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The rice-wheat rotation system is an important planting system in the middle and lower reaches of the Yangtze River. Studies on the effects of different rice planting methods on the water, energy, and carbon footprints of subsequent wheat have rarely been reported. In this study, the effects of different rice cultivation practices on the water, energy, and carbon footprints of subsequent wheat were investigated among different rice-wheat rotation systems including dry direct-seeded rice (DSR)-wheat rotation, wet direct-seeded rice (WSR)-wheat rotation and transplanted rice(TPR)-wheat rotation. Results showed that the yield of wheat after DSR was 8,552 kg ha−1, which was 14.61 and 4.72% higher than the yields after WSR and TPR, respectively. In addition, the water and carbon footprints of wheat after DSR were lower than those after WSR and TPR, while its energy and carbon production efficiencies and net ecosystem economic benefits were higher than those after WSR and TPR. Notably, the use of fertilizers and fuel are the two major contributors to the high energy inputs and greenhouse gas emissions in wheat production. In summary, wheat after DSR has higher ecological and economic benefits, and we recommend that it be promoted as the preferred wheat planting model in rice-wheat rotation areas.
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1. Introduction

Resource shortages, climate and environmental degradation and food security are three strategic issues affecting human survival and development. Exploring clean and efficient food production models is essential to maintaining the sustainable development of human society. Wheat is the third-largest cereal crop in the world after maize and rice, providing approximately 20% of the calories and protein required by humans (Braun et al., 2010; Li et al., 2023), and is also an essential source of income for a large number of rural people (Choudhary et al., 2020). Globally, wheat accounts for approximately 25% of the global cereal crop acreage. China is the world’s largest wheat producer, with approximately 13% of the world’s total wheat acreage, producing approximately 97 million tons of wheat per year (Singh et al., 2007). Therefore, ensuring high and stable wheat yields in China is significant for improving the standard of living and ensuring regional and even world food security.

Different cropping systems have varying effects on soil structure and nutrient availability, consequently influencing root growth and nutrient uptake in subsequent crops (Nishimura et al., 2008; Cha-un et al., 2017). Dry direct-seeded rice (DSR), wet direct-seeded rice (WSR), and transplanted rice (TPR) are the current widely used rice planting method, and their effects on the physicochemical and biological properties of soil are distinct (Jin et al., 2021). Wheat is highly sensitive to changes in the production environment and management practices (Rahman and Hasan, 2014), and its output attributes are susceptible to the soil environment (Sun et al., 2019).

The environmental footprint method is a new method developed in recent years to quantitatively analyze and judge the level of sustainable development of a country or region (Jin et al., 2023). Essential components of the environmental footprint include the water footprint (WF), energy footprint (EF), and carbon footprint (CF), which measure ecosystem security and sustainability. The net ecosystem economic benefits (NEEB) is an indicator that assesses the ecological and economic benefits of crop production based on yield benefits, production and global warming potential (GWP) costs (Zhang et al., 2015). A systematic assessment of WF, EF, CF, and NEEB in wheat production provides insights into the environmental impacts and the ecological and economic benefits of wheat production technologies and cultivation management practices (Gunady et al., 2012). This is consistent with recent calls for scientists to focus on multiple sustainability metrics (Harrison et al., 2021).

Much previous work has been done on greenhouse gas (GHG) emissions, soil carbon content changes, WF, EF, CF, and NEEB assessment among different rice planting methods (Chaudhary et al., 2017; Yuan et al., 2018; Nguyen et al., 2019; Li et al., 2021; Mullick and Das, 2021). However, studies on the effects of different rice planting methods on the WF, EF, CF, and NEEB of subsequent wheat crop have not been reported. In this study, the effects of different rice planting methods (dry direct-seeded, wet direct-seeded, and transplanted rice) on the WF, EF, CF, and NEEB of their subsequent wheat crops were comprehensively assessed. The results from this research will contribute theoretical basis and data support for the establishment of a long-term sustainable technical system for wheat production.



2. Materials and methods


2.1. Experimental site

The experiment was conducted in 2018–2020 at the Modern Agricultural Demonstration Park in Xiangzhou District, Xiangyang City, Hubei Province (112°21′ E, 32°7′ N). The soil of the experimental site is submerged paddy soil, and the thickness of the plow layer is 25 cm. The organic matter content was 17.11 g kg−1, the alkaline N content was 72.66 mg kg−1, the available phosphorus content was 15.85 mg kg−1, the available potassium content was 106.18 mg kg−1, and the pH was 6.4.



2.2. Experimental details

The two rice varieties selected for the preceding rice season were Huhan 15 (conventional rice, HH15) and Liangyou 6326 (hybrid rice, LY6326), and the test variety for the wheat season was Zheng Mai 9023. The experiment adopted a split-plot design, with dry direct-seeded, wet direct-seeded and transplanted as the main plots and two rice varieties as the subplots, with four replications. Dry direct-seeded plots were prepared under dry conditions, wet direct-seeded and transplanted plots were soaked with water before preparation, the field surface of wet direct-seeded plots was kept in a mud state, and transplanted plots were kept in a shallow water layer. DSR is mainly rainfed when the plot soil is too dry (soil water potential ≤ −30 kPa) for wet irrigation so that the soil is kept aerobic during the whole reproductive period of rice; WSR continues to keep the soil moist after sowing, and the plot is kept in the 3–10 cm water layer after 4.5 leaves until 2 weeks before rice harvest; the 3–10 cm water layer was kept after transplanting until 2 weeks before rice harvest in TPR. Fertilizer management patterns for rice are the same for different planting methods. After rice harvest, the aboveground rice stubble was removed, and the ground was tilled with a rotary tiller to plant subsequent wheat with a sowing rate of 180 kg ha−1 and a row spacing of 18 cm. The sowing method was manual sowing and was accordingly recorded as wheat after dry direct-seeded rice (WAD), wheat after wet direct-seeded rice (WAW), and wheat after transplanted rice (WAT). The fertilizer application rate in the wheat season was N 180 kg ha−1, P2O5 120 kg ha−1, K2O 90 kg ha−1, and Zn 2 kg ha−1 (local farmers’ practice), of which phosphorus, potassium and zinc fertilizers were applied as base fertilizers at one time and N fertilizer was applied in the ratio of base fertilizer: tillering fertilizer: jointing fertilizer = 2:1:1. Plant samples were collected from each plot at wheat maturity to determine the economic and biological yield of wheat.



2.3. Calculation of the water footprint of wheat

The WF of crop production refers to the total amount of freshwater consumed and used to dilute pollutants in the process of crop growth, which is divided into the blue water footprint (WFblue), green water footprint (WFgreen) and gray water footprint (WFgray) and is usually expressed as freshwater consumption per unit product (Zhai et al., 2019). Blue water refers to surface and groundwater consumption, usually expressed as irrigation water. Green water means the amount of effective precipitation (unformed runoff) consumed. Gray water refers to the amount of freshwater required to dilute pollutants from crop growth to environmental water quality standards (Li et al., 2018).

The total water footprint (WFtotal) was the sum of WFblue, WFgreen and WFgray (in m3 t−1).
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WFblue and WFgreen were calculated by Equations (2) and (3):
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where Wblue referred to the blue water demand during wheat production, which in this study is equal to the amount of irrigation water (m3 ha−1) during the wheat growth period. Wgreen referred to the green water demand during wheat production, which in this study is equal to the amount of effective precipitation (m3 ha−1) during the wheat growth period. Because the rainfall during the wheat growth period is low, the effective precipitation in this study is the rainfall. Y referred to the yield of wheat (t ha−1).

In this study, only the pollution of the water body caused by the application of N fertilizers was considered when estimating the WFgray, and the pollution of the water body by other fertilizers and pesticides was not considered. This paper assumes that the natural concentration of N in the receiving water body is zero to ensure the unification of standards and calculates the WFgray using the critical dilution method (Castellanos et al., 2016):
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where AN was the amount of N applied (kg ha−1); α referred to the percentage of N entering the water body through leaching and runoff to the total N application, which was approximately 10% (Hoekstra et al., 2011); and Cmax referred to the maximum acceptable concentration of N in the water body, which was 50 mg L−1 (European Standard).



2.4. Calculation of the energy footprint of wheat

The energy input (Ei, MJ ha−1) in the wheat production process included irrigation water, machinery, diesel, electricity, labor, seeds, fertilizers and pesticides. The energy output (Eo, MJ ha−1) consisted of wheat grain and straw. The mean energy contained in the inputs of production and outputs was calculated by multiplying the statistical quantities of the input means of production and outputs by the corresponding energy equivalent. The total Ei was the sum of all input energy, and the total Eo was the sum of all output energy. The energy equivalents of the means of production and outputs are shown in Table 1.



TABLE 1 Energy equivalent of inputs and outputs in wheat production.
[image: Table1]

The net energy (NE, MJ ha−1), energy use efficiency (EUE), energy productivity (EP, kg MJ−1), energy profitability (EPF), and human energy profitability (HEPF) of wheat production were calculated from the calculated total Ei and output in the wheat production process by the following equations (Pirdashti et al., 2015; Singh et al., 2019a).
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where Eh referred to the human energy input during wheat production (MJ ha−1).

Generally, Ei in agricultural production was divided into renewable energy and nonrenewable energy. Renewable energy included labor, seeds, irrigation water, and wind and hydropower; nonrenewable energy included fertilizers, pesticides, diesel, machinery, and thermal power. The electricity used in China was mainly generated by thermal, wind and hydroelectric power. Thermal power reportedly accounted for 75% of all electricity produced in China, with the remaining 25% mainly coming from wind and hydropower (China’s Electricity Yearbook Committee, 2015).



2.5. Calculation of the carbon footprint of wheat

Greenhouse gas (GHG) emissions include the following: (1) production, storage, transportation and use of agricultural inputs (such as seeds, fertilizers and pesticides); (2) energy consumed by agricultural machinery operations (such as tillage, irrigation, and harvesting) (GHGs from machinery and equipment manufacturing were not considered in this study); and (3) GHG emissions from farmland during the wheat growth period. Since humans naturally produce CO2 through respiration, GHGs from human labor were not accounted for (West and Marland, 2002). Because a certain amount of carbon is fixed during wheat growth, GHGs from wheat respiration and residue decomposition were not considered.

The crop yield carbon footprint was calculated by dividing the GHG emissions from agricultural inputs and non-CO2 GHG emissions from cropland by the crop yield. Calculated according to Equation (10) (Qi et al., 2018):
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where CF
t
 was the total GHG emissions (kg CO2-eq ha−1) during wheat production, including GHG emissions from agricultural inputs and N2O emissions from soil (wheat is a dry crop with minimal CH4 emissions during the growth period and is neglected). Calculated by Equation (11):
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where CF
i
 was the total indirect GHG emissions related to the input means of production (kg CO2-eq ha−1) and CFN2O was the CO2 equivalent (kg CO2-eq ha−1) converted from direct and indirect N2O emissions due to the application of N fertilizer.

CF
i
 was calculated by Equation (12) (Qi et al., 2018):
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where Qm was the input quantity of the mth mean of production in the wheat production process (kg ha−1), including fertilizer, seeds, pesticides, the electrical energy consumed for pesticide application, diesel fuel consumed for farming operations and use time of agricultural machinery; δm was the GHG emission factor (kg CO2-eq unit−1) for the mth means of production (Table 2).



TABLE 2 Greenhouse gas emission factors of inputs in wheat production.
[image: Table2]

Farmland N2O emissions was estimated according to the 2006 IPCC Guidelines (IPCC, 2006). In this study, applied chemical N fertilizer was the major contributor to soil direct and indirect N2O emissions (IPCC, 2006). Direct and indirect N2O emissions from farmland were estimated by Equation (13):
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where DN2O was the direct N2O emission from farmland (kg CO2-eq ha−1); VN2O was the indirect N2O emission (kg CO2-eq ha−1) from atmospheric deposition of N volatilized to NH3 and NOx in farmland; and LN2O was the amount of N2O produced by N leaching and runoff (kg CO2-eq ha−1). These values were calculated by Equations (14)–(16):
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where FSN was the pure N amount (kg N ha−1) obtained from chemical fertilizer during wheat production; EF1 was the emission factor for N2O emitted directly due to N fertilizer application (0.01 kg N2O-N kg−1 N for dryland and 0.003 kg N2O-N kg−1 N for flooded paddy field); FG was the fraction of fertilizer N volatilized as NH3 and NOx in the fertilizer (0.10 kg NH3-N + NOx-N kg−1 N); EF2 was the emission factor for N2O emission from atmospheric deposition of N on the soil surface (0.01 kg N2O-N kg−1 NH3-N + NOx-N volatilization); FL was the ratio of N loss by leaching and runoff/N application (0.30 kg lost by leaching and runoff per 1 kg N applied); EF3 was the emission factor for N2O emission from leaching and runoff loss N (0.0075 kg N2O-N kg−1 N); 44/28 was the mass fraction of N in N2O; 298 was the GWP for the conversion of N2O to CO2 on a 100-year scale.

The above emission factors are the default values in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006).



2.6. Carbon output, carbon efficiency, carbon sustainability index and carbon efficiency ratio

Carbon output (Co, kg C ha−1) refers to the carbon content of photosynthetic products accumulated by wheat and is calculated by multiplying its biological yield (Yb, kg ha−1) by the average carbon content of photosynthetic products (Cc, kg C kg−1), Equation (17) (Jat et al., 2019). It is worth noting that only the aboveground part of wheat was considered for the Co in this study. The carbon content of the wheat shoots was measured with a carbon/nitrogen analyzer (Elementar Trading Co., Ltd., Germany).
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Carbon efficiency (CE) and carbon sustainability index (CSI) were calculated by Equations (18) and (19) (Lal, 2004; Chaudhary et al., 2017):
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Carbon efficiency ratio (CER) was calculated by Equation (21) (Chaudhary et al., 2017):
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where Cy was the wheat yield in terms of carbon (kg C ha−1); CEE was the carbon emission equivalent (kg C-eq ha−1); and 12.01/44.01 was the mass fraction of C in CO2.



2.7. Calculation of net ecosystem economic benefits of wheat

NEEB (CNY ha−1) was calculated by Equation (23) (Song et al., 2021):
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where Yr (CNY ha−1) was the yield gain of wheat at market prices; Ic was the cost of wheat production inputs, including seeds, fertilizers, pesticides, labor, machinery, and energy (CNY ha−1); and GWPc (CNY ha−1) was the product of the carbon trade price and GWP. The GWP was the GHG emissions converted into CO2-eq. The carbon-trade price was 232.7 CNY t−1 CO2-eq (Carbonnews, 2020).



2.8. Statistical analysis

Data were analyzed by analysis of variance using Statistix 9.0 (Analytical Software, FL, United States), and multiple comparisons of the means were performed using the least significant difference method at the 0.05 significance level to determine the significance of significant differences between treatments. All figures were generated by OriginPro 2021 (Mapping Software, MA, United States).




3. Results


3.1. Wheat productivity

The average yield of WAD was 8,552 kg ha−1 in 2 years, 14.61 and 4.72% higher than that after WSR and TPR, respectively (Figure 1). The difference between grain yields of WAD and WAT reached a significant level in 2018–2019, while there was no significant difference between grain yields of WAD and WAT in 2019–2020 (Figure 1). Except for wheat after transplanted HH15 in 2019–2020, the yields of both WAD and WAT were significantly higher than those of WAW (Figure 1).

[image: Figure 1]

FIGURE 1
 Grain yields of wheat after dry direct-seeded, wet direct-seeded and transplanted rice. HH15, Huhan15; LY6326, Liangyou6326; WAD, Wheat after dry direct-seeded rice; WAW, Wheat after wet direct-seeded rice; WAT, Wheat after transplanted rice. Data are the mean ± standard deviation. Different lowercase letters on the columns indicate significant differences at the 0.05 level for subsequent wheat of the same rice variety in different planting methods in the same year.




3.2. Water footprint

The WF of WAW rice was higher than that after DSR and TPR, and the WFtotal of wheat production was mainly influenced by the WFgreen (Figure 2). The two-year average WF of WAW was 280 m3 t−1, 14.86 and 9.61% higher than that after DSR and TPR, respectively (Figure 2). The difference between the WF of WAD and WAT reached a significant level in 2018–2019, while there was no significant difference between the WF of WAD and WAT in 2019–2020 (Figure 2). The WFgreen accounted for more than 69% of the WF of wheat production (Figure 2).

[image: Figure 2]

FIGURE 2
 The water footprint of wheat after dry direct-seeded, wet direct-seeded and transplanted rice. HH15, Huhan15; LY6326, Liangyou6326; WAD, Wheat after dry direct-seeded rice; WAW, Wheat after wet direct-seeded rice; WAT, Wheat after transplanted rice; WFblue, Blue water footprint; WFgreen, Green water footprint; WFgray, Gray water footprint. Data are the mean ± standard deviation. Different lowercase letters on the columns indicate significant differences at the 0.05 level for subsequent wheat of the same rice variety in different planting methods in the same year.




3.3. Energy footprint


3.3.1. Energy input

The total Ei during the two-year wheat production process was 29,742 MJ ha−1 and 29,949 MJ ha−1, respectively (Table 4). Fertilizers and diesel are the two most abundant energy inputs for wheat production, accounting for 48.31 and 31.27% of the total Ei, respectively (Tables 3, 4). Among the fertilizers, N fertilizer accounted for the largest share of Ei, accounting for 82.57 and 39.89% of the total fertilizer Ei and total Ei, respectively (Figure 3).



TABLE 3 Resource inputs for wheat production.
[image: Table3]



TABLE 4 Energy inputs for wheat production.
[image: Table4]
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FIGURE 3
 Distribution of direct and indirect energy inputs for wheat production.


The Ei to wheat production was dominated by indirect energy (Figure 3). The average direct Ei of wheat in the 2 years was 10,002 MJ ha−1, accounting for 33.51% of the total Ei (Figure 3). Among the input means of production, the energy contained in the diesel accounts for 93.29% of the total direct Ei (Figure 3). N fertilizer is the means of production with the most indirect Ei, which contains approximately 60% of the total indirect Ei.

Wheat production relies mainly on nonrenewable Ei (Figure 4). The average renewable Ei for two-year wheat production was 3,196 MJ ha−1, accounting for 10.71% of the total input energy (Figure 4). Among the inputs of renewable means of production, seeds, irrigation water, labor, and wind and hydroelectricity are ranked in descending order of energy content, with seeds accounting for 82.79% of the total renewable Ei and wind and hydroelectricity accounting for less than 2% of the total renewable Ei (Figure 4).

[image: Figure 4]

FIGURE 4
 Distribution of renewable and nonrenewable energy inputs for wheat production.




3.3.2. Energy output

The total Eo and NE of WAD and WAT were higher than those after WSR (Figure 5). The two-year average total Eo of WAD and WAT was 217,724 MJ ha−1 and 206,410 MJ ha−1, respectively, 15.83 and 9.81% higher than WAW (Figure 5). Because the total Ei of wheat after rice was the same for the different rice planting methods, the difference in NE of wheat after rice for the different rice planting methods was consistent with the total Eo (Figure 5).

[image: Figure 5]

FIGURE 5
 Total energy output and net energy of wheat after dry direct-seeded, wet direct-seeded and transplanted rice. HH15, Huhan15; LY6326, Liangyou6326; WAD, Wheat after dry direct-seeded rice; WAW, Wheat after wet direct-seeded rice; WAT, Wheat after transplanted rice. Data are the mean ± standard deviation. Different lowercase letters on the columns indicate significant differences at the 0.05 level for subsequent wheat of the same rice variety in different planting methods in the same year.




3.3.3. Energy production efficiency

The EUE, EP, EPF, and HEPF of wheat after the three rice planting methods were, in descending order, WAD, WAW, and WAT (Table 5). The EUE, EP, EPF, and HEPF of WAD were 7.30, 0.29 kg MJ−1, 6.30 and 962, respectively, which were 15.87, 18.37, 18.87, 15.90 and 5.49%, 6.42, 6.42, 5.48% higher than those after WSR and TPR, respectively (Table 5). The differences between the EUE, EP, EPF, and HEPF of wheat after all three rice planting methods reached significant levels (Table 5).



TABLE 5 Energy use efficiency, energy productivity, energy profitability and human energy profitability of wheat after dry direct-seeded, wet direct-seeded and transplanted rice.
[image: Table5]




3.4. Carbon footprint

The CF of WAW was higher than that after DSR and TPR (Figure 6). The average CF of WAW for 2 years was 0.47 kg CO2-eq kg−1, which was 14.87 and 9.62% higher than that after DSR and TPR, respectively (Figure 6). The GHGs emitted during wheat production are mainly from the mean inputs of production, accounting for 68.03% of total GHG emissions, and soil emissions account for less than one-third of total GHG emissions (Figure 7). N fertilizer, diesel and wheat seeds are the three components of production that emit the most GHGs, accounting for 37.56, 34.09, and 13.93% of the total GHG emissions of the means of production, respectively, while the remaining means of production emit less than 15% of the total GHG emissions of the means of production (Figure 7).

[image: Figure 6]

FIGURE 6
 The carbon footprint of wheat after dry direct-seeded, wet direct-seeded and transplanted rice. HH15, Huhan15; LY6326, Liangyou6326; WAD, Wheat after dry direct-seeded rice; WAW, Wheat after wet direct-seeded rice; WAT, Wheat after transplanted rice. Data are the mean ± standard deviation. Different lowercase letters on the columns indicate significant differences at the 0.05 level for subsequent wheat of the same rice variety in different planting methods in the same year.


[image: Figure 7]

FIGURE 7
 Distribution of greenhouse gas emissions from different sources of wheat production.




3.5. Carbon production efficiency

Among the wheat after the three rice planting methods, the Co, CE, CSI, and CER were, in descending order, WAD, WAT, and WAW (Table 6). The 2-year average Co, CE, CSI, and CER of WAD were 7,377 kg C ha−1, 11.29, 10.29, and 3.58, respectively, which were 15.70, 15.68, 17.47, 14.74, and 5.33%, 5.32, 5.86, 4.68% higher than those of WAW and WAT, respectively (Table 6).



TABLE 6 Carbon output, carbon efficiency, carbon sustainability index and carbon efficiency ratio of wheat after dry direct-seeded, wet direct-seeded and transplanted rice.
[image: Table6]



3.6. Net ecosystem economic benefits

The NEEB of WAD was higher than that after WSR and TPR (Figure 8). The average NEEB of WAD for 2 years was 7,944 CNY ha−1, which was 41.52 and 11.61% higher than that after WSR and TPR, respectively (Figure 8). The NEEB of WAT in both years showed inconsistent performance. The difference in NEEB between WAD and WAT reached a significant level in 2018–2019, while there was no significant difference in NEEB between WAD and WAT in 2019–2020 (Figure 8).

[image: Figure 8]

FIGURE 8
 Net ecosystem economic benefits of wheat after dry direct-seeded, wet direct-seeded and transplanted rice. HH15, Huhan15; LY6326, Liangyou6326; WAD, Wheat after dry direct-seeded rice; WAW, Wheat after wet direct-seeded rice; WAT, Wheat after transplanted rice. Data are mean ± standard deviation. Different lowercase letters on the columns indicate significant differences in annual yields at the 0.05 level between different rice-wheat rotation systems containing the same rice variety in the same year.





4. Discussion

The yield of WAD was higher than that after WSR and TPR (Figure 1). The long-term flooding during the rice season damaged the soil structure, causing the clay particles in the tillage layer to settle at the bottom of the layer, forming a subsurface compaction layer (Sharma et al., 2003). This layer is detrimental to the growth of wheat roots. At the same time, tillage before planting WSR and TPR destroyed soil aggregates in paddy fields, leading to surface crusting after wheat season rains (Aggarwal et al., 1995). All these factors have negative impacts on the establishment and growth of subsequent wheat, which in turn limit the uptake of water and nutrients by wheat. In addition, rice dry planting promoted the decomposition of soil organic matter and increased the effectiveness of soil nutrients (Patrick et al., 1985). In our study, the grain yield of WAD was 1,090 and 386 kg ha−1 higher than that after WSR and TPR, respectively (Figure 1). In contrast, the tillage intensity was lower in TPR fields was lower than that of WSR fields, and the subsurface compaction layer and the surface crust had less effect on the establishment and growth of wheat. Meanwhile, the residual amount of soil nutrients in TPR fields was bigger than that of direct-seeded rice fields (unpublished). This may have compensated, to some degree, for the negative effects of the subsurface compaction layer and surface crust on wheat growth.

The WF of WAD was lower than that after WSR and TPR (Figure 2). Improving wheat yield and reducing freshwater consumption are two basic ways to reduce the WF of wheat (Zhang et al., 2022). In our study, the WF of WAD was 36 m3 t−1 and 12 m3 t−1 lower than that after WSR and TPR, respectively, just because of its higher yield (Figures 1, 2). However, the yield per unit area of wheat in China currently appears to be near the threshold of yield potential, and it is difficult to reduce the WF of wheat by increasing production (Lobell et al., 2009). Therefore, the key to reducing the WF of rice production in our country in the future is to reduce the consumption of freshwater in wheat production. Studies have found that WFgreen was the most critical component of WFtotal (Han et al., 2018), consistent with our results. Therefore, to decrease freshwater consumption during wheat production, the focus should be on improving the utilization efficiency of green water while reducing the consumption of blue water. It has been reported that straw return reduced water evaporation and surface runoff caused by direct sunlight, and facilitated the improvement of water use efficiency in agricultural production (Jin et al., 2020). Studies have shown that limited irrigation saved 50–75% of irrigation water (Wang et al., 2022), but water expiration at the critical growth stage of wheat caused lower wheat yields (Zhang K. et al., 2016; Zhang X. et al., 2016). Therefore, the effect of irrigation on wheat yield at different growth periods should be focused on in future research to explore water management methods without reducing wheat yield. The WFgray was also an essential component of the WFtotal of wheat, which increased with increasing fertilizer application (Zhuo et al., 2016). Liu et al. (2013) reported that increasing N fertilizer application had diminishing returns on crop yield, and N fertilizer application above the tolerance level of the crop actually resulted in lower yields. In summary, improving water and fertilizer use efficiency to reduce water and fertilizer use are effective ways to reduce the WF of wheat and should be focused on in future research.

The average Ei for wheat production in both years was 29,846 MJ ha−1, higher than the 25,600 MJ ha−1 reported by Safa et al. (2011) (Table 4), which may be influenced by the degree of mechanization in local wheat production. The higher the degree of mechanization is, the higher the fossil fuel consumption and the greater the Ei (Quilty et al., 2014). Fertilizer is a vital component of wheat production with the highest energy consumption, contributing to approximately 48% of the total Ei (Figure 3). N fertilizer is the fertilizer with the highest Ei, accounting for approximately 82.57% of the total Ei of fertilizer used in wheat production (Figure 3), which is consistent with the results obtained by Kazemi et al. (2015). Diesel is the second-highest Ei in wheat production (Figure 3), primarily attributed to the substantial diesel consumption during wheat harvest and tillage (Rabiee et al., 2021). Indirect energy inputs accounted for more than 66% of the total energy inputs in wheat production, significantly higher than the 48% reported by Singh et al. (2019b), mainly attributed to the higher application of N fertilizer in our study. The findings of Safe et al. (2011) were similar to ours. Optimizing the N fertilizer production and management methods is vital to improving energy production efficiency (EPE) in wheat production. Non-renewable energy inputs play a significant role in current agricultural production (Esengun et al., 2007). The average renewable Ei for two years of wheat production was 3,196 MJ ha−1, only 10.71% of the total Ei (Figure 3). N fertilizer and diesel were the two largest non-renewable energy inputs in wheat production, comprising over 79% of the total non-renewable Ei (Figure 4). Therefore, promoting agricultural production technology innovation and increasing the proportion of renewable energy inputs are essential to enhance the long-term sustainability of wheat production.

The total Eo and NE of WAD and WAT were higher than that after WSR (Figure 5). The Eo of wheat production depended on its yield and biomass. In contrast, the NE of wheat depended on its yield and biomass and the Ei in the production process (Arvidsson, 2010). In our study, the highest Eo and NE were found in WAD, 214626 MJ ha−1 and 184,780 MJ ha−1, respectively (Figure 5). Zhao et al. (2007) found that drought rice may achieve higher yields than paddy rice, as long as reasonable water management practices were employed. Therefore, it is feasible to promote DSR-wheat rotation in rice-wheat rotation areas with poor irrigation conditions.

The EPE of WAD was higher than that after WSR and TPR (Table 5). Improving wheat production’s EPE involves lowering the Ei and increasing Eo (Unakıtan and Aydın, 2018). As previously mentioned, N fertilizer and diesel were the two most energy-intensive inputs in wheat production. Currently, N fertilizer is excessively applied in wheat production in China, and the utilization efficiency is about 30% lower than that of developed countries (Yan et al., 2015). Reducing N fertilizer usage is a feasible approach to improve wheat production’s EPE in China. Fossil energy consumption is closely related to the degree of mechanization in agricultural production. Quilty et al. (2014) found that increased mechanization results in higher Ei. As a result, a challenge for agricultural researchers is improving EPE while increasing wheat production mechanization. Overall, reducing N fertilizer use by innovating fertilizer management practices in wheat production is an effective approach for enhancing EPE, which is critical to the long-term sustainability of wheat production.

The CF of WAD was lower and the carbon production efficiency (CPE) was higher than that after WSR and TPR (Figures 6, 7). In our study, the carbon footprints of WAD, WAW, and WAT were 0.41, 0.47, and 0.43 kg CO2-eq kg−1, respectively (Figure 6). Our study found that the carbon footprints of wheat were higher than those reported by Brock et al. (2012) and Biswas et al. (2008), primarily due to the more inputs required in wheat production. However, Kashyap and Agarwal (2021) found that the CF of wheat was 0.83 kg CO2-eq kg−1, which was higher than our findings. This may be attributed to the higher inputs required and the lower wheat production reported in their study. Our study suggests that reducing production inputs and increasing wheat production may decrease the CF of wheat. As previously mentioned, increasing wheat production in China is increasingly difficult (Lobell et al., 2009). Reducing inputs in wheat production is the most realistic and effective way to reduce wheat’s CF. Therefore, reducing inputs in wheat production is the best way to lessen wheat’s CF. N fertilizer and fossil fuel applications are the primary factors affecting GHG emissions from crop production (Robertson et al., 2000). According to Cheng et al. (2014), N fertilizer application accounts for more than 50% of the total GHG emissions from wheat production. Our study found that the production and use of N fertilizer contributed to over 57% of the total GHG emissions from wheat production (Figure 7). As stated earlier, the N fertilizer rate in Chinese wheat production greatly exceeds the requirements, resulting in low N fertilizer use efficiency. Therefore, it is feasible to lower the CF of wheat in China by maintaining the current wheat yield with reduced N fertilizer application. Moreover, China mainly relies on coal as the energy source for N fertilizer production (Zhang et al., 2013), resulting in higher GHG emissions than those of developed countries. Therefore, reducing GHG emissions by improving the N fertilizer production process is an effective way to lower the CF of wheat in China. In summary, improved N fertilizer production and management practices both improve the CPE of wheat while reducing its CF.

The assessment of NEEB is a valuable tool for the integrated evaluation of the economic and ecological benefits of agricultural production, which is mainly affected by agronomic management measures (Liu et al., 2020). The assessment is based on the measurement of yield returns, agricultural inputs, and GWP (Cai et al., 2018). All increasing crop yields and reducing production and GWP costs have been shown to improve NEEB in agricultural production (Zhang et al., 2018). Our results showed that WAD had higher NEEB compared to WAW and WAT (Figure 8). However, currently, Chinese farmers usually prioritize economic benefits over environmental benefits in agricultural production. Many studies have revealed that rain-fed rice yields less compared to flood-irrigated rice (Soni and Soe, 2016; Weller et al., 2016). Therefore, the government could endorse DSR-wheat rotation in rice-wheat rotation production areas by setting up agricultural ecological compensation incentives, thus ensuring food security in China while alleviating negative effects on the ecological environment.



5. Conclusion

The economic and biological yields of the subsequent wheat were influenced by the planting methods of the previous rice, which in turn affected the WF, CF, EPE, CPE, and NEEB of wheat. The yield of WAD was 14.61 and 4.72% higher than that after WSR and TPR, respectively. In comparison, the water and carbon footprints were 12.93, 12.95 and 4.56%, 4.57% lower than those after WSR and TPR, and its EPE, CPE, and NEEB were higher than those after WSR and TPR. Fertilizer and diesel are the two major contributors to the high Ei and GHG emissions during wheat production. Therefore, improving water and fertilizer use efficiency is critical to reducing water and carbon footprints while increasing energy and carbon production efficiencies in wheat production. Furthermore, current wheat production mainly depends on indirect energy and non-renewable energy inputs. We believe that reducing the use of N fertilizer in wheat production through improved N fertilizer management practices as a means of mitigating the negative impacts of wheat production on the environment. In summary, compared to other planting methods, WAD has higher yields and eco-economic benefits, while emitting fewer negative effects on the environment which make it a more sustainable and productive option. Therefore, we recommend that dry direct-seeded be promoted as the primary rice planting method in rice-wheat rotation production areas. In general, high yields in current Chinese rice-wheat rotation production are achieved through heavy inputs of water and fertilizer, which have adverse effects on the environment. This situation will likely worsen with increasing demand for food. As a result, it is crucial to develop innovative fertilizer production techniques and efficient water and fertilizer management strategies to enhance the sustainability of rice-wheat rotation production, and research in this area should be strengthened in the future.
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