nitrogen loss by 
9–21% and 16–23% for the 2025–2100 period under SSP1–2.6 and 
SSP5–8.5 scenarios, respectively (Table 3–5). Because reducing irriga-
tion water input caused lower percolation, less NO3

- -N and NH4
+-N 

leached out of root zone soil (Riley et al., 2001; Salo and Turtola, 2006). 
Reducing irrigation also decreased soil water saturation and reduced the 
periods with anaerobic conditions in the soil, thereby significantly 
reducing soil N2O emissions as a consequence of decreased nitrification 
and denitrification rates (Scheer et al., 2012; Trost et al., 2016). 

However, for crop nitrogen uptake and NPP, their values initially 
increased and then decreased with the decrease of irrigation. The Irri-30% 
strategy with 168 mm irrigation and the Irri-45% strategy with 132 mm 
irrigation showed the highest values for the SSP1–2.6 and SSP5–8.5 
scenarios in all three future subperiods, respectively. The reason is that 
properly adjusted irrigation could promote crop growth and increase 
crop carbon and nitrogen fixation by mitigating crop waterlogging and 
soil nutrient losses (Zhang et al., 2017; Zhou, 2020), while excessively 
reduced irrigation might provoke a soil water deficit and limit crop 

Table 4 
The main characteristics of farmland water, carbon and nitrogen balance for different compensation strategies under SSP1-2.6 and SSP5-8.5 scenarios in 2051− 2075 
period.  

Compensation 
strategies 

SSP1-2.6 SSP5-8.5 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

Irri-15%Nitr+15% 60.8 
±13.6 

213.3 
±22.4 

7.21±0.8 3.07±0.5 77.5±4.8 207.4 
±22.5 

54.7 
±18.4 

203.8 
±21.0 

6.31±1.1 2.62±0.6 93.2±9.8 175.8 
±30.3 

Irri-15%Nitr+30% 60.7 
±13.6 

213.5 
±22.4 

7.31±0.8 3.14±0.5 82.1±5.0 210.1 
±23.2 

54.6 
±18.4 

203.7 
±21.0 

6.36±1.1 2.67±0.6 97.9±9.7 177.1 
±29.7 

Irri-15%Nitr+45% 60.7 
±13.6 

213.5 
±22.4 

7.37±0.8 3.17±0.5 86.7±5.2 211.6 
±23.5 

54.5 
±18.4 

203.8 
±21.1 

6.38±1.1 2.70±0.6 102.7 
±9.6 

177.7 
±29.8 

Irri-15%Nitr+60% 60.6 
±13.6 

213.6 
±22.4 

7.42±0.9 3.20±0.5 91.4±5.4 212.8 
±23.9 

54.5 
±18.4 

203.8 
±21.0 

6.37±1.1 2.68±0.6 107.6 
±9.5 

177.5 
±29.7 

Irri-30%Nitr+15% 40.4 
±11.8 

216.6 
±21.7 

7.26±0.8 3.11±0.5 71.2±6.6 208.5 
±22.6 

35.8 
±15.9 

207.2 
±21.1 

6.31±1.1 2.63±0.6 85.9±6.9 175.8 
±29.6 

Irri-30%Nitr+30% 40.3 
±11.8 

216.8 
±21.7 

7.34±0.8 3.16±0.5 73.8±6.8 210.7 
±23.1 

35.8 
±15.8 

207.2 
±21.1 

6.38±1.1 2.71±0.6 90.5±7.0 177.4 
±29.6 

Irri-30%Nitr+45% 40.2 
±11.8 

216.9 
±21.6 

7.40±0.9 3.20±0.5 80.1±7.1 212.1 
±23.6 

35.8 
±15.8 

207.2 
±21.1 

6.40±1.1 2.72±0.6 95.2±7.0 177.9 
±29.6 

Irri-30%Nitr+60% 40.2 
±11.8 

216.9 
±21.6 

7.44±0.9 3.22±0.5 84.6±7.3 213.1 
±23.9 

35.7 
±15.8 

207.3 
±21.0 

6.39±1.1 2.72±0.6 100.0 
±7.2 

177.4 
±29.6 

Irri-45%Nitr+15% 24.1 
±9.5 

219.3 
±20.9 

7.16±0.8 3.04±0.5 66.2±5.9 206.6 
±23.1 

21.9 
±12.8 

210.2 
±20.5 

6.46±1.1 2.81±0.6 78.2±8.4 178.3 
±30.0 

Irri-45%Nitr+30% 24.1 
±9.5 

219.4 
±20.9 

7.22±0.9 3.08±0.5 70.4±6.1 208.6 
±20.4 

21.8 
±12.8 

210.2 
±20.5 

6.52±1.1 2.87±0.6 82.7±8.7 179.7 
±29.8 

Irri-45%Nitr+45% 24.0 
±9.5 

219.4 
±20.8 

7.26±0.9 3.09±0.5 74.7±6.3 209.2 
±24.1 

21.8 
±12.7 

210.2 
±20.4 

6.53±1.1 2.89±0.6 87.3±9.0 180.1 
±29.9 

Irri-45%Nitr+60% 24.0 
±9.5 

219.5 
±20.8 

7.29±0.9 3.11±0.5 79.1±6.4 209.9 
±24.3 

21.8 
±12.7 

210.2 
±20.4 

6.53±1.1 2.90±0.6 91.9±9.4 180.2 
±29.2 

Irri-60%Nitr+15% 12.6 
±6.8 

220.9 
±20.2 

6.99±0.8 2.97±0.5 63.5±6.1 202.3 
±24.7 

12.4 
±9.6 

212.4 
±19.0 

6.16±1.0 2.60±0.5 71.4±6.7 171.8 
±27.1 

Irri-60%Nitr+30% 12.6 
±6.7 

221.0 
±20.2 

7.05±0.8 3.01±0.5 67.5±6.3 203.7 
±23.2 

12.4 
±9.6 

212.4 
±19.0 

6.22±1.0 2.66±0.5 75.8±6.9 173.0 
±27.2 

Irri-60%Nitr+45% 12.6 
±6.7 

221.0 
±20.2 

7.08±0.8 3.02±0.5 71.7±6.5 204.4 
±23.4 

12.4 
±9.6 

212.3 
±19.0 

6.23±1.0 2.67±0.5 80.2±7.1 173.4 
±27.3 

Irri-60%Nitr+60% 12.6 
±6.7 

221.0 
±20.2 

7.11±0.9 3.05±0.5 75.9±8.6 205.1 
±23.7 

12.4 
±9.6 

212.4 
±18.9 

6.25±1.0 2.69±0.5 84.7±7.3 173.7 
±27.4 

Note: the abbreviations for variable names are the same as those described in Table 3. 
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production (Li et al., 2022a). Moreover, the SSP5–8.5 scenario caused 
higher increase in precipitation in relation to the SSP1–2.6 scenario. 
Thus, the appropriate irrigation of SSP5–8.5 scenario was lower than 
that of SSP1–2.6 scenario. Due to the impact of NPP, NECB also showed 
a trend of increasing initially and then decreasing as irrigation 
decreased. The highest NECB was obtained for the Irri-30% and the 
Irri-45% irrigation strategies under the SSP1–2.6 and the SSP5–8.5 sce-
narios in 2025–2100 period, respectively. These results indicate that 
168 mm per season and 132 mm per season of irrigation are appropriate 
irrigation compensation strategies for future low emission and high 
emission scenarios, respectively. 

Increasing nitrogen fertilizer input appropriately can supply soil ni-
trogen pools to deal with nitrogen losses during the crop growth season, 
thus promoting crop growth and biomass accumulation, and also 
increasing nutrient absorption (Mon et al., 2016; Li et al., 2022a, 
2023a). This study observed that the crop nitrogen uptake, NPP and 
NECB showed increasing trends with increased nitrogen fertilization for 
the SSP1–2.6 scenario over the 2025–2100 period. Excessive nitrogen 
fertilization was ineffective and significantly enhanced soil nitrogen 
losses. The Nitr+30% nitrogen fertilization strategy could ensure rela-
tively high crop nitrogen uptake, NPP and NECB in combination with 
low soil total nitrogen loss (Table 3–5). For the SSP5–8.5 scenario pos-
itive nitrogen fertilization effects on these indicators were also observed 
from 2025 to 2100. Increasing nitrogen fertilization from 230 kg ha–1 

(Nitr+15%) to 290 kg ha–1 (Nitr+45%) improved these indicators, while 
continuously increasing nitrogen input from 290 kg ha–1 to 320 kg ha–1 

(Nitr+60%) did not provide an improvement. This might be related to the 
fact that the high nitrogen input exceeded the maximum crop nitrogen 
demand (Shi et al., 2012; Mon et al., 2016). In addition, under the 
SSP5–8.5 scenario, the change rate of these indicators was significantly 

lower for the 2076–2100 period than that for the 2025–2075 period. The 
reason might be that on the one hand the wheat was subjected to severe 
heat stress for the 2076–2100 period, thus limiting nitrogen uptake rates 
(Christy et al., 2018; Nawaz et al., 2022). On the other hand, high CO2 
concentration decreased the stomatal conductance of wheat leaves, 
thereby reducing the carbon fixation rate by photosynthesis (Wand 
et al., 1999; Liu et al., 2020). 

Considering the interactive effects of irrigation and nitrogen fertil-
ization, under the low emission scenario, the compensation strategies 
with 168 mm irrigation and 260 kg ha–1 nitrogen fertilization per sea-
son (Irri-30%Nitr+30%) are recommended for spring wheat in study region 
from 2025 to 2100. Whereas, under the high emission scenario, the 
compensation strategies with 132 mm irrigation and 290 kg ha–1 ni-
trogen fertilization per season (Irri-45%Nitr+45%) are recommended. 
From 2025 to 2100, compared with the current irrigation and fertil-
ization strategy, the recommended compensation strategy reduced 
water percolation and total soil nitrogen loss by 48–61% and –4–17%, 
and increased soil water consumption, crop nitrogen uptake, NPP and 
NECB by 3–12%, 3–13%, 3–13% and 4–19% under the low emission 
scenario (Fig. 5A). For the high emission scenario, the recommended 
compensation strategy reduced water percolation and total nitrogen loss 
by 45–80% and 3–32%, and increased soil water consumption, crop 
nitrogen uptake, NPP and NECB by 5–9%, 3–9%, 3–9% and 6–20% 
compared to the current strategy (Fig. 5B), respectively. These results 
demonstrate that the negative effects of future climate change on 
farmland water, carbon and nitrogen balances can be mitigated by 
reducing irrigation and increasing nitrogen fertilization. 

Table 5 
The main characteristics of farmland water, carbon and nitrogen balance for different compensation strategies under SSP1-2.6 and SSP5-8.5 scenarios in 2076− 2100 
period.  

Compensation 
strategies 

SSP1-2.6 SSP5-8.5 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

SWP 
(mm) 

SWC 
(mm) 

NPP (t C 
ha− 1) 

NECB (t C 
ha− 1) 

STNL (kg 
ha− 1) 

CNU (kg 
ha− 1) 

Irri-15%Nitr+15% 45.4 
±11.0 

218.6 
±17.1 

7.15±0.7 3.01±0.5 82.0±5.2 202.1 
±19.2 

106.8 
±35.6 

187.8 
±21.6 

4.39±0.6 1.79±0.4 112.5 
±29.8 

121.6 
±17.2 

Irri-15%Nitr+30% 45.4 
±11.0 

218.7 
±17.2 

7.30±0.7 3.13±0.5 86.1±5.4 206.3 
±19.6 

106.8 
±35.6 

187.7 
±21.6 

4.40±0.6 1.81±0.4 116.9 
±30.0 

122.0 
±17.2 

Irri-15%Nitr+45% 45.3 
±11.0 

218.8 
±17.1 

7.30±0.7 3.11±0.5 90.1±5.7 206.3 
±20.0 

106.8 
±35.6 

187.8 
±21.6 

4.42±0.6 1.83±0.4 121.2 
±30.3 

122.4 
±17.3 

Irri-15%Nitr+60% 45.2 
±11.0 

218.8 
±17.2 

7.32±0.7 3.12±0.5 94.1±6.1 206.9 
±19.9 

106.8 
±35.6 

187.8 
±21.6 

4.43±0.6 1.85±0.4 125.6 
±30.5 

122.7 
±17.3 

Irri-30%Nitr+15% 27.4 
±9.6 

221.8 
±16.4 

7.21±0.7 3.08±0.5 73.3±7.0 203.7 
±19.1 

80.6 
±33.8 

190.1 
±21.9 

4.39±0.6 1.80±0.4 103.9 
±27.9 

121.7 
±16.9 

Irri-30%Nitr+30% 27.3 
±9.6 

221.9 
±16.5 

7.30±0.7 3.14±0.5 75.4±7.5 206.4 
±19.5 

80.6 
±33.8 

190.1 
±22.0 

4.41±0.6 1.82±0.4 108.1 
±28.1 

122.1 
±17.0 

Irri-30%Nitr+45% 27.2 
±9.6 

221.9 
±16.5 

7.31±0.7 3.13±0.5 81.1±8.0 206.6 
±19.6 

80.6 
±33.8 

190.1 
±21.9 

4.42±0.6 1.84±0.4 112.4 
±28.4 

122.4 
±17.0 

Irri-30%Nitr+60% 27.1 
±9.6 

222.0 
±16.5 

7.33±0.7 3.14±0.5 85.2±8.5 207.1 
±19.7 

80.6 
±33.8 

190.1 
±21.9 

4.42±0.6 1.85±0.4 116.7 
±28.6 

122.6 
±17.0 

Irri-45%Nitr+15% 14.1 
±7.7 

224.1 
±16.0 

7.12±0.6 2.98±0.5 67.8±8.9 201.5 
±20.1 

57.7 
±31.4 

192.4 
±22.1 

4.38±0.6 1.80±0.3 95.3 
±25.1 

121.4 
±16.3 

Irri-45%Nitr+30% 14.0 
±7.7 

224.2 
±16.0 

7.23±0.7 3.07±0.5 71.6±9.4 204.8 
±20.5 

57.7 
±31.4 

192.4 
±22.1 

4.39±0.6 1.82±0.3 99.4 
±25.3 

121.7 
±16.4 

Irri-45%Nitr+45% 14.0 
±7.7 

224.2 
±16.0 

7.23±0.7 3.05±0.5 75.5±9.9 204.7 
±21.0 

57.7 
±31.4 

192.4 
±22.1 

4.40±0.6 1.83±0.3 103.6 
±25.5 

121.9 
±16.4 

Irri-45%Nitr+60% 14.0 
±7.7 

224.2 
±16.0 

7.25±0.7 3.06±0.5 79.4 
±10.4 

205.2 
±21.1 

57.7 
±31.4 

192.4 
±22.1 

4.40±0.6 1.85±0.3 107.7 
±25.7 

122.0 
±16.4 

Irri-60%Nitr+15% 6.8 
±6.8 

229.6 
±14.4 

6.91±0.7 2.90±0.6 64.4±9.6 196.6 
±20.8 

38.4 
±28.8 

194.6 
±21.9 

4.32±0.6 1.78±0.3 87.4 
±19.3 

119.7 
±15.2 

Irri-60%Nitr+30% 6.8 
±6.7 

229.7 
±14.4 

7.01±0.7 2.98±0.6 68.0 
±10.1 

199.3 
±20.9 

38.4 
±28.8 

194.6 
±21.9 

4.33±0.6 1.80±0.3 91.3 
±19.4 

120.0 
±15.3 

Irri-60%Nitr+45% 6.8 
±6.7 

229.7 
±14.4 

7.01±0.7 2.97±0.6 71.8 
±10.6 

199.4 
±21.4 

38.4 
±28.8 

194.6 
±21.9 

4.33±0.6 1.81±0.3 95.3 
±19.5 

120.1 
±15.3 

Irri-60%Nitr+60% 6.7 
±6.7 

229.7 
±14.5 

7.02±0.7 2.98±0.6 75.5 
±11.0 

199.7 
±21.5 

38.4 
±28.8 

194.6 
±21.9 

4.34±0.6 1.83±0.3 99.4 
±19.6 

120.2 
±15.3 

Note: the abbreviations for variable names are the same as those described in Table 3. 
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Fig. 5. Comparison between control strategy and recommended strategy under SSP1-2.6 and SSP5-8.5 scenarios.  
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3.6. Limitations and suggestions 

Although this study assessed the responses of farmland water, carbon 
and nitrogen balances to climate change and proposed appropriate 
compensation strategies in arid to semi-arid regions, there are still 
certain limitations. On one hand, crop nitrogen uptake, NPP and NECB 
of these recommended compensation strategies for the 2025–2100 
period are still lower than for the base year, indicating that the negative 
effects caused by future high temperatures and high CO2 concentrations 
cannot be completely offset by improving irrigation depth and nitrogen 
fertilization rate (Wang et al., 2021; Habib-Ur-Rahman et al., 2022). The 
main reason may be that the current wheat varieties are not adapted to 
the future environmental conditions with high temperatures and high 
CO2 concentrations. More compensation strategies should be considered 
in addition to improving irrigation depth and nitrogen fertilization, such 
as adjusting plant density, irrigation dates and times. Changes in at-
mospheric CO2 concentration and temperature in the future may result 
in current plant density not being suitable for wheat production in this 
region (Chen et al., 2023). Furthermore, climate change will probably 
affect the phenological development of spring wheat, requiring adjusted 
irrigation dates and times (Wang et al., 2021; Huang et al., 2022). 

On the other hand, appropriate compensation strategies are closely 
related to the specific climate and soil conditions. The farmers growing 
wheat all over the world on different soils will face various challenges 
with respect to the various levels of climate change impacts. Therefore, 
another limitation is that the compensation strategies (i.e., irrigation 
depths and nitrogen fertilization rates) proposed in this study are to a 
certain degree specific to this region and regions with similar conditions. 
Nevertheless, this study provided an effective method for determining 
appropriate irrigation depth and nitrogen fertilization compensation 
strategies under future climate conditions in various soil and climate 
regions. Taking into account the limitations above, future work should 
focus on three aspects: 1) considering more field management 
compensation strategies (e.g., adjusting planting density, irrigation 
dates and times) for spring wheat farmland to adapt to future climate 
change; 2) searching for new wheat varieties that are better adapted to 
high temperature and high CO2 concentrations and replacing the wheat 
varieties currently grown in the region with new varieties to deal with 
the potentially negative impacts of future climate change on agro-
ecosystem; and 3) determining appropriate irrigation depth and nitro-
gen fertilization compensation strategies for spring wheat farmland 
under future climate conditions in regions with different soil and climate 
conditions worldwide. 

4. Conclusions 

This study combined the AHC model with future climate models to 
quantify and assess the response of water, carbon and nitrogen balances 
to climate change in a spring wheat farmland of arid to semi-arid region 
and to propose adaptation strategies. The results indicated that precip-
itation shows an increasing trend, thus percolation increased and soil 
water consumption decreased from 2025 to 2100. In addition, future 
climate change reduced farmland total carbon output, but the net 
ecosystem carbon budget was still reduced over time as the net primary 
production was significantly reduced. Climate change also significantly 
reduced crop nitrogen uptake and enhanced soil total nitrogen loss. The 
change rates in percolation, soil water consumption, soil nitrogen loss, 
crop nitrogen uptake, net primary production, and net ecosystem carbon 
budget over time under the SSP5–8.5 scenario were faster than that 
under the SSP1–2.6 scenario. High precipitation, soil fertility loss, 
temperature and CO2 concentration are the main reasons for the 
decrease in crop nitrogen uptake and net primary production under 
SSP5–8.5, while the crop nitrogen uptake and net primary production 
under SSP1–2.6 is mainly restricted by high precipitation and soil 
fertility loss. Reducing irrigation and increasing nitrogen fertilization 
can mitigate the negative effects of climate change on farmland water, 

carbon and nitrogen balances to some extent, but these negative effects 
cannot be completely offset by adjusting irrigation and fertilization 
management. Optimizing planting density, adjusting irrigation dates 
and times, and developing wheat varieties that are resistant to high 
temperatures and high CO2 concentrations may be the potential ways to 
address these negative impacts caused by future climate change. 
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