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Both yields of maize and soybean and soil carbon sequestration in typical Mollisols cropland decrease under future climate change: SPACSYS simulation
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Although Mollisols are renowned for their fertility and high-productivity, high carbon (C) losses pose a substantial challenge to the sustainable provision of ecosystem services, including food security and climate regulation. Protecting these soils with a specific focus on revitalizing their C sequestration potential emerges as a crucial measure to address various threats associated with climate change. In this study, we employed a modeling approach to assess the impact of different fertilization strategies on crop yield, soil organic carbon (SOC) stock, and C sequestration efficiency (CSE) under various climate change scenarios (baseline, RCP 2.6, RCP 4.5, and RCP 8.5). The process-based SPACSYS model was calibrated and validated using data from two representative Mollisol long-term experiments in Northeast China, including three crops (wheat, maize and soyabean) and four fertilizations (no-fertilizer (CK), mineral nitrogen, phosphorus and potassium (NPK), manure only (M), and chemical fertilizers plus M (NPKM or NM)). SPACSYS effectively simulated crop yields and the dynamics of SOC stock. According to SPACSYS projections, climate change, especially the increased temperature, is anticipated to reduce maize yield by an average of 14.5% in Harbin and 13.3% in Gongzhuling, and soybean yield by an average of 10.6%, across all the treatments and climatic scenarios. Conversely, a slight but not statistically significant average yield increase of 2.5% was predicted for spring wheat. SOC stock showed a decrease of 8.2% for Harbin and 7.6% for Gonghzuling by 2,100 under the RCP scenarios. Future climates also led to a reduction in CSE by an average of 6.0% in Harbin (except NPK) and 13.4% in Gongzhuling. In addition, the higher average crop yields, annual SOC stocks, and annual CSE (10.15–15.16%) were found when manure amendments were performed under all climate scenarios compared with the chemical fertilization. Soil CSE displayed an exponential decrease with the C accumulated input, asymptotically approaching a constant. Importantly, the CSE asymptote associated with manure application was higher than that of other treatments. Our findings emphasize the consequences of climate change on crop yields, SOC stock, and CSE in the Mollisol regions, identifying manure application as a targeted fertilizer practice for effective climate change mitigation.
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1 Introduction

Mollisols, characterized by their thick, dark and well-structured surface horizon, stand out as one of the most fertile and productive soils on Earth (Durán et al., 2011). Comprising approximately 7% of the world’s ice-free land surface, these soils account for 28.6% of global farmland across all soil types (Durán et al., 2011; Liu et al., 2012; Xu et al., 2020). Their unique characteristics make Mollisols exceptionally suitable for cultivating cereal crops and establishing pasture and forage systems (Durán et al., 2011; Xu et al., 2020), playing a vital role in agricultural productivity and global food security (Liu et al., 2012). Mollisols are primarily distributed in four regions: the majority of Russia and Ukraine (45%), the central plains of North America (29%), Northeast China (10%), and a substantial portion of South America (10%) (Liu et al., 2012; Xu et al., 2020). Mollisols face challenges due to the conversion of natural grassland to croplands and consecutive planting and tillage practices. These practices have resulted in insufficient carbon (C)inputs, leading to significant soil organic C (SOC) loss in these regions (Sanford et al., 2012). Reports indicate Mollisols in Russia and Ukraine have lost approximately 15–40% of their original organic C pool, while those in America and Northeast China have seen a decline of around 50% over the past several decades (Gollany et al., 2011; Xu et al., 2020). This accelerated land degradation is often accompanied by decreases in crop yield. For example, crop yields in North America have declined by 20–40% over the past century, as a result of unsustainable cultivation practices (Posner et al., 2008). Similarly, Mollisols in Northeast China have experienced a decrease in thickness of approximately 30–50 cm, with each 1 cm reduction corresponding to a 2% reduction in crop yield (Liu H. et al., 2013). In addition, even a slight reduction in C from the substantial SOC pool (approximately 4 Pg) in Mollisols could lead to significant CO2 emissions within these regions (Cheng et al., 2010). For instance, the average C release rate from Mollisols in Northeast China ranged from 0.17 to 2.17 Tg C yr.−1, significantly surpassing the global average of 0.09–0.78 Tg C yr.−1 from the pedological C pool (Lal et al., 2007; Li et al., 2013). Therefore, strategic C sequestration in Mollisols is crucial not only for ensuring food security and promoting soil stability but also for effectively mitigating global climate change.

The potential to sequester C in soils depends not only on the quantity of C input but also on the retention coefficient of the applied C, a concept referred to as C sequestration efficiency (i.e., CSE, △SOC/△C input) (Stewart et al., 2007; Maillard and Angers, 2014). Stewart et al. (2007) established an asymptotically increasing relationship between C inputs and changes in SOC, based on data from 14 long-term experiments conducted over 12 to 96 years of fertilization. This highlighted a decreasing CSE as the soil approached C saturation (Hassink and Whitmore, 1997; Six et al., 2002). However, our previous study (Liang et al., 2023) indicated that CSE remained nearly constant within four decades of fertilization. This was accompanied by a linear relationship between C inputs and SOC changes, as validated by eight extensive long-term experimental datasets, including the Mollisol site at Gongzhuling. Therefore, a narrow range of C input levels, corresponding to shorter fertilization durations, did not necessarily reflect the full spectrum of linear-to-asymptotic behaviors for SOC content (Stewart et al., 2007), and, consequently, the CSE characteristics. Further, examining SOC dynamics that encompasses Mollisols across a broad range of C input levels is essential and urgent to comprehensively elucidate their CSE characteristics.

Optimal fertilizer practices play a critical role in promoting SOC restoration in degraded Mollisols (Xu et al., 2020). Manure application, especially when combined with chemical fertilizers, has demonstrated the potential to enhance CSE due to the beneficial effects of additional organic C and nutrients on soil fertility and soil structure (Liang et al., 2023). However, the sustainability of this benefit under long-term fertilization conditions as soil C approaches saturation requires further investigation. In addition, most Mollisol regions experience cool, moist, and semi-humid climates (Xu et al., 2020), and the warmer and wetter future climates in these regions might significantly impact SOC sequestration by influencing crop production and soil ecological processes (Chu et al., 2017; Lin et al., 2017). Thus, predicting SOC changes and crop yields (associated with C input) in Mollisols is necessary to explore the dynamics of CSE and its response to future climate change under different fertilization strategies.

Process-based models have become essential decision support tools for addressing climate change issues in agriculture management and production, as these models enable the integration of diverse data sources and knowledge concerning the impacts of phenological and environmental variables allowing for valuable evaluations of specific hypotheses and scenarios (Smith et al., 2005). Among the widely used process-based models, the SPACSYS model stands out for its comprehensive consideration of processes in C, nitrogen (N) and phosphorus (P) cycling. Numerous studies have demonstrated its robust capabilities in accurately simulating plant growth, N and P uptake, SOC and soil total nitrogen (TN) stocks, as well as CO2 and N2O emissions across cropland and grassland in diverse regions of Europe and China (Wu et al., 2015; Perego et al., 2016; Li et al., 2017; Liang et al., 2018). Furthermore, validated using data from the Broadbalk continuous wheat experiment over a century of fertilization, the SPACSYS model has successfully captured the dynamics of SOC stock in the plow layer (Liang et al., 2024). These results confirm the SPACSYS model’s reliability in simulating SOC changes and crop yields in response to different long-term fertilization strategies and various climatic conditions. The Mollisol long-term experiments established in the 1980 s in Northeast China offer a valuable resource with well-documented and comprehensive records, detailing fertilization practices, cultivation methods, crop management, climate conditions, grain and straw yields, and soil properties. These detailed records provide a solid foundation for the modeling study and enable accurate predictions of the impacts of fertilizer management and climate change on CSE.

In this study, we aimed to elucidate the responses of crop yield and CSE to climate change in the typical Mollsiol regions of China, while proposing a sustainable strategy to enhance both crop productivity and C sequestration. Specifically, firstly we initially calibrated and validated the SPACSYS model using data from two Mollisol long-term experiments in Northeast China. Subsequently, we quantified the impacts of various future climate scenarios and fertilizer application practices on crop yield, SOC stock, and CSE within the plow layer (0–20 cm) of Mollisols. Finally, we elucidated the comprehensive CSE characteristics when a substantial amount of C has accumulated in the future.



2 Materials and methods


2.1 Study sites background information


2.1.1 Study sites and experimental design

Two typical Mollisols long-term experiments located in Northeast China at Harbin (45°40′ N, 126°35′ E) and Gongzhuling (43°30′ N, 124°48′ E) have been selected for this study. The essential background information, including the locations, initial soil properties, cropping systems and climatic conditions, is given in Table 1. For both experiments, four fertilizer treatments common were chosen, namely (1) no fertilizer (CK), (2) combinations of chemical nitrogen (N), phosphorus (P) and potassium (K) fertilizers (NPK), (3) manure application (M), and (4) chemical fertilizers (N or NPK) plus manure (NM/NPKM) (refer to Supplementary Table S1 for details). Detail information can be found in the works of Jiang et al. (2014, 2018).



TABLE 1 General information and initial soil properties of two experimental sites.
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2.1.2 Soil sampling and analysis

The soil samples of Gongzhuling in the plow layer (0–20 cm) were collected from 1989 to 2018 annually in approximately 15 days after harvest (n = 28 for each treatment). The soil samples of Harbin in the plow layer (0–20 cm) were collected annually from 1979 to 1988 and almost every 3 years from 1988 to 2018 in approximately 15 days after harvest (n = 23 for each treatment). The SOC content was determined using dichromate oxidation following the modified Walkley & Black method (i.e., heated for 12 min at 220°C) with a correction factor of 1.1 (Walkley and Black, 1934; Xu et al., 2016). While the factor may vary between samples with and without manure applications, a very high heating temperature of 220°C results in a nearly complete oxidation of the organic carbon, and as such, also the more recalcitrant fractions. This strongly limits the potential error introduced to the application of it across all treatments. In this context, we assumed that the error introduced in SOC measurements due to variations in the correction factor among the different treatments could be considered negligible.




2.2 Model parameterization and prediction


2.2.1 Model description

The SPACSYS model is a field-scale, weather-driven with flexible time steps (ranging from minutes to daily), employing a process-based approach that quantifies the biogeochemical processes related to C, N, and P cycling, as well as the water and heat budgets within the soil-plants-and atmosphere continuum. In the current version (6.0) the model incorporates the Farquhar method for photosynthesis (Yin and Struik, 2009) coupled with a modified stomatal conductance sub-model based on Leuning et al. (1995) and Tuzet et al. (2003). This integration enables simulation of the plant photosynthesis rates accounting for the impacts of atmospheric CO2 concentration on photosynthesis and transpiration.

Compared to other widely cited process-based simulation models, SPACSYS stands out due to its detailed representation biogeochemical processes (refer to Supplementary Table S2) and a substantial number of organic matter pools (five). Additionally, SPACSYS includes a detailed root architecture that significantly influences nutrients and water capture, comprehensive descriptions of above- and below-ground plant growth and a nutrient recycling (Wu et al., 2007). More information about SPACSYS can be found in previous articles (Wu et al., 2007, 2015; Bingham and Wu, 2011).



2.2.2 Calibration, validation, and prediction

SPACSYS was operated from the starting year of the experiments (1979 for Harbin and 1989 for Gongzhuling) until 2020 using a daily time-step. Daily weather data (maximum and minimum temperatures, precipitation, wind speed, relative humidity, and solar radiation) were obtained as inputs from the National Meteoritical Information Center.1 Agronomic management details including soil work (plowing depth and date), plant management (seeding and harvesting dates), and fertilizer application (date, amount and type) for each treatment in the Harbin and Gongzhuling long-term experiments, were sourced from records maintained by the Heilongjiang Academy of Black Soil Conservation and Utilization and Jilin Academy of Agricultural Sciences, respectively. Soil properties in the top 20 cm deep at each site (Table 1) were acquired through field surveys. Other missing properties that the model required were estimated from soil texture using pedo transfer functions (PTFs) implemented in the model. The atmospheric CO2 concentration was set from 330 to 380 ppm for Harbin and from 348 to 380 ppm for Gongzhuling, following a linear increase over the experimental period, as per IPCC (2021) guidelines. Grain yields and straw dry matter (if recorded) of maize, wheat and soybean, as well as SOC and total nitrogen (TN) stocks from the NPK and NPKM/NM treatments, were randomly chosen for the model calibration. Data from the other treatments served for model validation. Parameters related to C and N cycling, soil water movement, heat transformation, and plant photosynthesis were adopted from previous studies (Bingham and Wu, 2011; Wu et al., 2015; Liu et al., 2020). The parameters related to the manure decomposition and transformation were from our previous reports (Zhang et al., 2016; Liang et al., 2018). The built-in Multi-Objective Shuffled Complex Evolution Metropolis algorithm (MOSCEM-UA) (Vrugt et al., 2003) was applied to determine the other parameters, primarily those linked to phenology and vegetation characteristics. The optimized parameters and their values for maize, wheat, soybean, and soil C and N cycling are listed in Supplementary Tables S3, S4.

For crop yield and SOC predictions, four climate scenarios were considered, encompassing the baseline and three representative concentration pathways (RCP 2.6, RCP 4.5, and RCP 8.5; Riahi et al., 2011; van Vuuren et al., 2011). The baseline scenario involved historic meteorological data rotated between 1979 and 2020 for Harbin and between 1989 and 2020 for Gongzhuling with a constant CO2 concentration of 380 ppm. Weather data for the RCP scenarios between 2021 and 2,100 were extracted from the HadGEM2-ES model with a spatial resolution of 0.5° × 0.5° (Collins et al., 2011; Jones et al., 2011). The annual average of maximum and minimum temperatures, precipitation, and CO2 concentration under the three RCP scenarios are shown in Supplementary Figure S1 and Supplementary Table S5. The climate projections indicated warmer and wetter future conditions in the studied regions, with average increases of 0.8–3.5°C and 0.4–2.5°C observed in Harbin and Gongzhuling, respectively, when compared to the baseline. The mean annual precipitation (MAP) was projected to rise by 43–121 mm in Harbin and 137–207 mm in Gongzhuling. The RCP 8.5 scenario demonstrated the most significant alteration, nearly doubling CO2 concentrations by 2,100.

Crop varieties and field management practices were fixed as identical to those before 2021 for both sites and scenario. To simplify the assessment of future climate change on crop phenology and yield, the sowing dates were fixed on 30th April for maize, 23rd April for wheat, and 29th April for soybean in Harbin and 26th April in Gongzhuling each year in this study. Harvest dates were determined based on simulated physiological maturity. Simulations were run for each of the four treatments under the various proposed climate scenarios.




2.3 Soil carbon sequestration rate and efficiency


2.3.1 Soil organic carbon sequestration rate

Since SOC predominately undergoes changes in the plow layer (0–20 cm) in Mollisol (Liang et al., 2009), our report concentrates on SOC within this layer. The SOC sequestration rate in the plow layer of the field with fertilization (Cr, t C ha−1 yr.−1) in year t is calculated using the Equation (1) as follows:

[image: image]

where SOCF and SOCCK are the SOC stock in the layer for the NPK, NPKM, NM, or M treatment and the CK treatment in year t, respectively.



2.3.2 Carbon sequestration efficiency

CSE for a fertilization treatment is defined as the percentage of the SOC stock change relative to the net C input between the treatment and CK (Jiang et al., 2018). It is calculated using the Equation (2) as follows:

[image: image]

where CI-F and CI-CK are the annual C input rate for a fertilization treatment (NPK, NPKM, NM, or M) and CK, respectively, which are the cumulative amounts in both manure and crop residue.




2.4 Statistical analysis

We used three statistical criteria to evaluate the model performance: (1) the coefficient of determination (R2) that measures the degree of agreement between simulation and observation; (2) the root mean squared error (RMSE), providing a measure of the average deviation of the estimates from observed values; and (3) the relative error (RE) that reflects the overall difference between simulated and observed data.

Two-way analysis of variance (ANOVA) and Tukey tests (p < 0.05) were used to compare the effects of fertilizer practices and future climate scenarios on grain yield, SOC stock, C input, and CSE. All statistical analyses were conducted using SPSS 24.0 (SPSS, Inc., 2017, Chicago, United States).




3 Results


3.1 Model calibration and validation

The simulated crop yields for different treatments at both sites closely aligned with observations, demonstrating an RMSE below 24% (Supplementary Figures S2–S5; Table 2). Linear regression analysis further revealed a satisfactory correlation between the observed and simulated values (R2 > 0.54) (Figure 1), despite a tendency for the model to overestimate low observed yields and underestimate high observed ones. It was noted that SPACSYS underestimated maize grain and straw yields at Gongzhuling by an average of 16 and 20%, respectively, from 2010 to 2012 (Supplementary Figure S3).



TABLE 2 Statistical criteria of model performance for crop grain yield, straw dry matter, and SOC and TN stocks.
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FIGURE 1
 Comparison between simulated and observed grain yields and straw dry matter of maize, wheat and soybean for model calibration and validation. Note: wheat and soybean were only planted in Harbin, and data on straw dry matter for all crops in Harbin are unavailable.


Moreover, SPACSYS effectively simulated SOC and TN stocks, with R2 values ranging from 0.60 to 0.79 and RMSE ranging from 6.8 to 8.2% (Figure 1; Table 2). This favorable agreement with measurements is particularly evident in the first decade of the simulation period (Supplementary Figures S4, S5). In general, the model exhibited a 20% underestimation of SOC stock and a 37% underestimation of TN stock during model validation (Figure 1). However, it overestimated TN stock by an average of 7.3% for CK, 10.2% for NPK, 8.5% for NM, and 9.0% for M after 2000 in Harbin (Supplementary Figure S4).



3.2 Crop yield and SOC stock

Average yields of wheat, maize, and soybean from 2021 to 2,100 under each climate scenario with different fertilizer practices are shown in Figure 2. Notably, a slight but not statistically significant average yield increase of 2.5% was predicted for spring wheat (p < 0.05). Under all climate scenarios, there was also no significant difference (p < 0.05) between the NPK and NPKM/NM fertilizer treatments for maize (1005–12,101 vs. 1,112–12,573 kg ha−1), wheat (2729–5,548 vs. 2,727–5,287 kg ha−1), and soybean (975–4,314 vs. 1,024–4,350 kg ha−1) at both sites. However, the yields for these treatments were significantly higher than those for the M and CK treatments (p < 0.05). Compared with the baseline, the maize yield decreased by an average of 14.5 and 13.3% for Harbin and Gongzhuling, respectively, across all RCP scenarios and under all considered fertilizer practices (Table 3). The decreases in maize yield under the RCP scenarios were ranked as follows: RCP 8.5 (20.6–40.8%) > RCP 4.5 (5.5–25.4%) > RCP 2.6 (0.1–7.8%). The soybean yield decreased by 10.6% on average in Harbin, with the highest decline under RCP 8.5 (p < 0.05) (Table 3).

[image: Figure 2]

FIGURE 2
 Boxplots of simulated grain yields of maize, wheat and soybean with various fertilizer practices under future climate scenarios between 2021 and 2,100 in Harbin (HEB) and Gongzhuling (GZL). Different lowercase letters over the boxes indicate significant difference (p < 0.05) under different climate scenarios for a specific fertilizer treatment, and different capital letters over the boxes indicate significant difference (p < 0.05) among different fertilizer treatments under a specific climate scenario.




TABLE 3 Relative change of crop yield (%) and average annual CSE (%) between 2021 and 2,100, annual SOC stock in 2100 (t C ha-1), and their relative changes (%) with each fertilizer treatments under RCP climate scenarios compared with the baseline.
[image: Table3]

SOC stock decreased by 8.2% in Harbin and 7.6% in Gongzhuling by 2,100 across all RCP scenarios and fertilizer treatments when compared with the baseline (Figure 3; Table 3). The decline under RCP 8.5 (10.5–15.6%) was significantly higher than those under RCP 4.5 (5.3–8.5%) and RCP 2.6 (3.9–6.8%). The ranking of SOC stocks in 2100 was generally as follows: baseline > RCP 2.6 > RCP 4.5 > RCP 8.5. In addition, manure amendment resulted in the highest SOC stock among the treatments, with the values of 38.9–50.3 t C ha−1 in Harbin and 60.6–69.2 t C ha−1 in Gonghzuling, respectively (p < 0.05) (Table 3).

[image: Figure 3]

FIGURE 3
 Simulated dynamics of soil organic carbon (SOC) stocks with different fertilization practices under future climate scenarios from 2021 and 2,100 in Harbin (HEB) and Gongzhuling (GZL).




3.3 Annual carbon input and SOC sequestration rate

The average annual C inputs from different sources under different fertilizer practices are presented in Figure 4. When considering the impacts of future climate change on C inputs, compared with the baseline, the C inputs from crops decreased by an average of 2.8% in Harbin and 9.5% in Gongzhuling under all RCP scenarios (Supplementary Table S6). For total C input, no significant difference was observed between the baseline and RCP 2.6 for all treatments, and the lowest C input was observed under RCP 8.5.

[image: Figure 4]

FIGURE 4
 Average annual carbon (C) inputs from different sources with different fertilizer practices in Harbin (HEB) and Gonzghuling (GZL). Different lowercase letters over the columns indicate significant difference (p < 0.05) in total annual C input among different RCP scenarios under a specific treatment at a site, and different capital letters over the columns indicate significant difference (p < 0.05) in total annual C input among different fertilizer treatments under a specific climate scenario at a site.


Soil C sequestration rates for various fertilization treatments across the different periods are shown in Table 4. The rates for manure-amended treatments exceeded those without manure ranging from 62 to 154 kg C ha−1 yr.−1 in Harbin and 311 to 429 kg C ha−1 yr.−1 in Gongzhuling. Furthermore, the rates for NPK and NPKM/NM fertilizer practices in Gongzhuling were higher than those in Harbin. Overall, the rates under the RCP scenarios were lower than those under the baseline, with the lowest rates observed under RCP 8.5.



TABLE 4 Soil organic carbon sequestration rates (kg C ha−1 yr.−1) for various fertilization treatments across the different periods.
[image: Table4]



3.4 Carbon sequestration efficiency

As outlined in Table 3, the annual CSE averaged over the simulation period showed significantly reduction compared to the baseline across RCP scenarios at both sites (except those for NPK in Harbin). The decreased CSE due to climate change was 6.0% in Harbin (except for NPK) and 13.4% in Gongzhuling. In Harbin, excluding NPK, the CSE values were ranked as follows: baseline > RCP 2.6, RCP 4.5 ≥ RCP 8.5 (p < 0.05). Among the treatments, those with manure amendment (10.15–15.16%) were higher than those for NPK (3.99–6.68%).

The relationship between CSE and cumulative C input (Cinput) was accurately captured by an exponential decreasing function (CSE = b + a × e–k × Cinput, p < 0.001) for all the treatments (Figure 5; Table 5). The CSE asymptotic value, denoted by the parameter ‘b’ in the function, consistently exhibited higher values for M (Harbin: 7.62–9.78%) and NM/NPKM (Harbin: 9.80–11.29% and Gonghzuling: 8.93–10.91%) under all climate scenarios compared to NPK (Harbin: 3.54–4.54% and Gongzhuling: 5.29–6.36%). In addition, the asymptotic CSE values under all RCP scenarios (5.29–10.61%) generally were lower than those under the baseline (6.36–11.29%) for the majority of treatments in both Harbin (except for NPK) and Gongzhuling.

[image: Figure 5]

FIGURE 5
 Dynamics of carbon sequestration efficiency (CSE) with carbon input cumulation for all fertilizer practices from the beginning to 2,100 under future climate scenarios in Harbin (HEB) and Gongzhuling (GZL).




TABLE 5 Relationship between carbon sequestration efficiency (CSE) and cumulative carbon input to the plow soil layer over the simulation period in Harbin and Gongzhuling.
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4 Discussion


4.1 Model performance

Our results highlight that SPACSYS emerges as a competitive model for simulating maize yield in typical Mollisol regions of Northeast China achieving R2 values of 0.58–0.72 (Figure 1; Table 2). This performance compares favorably with the PRYM-Maize model (R2 = 0.57) and the CERES-Maize (R2 = 0.80) model (Jiang et al., 2021; Zhang et al., 2021). Similarly, SPACSYS demonstrated a competitive soybean yield simulation with an RMSE of 18–23%, comparable to the performance of the DSSAT model with an RMSE of 15–22% in Northeast China (Liu S. et al., 2013). It should be noted that SPACSYS has previously employed for simulating winter wheat yield (Liang et al., 2018; Liu et al., 2020), and our study further validates its effectiveness in simulating spring wheat, expanding the application scope of SPACSYS. Furthermore, SPACSYS adequately simulated SOC stocks in the study regions for all treatments (Figure 1; Supplementary Figures S3, S4; Table 2), despite underestimating SOC stocks by 20% during validation. Jiang et al. (2014) applied the Roth-C model to the same sites, our study demonstrated superior performance with R2 values of 0.79 for calibration and 0.71 for validation, while Roth-C achieved R2 values of 0.25 for Harbin and 0.77 for Gongzhuling. In terms of TN stock, SPACSYS also performed well with R2 values of 0.60–0.67 and RMSE of 7.5–8.6% (Table 2), surpassing the GWRK model (R2 = 0.50 and RMSE = 29%) when applied to data from the central Northeast China, including Gongzhuling (Li et al., 2020).

Nevertheless, the model still exhibited certain inevitable errors. For example, it consistently overestimated TN stock for all treatments after 2000 in Harbin. This discrepancy could be partially due to the relocation of the long-term experiment in Chi et al. (2016), despite the soil at a depth of 1.5 m being transferred under frozen soil conditions. Moreover, the model’s excessive reliance on stomatal resistance to soil water could lead to underestimations of maize grain and straw yields (Supplementary Figure S3) during the prolonged droughts from April to June in 2010, 2011 and 2012 in Gongzhuling. In addition, the extreme drought experienced after flowering in 2008, with the precipitation about 80–100 mm lower than those of adjacent years in Harbin, might have contributed to the overestimation of soybean yield by 2.5 times (Supplementary Figure S2). Improvements are needed in the model’s representation of how drought impacts crop growth and development in future iterations.



4.2 Climate and fertilizer impacts on crop yield

In our study, climate change was projected to decrease maize yield in the typical Mollisol regions of Northeast China. The increased temperature might be the primary factor contributing the decline in maize yield, inducing crop early development (i.e., anthesis precocity) and accelerating the reproductive stage compared to the cooler conditions under the baseline (Supplementary Figure S6). While a warming climate might alleviate the effects of chilling damage on maize growth in Harbin and Gongzhuling, our study supported the previous conclusion that the overall impact of future temperatures would be more negative than positive for maize growth (Lin et al., 2017). Furthermore, several studies have suggested that the maize yield increase resulting from the “CO2 fertilization effect” could not offset the reduction caused by the increased temperature in study regions of Northeast China (Wang et al., 2011; Lin et al., 2017; Jiang et al., 2021). Consequently, future climate was expected to significantly decrease maize yield in the Mollisol regions of Northeastern China, especially at the end of the simulation period (2090–2,100) under RCP 8.5 (57.6–69.2% for Harbin and 54.8–67.1% for Gongzhuling), coinciding with the largest increments in both CO2 concentration and temperature (Supplementary Table S7).

The decrease in soybean yield in Harbin was less pronounced (10.6%) compared to maize (14.5%). According to Jin et al. (2017), the impact of enhanced CO2 concentration on offsetting yield gaps caused by changes in temperature and precipitation is more substantial for soybean than for maize. On the other hand, earlier studies have indicated that soybean yield in Northeast China could potentially increase with rising precipitation and temperature, considering the effects of “CO2 fertilization” (Yin et al., 2015; Lin et al., 2017). However, our findings corroborate previous studies (Jin and Zhu, 2008; Guo et al., 2022) when temperatures reach high levels (e.g., a 4°C increase) as projected at our study sites. The maximum temperature enhancement under RCP 4.5 was generally above 4°C after 2080 and ranged from 4.0 to 8.5°C after 2060 under RCP 8.5 (Supplementary Figure S1). In such conditions, soybean yield would decline without cultivar improvement in response to temperature extremes, leading to a reduction in the number of grains by shortening the grain-filling period. Climate change did not significantly affect spring wheat yield in the study regions, being consistent with the earlier reports (Jin and Zhu, 2008; Yin et al., 2015). The anticipated warmer climate is expected to result in a shortened growing period, leading to a diminished accumulation of photosynthate (Supplementary Figure S6). For major C3 crops, the current atmosphere CO2 concentration constrains crop photosynthesis. Elevated CO2 concentration can increase crop net photosynthesis by increasing the availability of intercellular CO2 as a substrate and restraining competition with photorespiration for the Rubisco enzyme (Dermody et al., 2008).



4.3 Response of the carbon sequestration to climate change

Our simulations revealed a significant decrease in SOC stock under all future climate scenarios, consistent with previous studies conducted in Mollisol regions (Gao et al., 2008; Ramírez et al., 2019; Bao et al., 2023). The decline in C input for each fertilizer practice, due to the reduction of maize and soybean productions under the RCP scenarios, likely played a predominant role in the SOC decline. Consequently, SOC stock under RCP 8.5 was significantly lower than those under RCP 4.5 and RCP 2.6 (p < 0.05). Furthermore, the combined application of manure with chemical N treatments simultaneously showed the highest SOC stock and crop yield at both sites under each climate scenario (Figures 2, 3; Table 3). It has been reported that manure combined with chemical fertilizer treatment has the beneficial effects of both C inputs and readily available nutrients for plant growth, enhancing C inputs from crop residues and sequestrating a greater amount of C compared to other treatments (Triberti et al., 2016; Jiang et al., 2018; Gross and Glaser, 2021). Notably, the impact of fertilization on SOC stock was more pronounced with the manure-only treatment compared to NPK. The significantly higher annual C input (Figure 4) could be the primary reason for the observed difference, along with the very close amount of C inputs from crop residues for both treatments (Supplementary Table S6). However, a contrary conclusion was found when C inputs from manure into croplands were transferred from other ecosystems within the same region, rather than relying on consistent C inputs from fertilization (Schmidt et al., 2011).

Our results showed that fields with manure application had greater efficiencies in C sequestration than those receiving chemical fertilizer alone. Applied manure creates a favorable growth environment for plants and microorganisms (Mandal et al., 2007). Our simulations demonstrated that manure amendments led to increased C inputs and microbial biomass. Those might be beneficial for retaining massive amounts of total C in the Mollisol regions of Northeast China (Yu et al., 2006; Ding et al., 2016; Wang et al., 2020). Consistently, compared to the practice using chemical fertilizer alone, manure application exhibited significantly higher SOC stocks and change rates (Figure 3; Table 4), supporting a higher value of CSE.

Our investigation revealed a pronounced negative exponential correlation between CSE and the cumulative C input. Specifically, CSE showed an initial rapid decline following the onset of C input, then a decelerated decrease, ultimately settling into a slow decay until reaching a stable asymptotic value with a substantial accumulation of C input. This dynamics pattern has been directly or indirectly supported by previous findings (Stewart et al., 2007, 2008; Yan et al., 2013; Maillard and Angers, 2014; Jiang et al., 2018). Stewart et al. (2007), in their synthesis of data from 14 long-term experiments in the USA and Canada, identified an asymptotic increase in the relationship between C inputs and SOC content, ascribable to the soil C saturation phenomena at high C inputs. Furthermore, Stewart et al. (2008) proposed that the stabilization efficiency of added C would decrease with increasing C input levels. These studies collectively supported our observation of a negative exponential relationship between CSE and C inputs. Warmer and wetter environmental conditions are likely to enhance the mineralization rate of added C (Fang et al., 2022; Bao et al., 2023), leading to a reduction in CSE. Our predictions indicated that the soil respiration rate under the RCP scenarios which soil temperature is a primary control factor increased 3.10–9.36% in Gongzhuling and 1.67–16.18% in Harbin compared to the baseline (Supplementary Table S8). Similar findings have been reported (Wang et al., 2022).

Notably, the average annual CSE for NPK under future climate scenarios in Harbin increased, contrasting with the absence of such a trend in Gongzhuling (Table 3). The incorporation of soybean into the crop rotation in Harbin likely contributed to the divergent responses observed in CSE. Biologically fixed N by soyabean can be available for subsequent crops, which can increase biomass accumulation in non-leguminous crops within the rotation (Stagnari et al., 2017). This results in an increase of C input to the soils. Additionally, root exudation and senescence of legume roots and nodules further contribute to the C input to the soils, offering benefits for SOC sequestration (Virk et al., 2022). The findings suggested that integrating leguminous crop in a rotation cropping system could contribute to improved C retention in soils, especially in situations where manure is not readily available.



4.4 Adaptation strategies for climate change

In our study, the average CSE for NPKM/NM/M treatments ranged from 9.54 to 15.16%, aligning closely with the reported global manure C conversion ratio of 12 ± 4%, derived from a meta-analysis of 130 observations spanning 4–82 years of manure applications (Maillard and Angers, 2014). Furthermore, predictions regarding the CSE of manure application in the soils of 20 long-term experiments in China, including the two Mollisols examined in our research, indicated that CSE approaching the stable stage ranged from 8.8 to 10.4% under baseline and RCP 4.5 conditions (Jiang et al., 2018). Our findings, ranging from 9.1 to 11.3%, closely resembled these results (Table 5). This suggested that our results can serve as a useful reference for investigating the characteristics of CSE under long-term fertilization conditions in Chinese Mollisols, especially with a substantial amount of C input. Our predictions indicated a worse situation for both food security and soil fertility for Mollisols in the future, in comparison to the current condition. In addition to spring wheat, the production of maize and soybean, which are the primary crops in the world’s Mollisol regions (Durán et al., 2011; Xu et al., 2020), would decline under future climate change. In addition, the goal of sequestrate more C in Mollisols to mitigate global warming cannot be achieved through the sole application of chemical fertilizers, as both the SOC sequestration rate and CSE decreased under all climatic scenarios. To address this, our predictions suggest the following interventions: (1) the development of new cultivars that better adapt to the anticipated warmer and wetter climates; (2) an earlier planting of crops to prevent the negative effects of heat and drought during the growing season; and (3) the optimization of nutrient application rates and the ratio of chemical fertilizers to manure.




5 Conclusion

Our study successfully validated the SPACSYS model for simulating yields of maize, spring wheat and soybean, and the SOC stock in typical Mollisol regions in China. SPACSYS predicted a decline in both yields and SOC stock under future climate scenarios compared with the baseline. The anticipated reduction in maize and soybean yields was primarily attributed to increased temperatures with maize being more significantly affected than soybean. Interestingly, the warmer and wetter future had no significant effects on spring wheat yield in this region. Future climate conditions led to a decrease in SOC stocks and CSE at the two typical Mollisol sites for fertilization treatments. Our prediction confirmed that CSE initially decreased rapidly following C inputs, exhibited a decelerated decline, and eventually decayed slowly until reaching a stable asymptotic value due to substantial C accumulation. Notably, the combined application of manure and chemical fertilizers demonstrated the highest potential to mitigate the negative impacts of climate change on crop yields and CSE. Our findings suggest that future research should prioritize improving crop cultivars, optimizing planting timings, and establishing effective fertilizer management strategies to mitigate climate change risks in Mollisol regions.
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