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Abstract

:

The North China Plain is an important irrigated agricultural area in China. However, the effects of irrigation management on carbon emission are not well documented in this region. Due to the uneven seasonal distribution of rainfall, irrigation is mainly concentrated in the winter wheat growing season in the North China Plain. In this study, we estimated CO2 emission and soil CH4 uptake from winter wheat fields with different irrigation methods and scheduling treatments using the static chamber-gas chromatography method from April to May 2017 and 2018. Treatments included three irrigation methods (surface drip, sprinkler, and border) and three irrigation scheduling levels that initiated as soon as the soil moisture drained to 50%, 60%, and 70% of the field capacity for a 0–100 cm soil profile were tested. The results showed that both the irrigation methods and scheduling significantly influenced (p < 0.05) the cumulative CO2 and CH4 emission, grain yield, global warming potential (GWP), GWP Intensity (GWPI), GWPI per unit irrigation applied, and water use efficiency (WUE). Compared to 60% and 70% FC, 50% FC irrigation scheduling de-creased accumulated CH4 uptake 26.8–30.3% and 17.8–25.4%, and reduced accumulated CO2 emissions 7.0–15.3% and 12.6–19.4%, respectively. Conversely, 50% FC reduced GWP 6.5–13.3% and 12.5–19.4% and lower grain yield 10.4–19.7% and 8.5–16.6% compared to 60% and 70% FC irrigation scheduling in 2017 and 2018, respectively. Compared to sprinkler irrigation and border irrigation, drip irrigation at 60% FC increased the accumulated CH4 uptake 11.3–12.1% and 1.9–5.5%, while reduced the accumulated CO2 emissions from 7.5–8.8% and 10.1–12.1% in 2017 and 2018, respectively. Moreover, drip irrigation at 60% FC increased grain yield 5.2–7.5% and 6.3–6.8%, WUE 0.9–5.4% and 5.7–7.4%, and lowered GWP 8.0–9.8% and 10.1–12.0% compared to sprinkler and border irrigation in 2017 and 2018, respectively. The interaction of irrigation scheduling and irrigation methods significantly impacted accumulated CH4 uptake, cumulative CO2 amount, and GWP in 2018 only while grain yield and WUE in the entire study. Overall, drip irrigation at 60% FC is the optimal choice in terms of higher grain yield, WUE, and mitigating GWP and GWPI from winter wheat fields in North China Plain.
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1. Introduction


Agriculture takes place on 37% of the global land surface [1] and results in the emission of a considerable amount of greenhouse gases (GHG), including carbon dioxide (CO2) and methane (CH4), into the atmosphere [2]. CO2 and CH4 account for approximately 64% and 17%, respectively, of the global warming potential (GWP) of the earth [3]. Because of the increasing of human in demand for food sharply, intensive agricultural management had a strong impact on agroecosystem GHG emissions [4]. In recent years, the total GHG emissions were 12,550.2 Mt CO2-eq in China, of which CO2 shared approximately 13.8% from agricultural activities and CH4 emissions comprised approximately 3.2% of the total GHG emissions from agriculture [5].



Irrigation methods and irrigation scheduling affect the distribution of water in soil and the absorption efficiency of water in crops, thus influencing the microbial activities and GHG emissions. Most common water application methods are conventional border, surface, and subsurface drip and sprinkler irrigation. In agricultural water management, irrigation methods and scheduling controls the timing and amount of water applied to the crop, which is essential in arid and semiarid regions [6]. Irrigation influences GHG emissions under different water supply conditions. Wetting and drying of soil released CO2 from the soil via soil respiration, and 99% of the CO2 emitted from the soil microflora was caused by organic matter decomposition [7]. Moreover, soil emits CO2 under a soil aerobic environment, and soil produces CH4 under an anaerobic environment. Farmland may act as a CH4 source or uptake rely on the oxygen supply for microbial community [8]. CH4 is predominantly released from the flooded soils such as rice paddy fields [9]. CH4 is emitted due to soil organic matter decomposition under anaerobic conditions in inundated fields due to over-irrigation or rainfall [10].



Zhou, et al. [11] observed that irrigation application could enhance the soil CO2 emissions by 21.9% under different climates in meta-analysis. Zornoza, et al. [12] estimated 13.4% and 38.8% reduced CO2 emissions from medium (total water applied 457 mm) and moderate (326 mm) irrigation regimes compared to a full irrigation regime treatment (694 mm), respectively, in orchard fields. Moreover, Bowles, et al. [13] estimated 23% lower soil CO2 emissions under a lower irrigation regime (total water applied 187 mm) compared with the control (full) irrigation regime (327 mm) from tomato fields. Drip irrigation under lower irrigation scheduling (total irrigation amount 364 mm) compared with higher irrigation scheduling (364 mm) reduced the cumulative CO2 emissions by 20.3% and a higher cumulative CH4 uptake by 232.1% in melon fields [14]. Similarly, drip irrigation under reduced irrigation scheduling treatment compared with full irrigation scheduling treatment decreased soil CO2 emissions by 13–25% from orchard fields [15]. Moreover, drip irrigation (with applying 4500 m3 ha−1 water) compared with furrow irrigation (with applying 6000 m3 ha−1) produced about three times higher CH4 uptake from cotton fields in Northwestern China [16]. Franco-Luesma, et al. [17] observed that when applying an equal amount of water (1215 mm) under low and higher irrigation scheduling treatment in sprinkler irrigation, CO2 emissions were not substantially higher, while CH4 uptake was higher under low irrigation scheduling (23.5%) from maize fields.



The North China Plain (NCP) is the most significant agricultural region in China and contributes approximately 76% of the total winter wheat (Triticum aestivum L.) yield of China [18]. In the NCP, few studies have been conducted on GHG emissions from irrigated lands, with less in comparing the effect of irrigation methods and scheduling on GHG emission in the crop fields. For example, Li, et al. [19] estimated 4.7% higher CO2 emissions and 8.1% higher CH4 uptake under low irrigation (total irrigation amount 420 mm) compared to higher irrigation (630 mm) from wheat fields in the NCP. Hou, et al. [20] estimated a 10.2–25.5% lower cumulative soil CO2 emissions by reducing the irrigation amount by 5.7–40% in the winter wheat field from a lower irrigation level (total irrigation amount 755.7 m3 hm−2) compared with the full irrigation level (1259.4 m3 hm−2) in Northwestern China. Wang, et al. [21] observed 3.7% lower CO2 emissions from surface drip irrigation compared with the sprinkler irrigation method when an equal amount of water was applied (800 m3 ha−1), while surface drip irrigation lowered CO2 emissions by 2.1% (no significant higher) compared with the flood irrigation method when 50% less water was applied. In contrast, surface drip irrigation compared with sprinkler and flood irrigation showed a 31.3% and 22.9% notably higher CH4 uptake in winter wheat fields, respectively, in the NCP. However, Guo, et al. [22] found drip irrigation (1959.1 g/m2) compared with flood irrigation (1759.1 g/m2) emitted 11.4% higher CO2 emissions when drip irrigation (total irrigation amount 1050 m3 hm−2) was performed at a higher frequency with a smaller amount of water compared with flood irrigation in the NCP from maize cropland. The effects of irrigation methods and scheduling on the soil CO2 and CH4 emission are controversial and alter with soil, crops, and climate. Moreover, there is a lack of data on recent estimates of global CO2 and CH4 emissions and a further lack in terms of literature reviews on water management practices. It is uncertain if irrigation intensity and irrigation methods can be employed as effective tools to mitigate soil CO2 and CH4 emissions in winter wheat production. Moreover, there exists a knowledge gap regarding the effects of irrigation methods and scheduling related to CO2 and CH4 emissions from winter wheat in the NCP.



Farmers in the NCP under conventional cultivation practices usually irrigate winter wheat 4–5 times in the growing seasons [23]. Wang, et al. [24] have observed the optimum crop water productivity of winter wheat at 50–60% of the field capacity (FC) under drip irrigation in the NCP. Therefore, this study was designed with three water scheduling levels of 50% (low), 60% (medium), and 70% (high) FC to evaluate the effect on GHG emission and crop grain yield. These irrigation scheduling levels are practically adopted by the local farmers in the NCP to obtain a higher grain yield. Consequently, we compared CO2 and CH4 emissions under three irrigation schedules that initiated at 50%, 60%, and 70% FC and three irrigation methods, surface drip irrigation, sprinkler irrigation, and border irrigation, in winter wheat fields. The objectives of the current study were to investigate soil CO2 emission and soil CH4 emission under three irrigation methods with different irrigation water scheduling, to measure the trade-off between CO2 and CH4 emission and soil environmental variables, and to determine the optimal irrigation practice for winter wheat production in the NCP, which will be helpful for estimating accurately GHG emission from agricultural fields and establishing the optimal farming system in the NCP. Our results will present some valuable data to the farmers and researchers of this region to implement feasible and environmentally sustainable irrigation management.




2. Materials and Methods


2.1. Site Description


The experiment was conducted at the experimental station of the Farmland Irrigation Research Institute, Chinese Academy of Agricultural Science (35°08′ N, 113°45′ E, elevation 81 m), located in Qiliying town, Xinxiang City, Henan Province in the NCP. The experimental fields are irrigated with groundwater. The seedbed was prepared by a tractor-drawn rotary cultivator up to a depth of 20 cm to form a smoothed seedbed. Nitrogen (N): 120 kg ha−1 (ammonium nitrate), phosphorous (P2O5): 90 kg ha−1 (calcium super-phosphate), and potassium (KO2): 30 kg ha−1 (potassium sulphate) was applied as a basal dose of fertilizer in all treatments [25]. N as urea (CO (NH2)2) also was manually broadcasted at 300 kg ha−1 in all treatments on Julian days 98 and 104 in 2017 and 2018, respectively. On 16 October 2016, and 22 October 2017, the winter wheat cultivar “Zhoumai 22” was sown at 180 kg ha−1 (20 cm row spacing), using a tractor-drawn seed drill. A randomly selected 1 m2 of plant sample was manually harvested on May 31 in 2017 and 2018 for all experimental plots. The grain was winnowed, solar-dried to a 12% moisture content [25], and weighed using a precise digital balance (Ohaus, AX224 Adventurer, Parsippany, NJ, USA). Weather data were collected from an automatic weather station installed near the experimental fields.




2.2. Soil Physical and Chemical Properties


The soil physical properties (soil texture, bulk density, field capacity (FC), permanent wilting point, saturation capacity, and saturated hydraulic conductivity) and soil chemical properties (pH, electrical conductivity, available soil N, P, K, and soil organic matter content) were measured from a 0–100 cm soil profile before sowing at a 20 cm interval. The soil particle size proportion as determined by the hydrometer method and soil texture were observed using a soil textural triangle. The field capacity (%), permanent wilting point (%), water content at saturation (%), and saturated hydraulic conductivity (cm/day) of the soil were estimated with soil textural triangle hydraulic properties calculator for predetermined soil particle size distribution [26]. Soil bulk density was determined by the core sampler method. Soil pH and electrical conductivity were determined using the portable meter (Thermo Orion Star A221). The Kjeldahl method was employed for measuring available soil nitrogen (N), a visible-ultraviolet spectrophotometer with absorbance under 700 nm wavelength was applied for phosphorus (P), and flame photometry for potassium (K) determination. The average soil texture, physical properties, and hydraulic parameters are shown in Table 1, and the average soil chemical properties are shown in Table 2. The soil pH was 8.7, and soil electrical conductivity was 144.4 μS cm−1. The soil available N, P, K, and soil organic matter content were 43.1 mg kg−1, 15 mg kg−1, 126 mg kg−1, and 1.1 g kg−1, respectively.




2.3. Experimental Design


A two-factor experimental design was used with the main plots settled as three water scheduling levels (watering while soil moisture reached 50% (1), 60% (2), and 70% (3) of FC for the 0–100 cm soil profile), and subplots contained three irrigation methods (surface drip (D), sprinkler (S), and border (B) irrigation) [27]. The size of the main plot was 98 (length) × 18 (width) m, and the subplot was 10 (length) × 5 (width) m. The experiments were designed and plotted by the split plot design method. Irrigation scheduling treatments were kept in the main plots, and the irrigation methods were arranged randomly in the sub-blocks; overall, there were nine treatments that were replicated three times. The soil moisture readings were taken weekly at a 20 cm interval to a 100 cm depth in the soil profile with a TRIME-PICO (T3/IPH44, IMKO, Germany) time domain reflectometry sensor. Moreover, soil water content (SWC) was also measured just before and after irrigation or heavy rainfall event. Irrigation scheduling was performed as SWC decreased to 50%, 60%, or 70% of FC for three irrigation scheduling treatments, respectively. Precision discharge meters were installed for each treatment to apply the precisely specified irrigation quantity. Drip irrigation and sprinkler irrigation applied a 30 mm water depth, and flood (border) irrigation a 60 mm water depth [28]. The design parameters for drip and sprinkler irrigation were kept the same as by Jha, et al. [29]. The irrigation data and irrigation quota for each treatment in 2017 and 2018 are shown in Table 3.




2.4. CO2, CH4, and Soil Sampling


The static chamber-gas chromatograph method was used to measure the CO2 and CH4 emission [30]. Static chambers (0.5 m × 0.5 m × 0.5 m) had a square stainless steel base (0.5 m width × 0.5 m length × 0.05 m height) with a flange around the upper edge and a cover box with a stainless steel frame [31]. To mix the air inside the chamber, two 12V DC battery-operated fans were used. The chambers were placed on stainless steel frames permanently inserted 0.05 m into the soil during the whole experimental period [32]. The frame had a groove that was filled with water to ensure an airtight seal. Two rows of wheat were sown in the chamber. Fertilization and irrigation events inside the chambers were the same as those in the outside field. Four gas samples were taken at 0, 10, 20, and 30 min after the chambers were water-sealed and attached to the stainless-steel frame using 100 mL plastic syringes attached to a three-way stopcock and then injected into 12-mL evacuated glass tubes. The chamber air temperature was determined using a sensor probe (JM624, Jinming Instrument Co., Ltd., Tianjin, China) from 0–30 min for each sample reading. Gas samples were taken mid-morning (8:00 to 11:00 am local time) because the soil temperature during this period is nearly the average daily soil temperature [33]. CO2 and CH4 sampling were performed from Julian days 96–149 in 2017 and Julian days 96–151 in 2018. In total, there were 9 and 17 sampling events in 2017 and 2018, respectively. CO2 and CH4 samples were analysed using a gas chromatography system (Shimadzu 2010 plus, Shimadzu Co., Ltd., Kyoto, Japan).



Soil samples were taken at a depth of 0–20 cm with an auger immediately after gas sample collection. The SWC was determined with the gravimetrical method immediately after gas sampling and expressed as in percentage (%). Soil temperature on each gas-sampling event was measured manually at 10 cm soil depth. Soil ammonium and nitrate content of 0–20 cm layers were measured by extracting the soil samples for 1 h with 2 M KCL (1:10) mixture using Auto Analyzer (Seal Analytical Inc., AA3-HR, Mequon, Wisconsin, USA).




2.5. CO2 and CH4 Emission Calculation


CO2 and CH4 emissions were determined following the equations provided by Song, et al. [34]:


  J =   dc   dt   ×  M   V o    ×  P   P o    ×    T o   T  × H  



(1)




where J is the CO2 or CH4 emissions (mg m−2 h−1), dc dt−1 is the slope of the linear regression of gas concentration at time approaching zero, M is the mole mass of CO2 or CH4 gas (g mol−1), P is the atmospheric pressure (Pa), T is the absolute temperature inside the chamber (K) during sampling; Vo, Po, and To are volume (mL), pressure (Pa), and absolute temperature (K), respectively, under standard conditions, and H is chamber height above the soil surface (cm).



The cumulative seasonal CO2 and CH4 emissions were calculated for each treatment, as explained by Li, et al. [35]:


  CE = ∑         F  i  +  F  i + 1    2    ×   10   − 3   × d × 24 × 10    



(2)




where CE is the cumulative emission (kg ha−1), Fi and Fi+1 are the measured emissions of two consecutive sampling days (mg m−2 h−1), and d is the number of days between two sampling days.




2.6. Water Use Efficiency and GWP Index Estimates


The crop evapotranspiration (ETC) was measured using the soil water balance equation [36] as follows:


    ET  c  = P + I + U −  D w  − R ±  Δ S   



(3)




where ETC is the crop evapotranspiration; P is rainfall; I is the amount of irrigation; U is the upward capillary rise from the soil profile below 100 cm and considered zero because the water table was about 30 m below the soil surface. Dw is the drainage beneath the 100 cm soil profile and measured following Sun, et al. [37]; R is the surface runoff and neglected because of the suitable bund height (25 cm) around the sub-blocks; ΔS is the change in soil water storage (final-initial) in the 100-cm soil profile.



Water-use efficiency (WUE) was calculated as:


  WUE =  Y    ET  C     



(4)




where WUE in kg m−3, Y is the grain yield (kg ha−1), and ETC (m3 ha−1) is crop evapotranspiration during the growing season.



The GWP of CO2 and CH4 emissions (kg CO2-eq ha−1) was used to measure the climatic impact of a winter wheat field under different irrigation regimes. The GWP coefficient is 1 for CO2 and 28 for CH4 on a 100-year time scale [3]. The combined GWP for 100 years was calculated using the following equation [38]:


   GWP        CO  2  +   CH  4    = 1 .   CE       CO  2      + 28 .      CE        CH  4       



(5)







The global warming potential intensity (GWPI) is the ratio of GWP to grain yield and was calculated by the following equation [39].


   GWPI    =    GWP         Mg   CO   2  −    eq   ha    − 1        Grain   yield         Mg   ha    − 1        



(6)







The combined GWPI per unit of irrigation amount (GWPIPIA) was measured using the following equation:


    GWPI   PIA   =    GWPI        CO  2  − eq        Irrigation   applied      mm      



(7)








2.7. Statistical Analysis


A two-way analysis of variance (ANOVA) was carried out to analyse the effects of irrigation scheduling and irrigation methods on the cumulative emissions, SWC, soil temperature, soil inorganic N content, grain yield, WUE, GWP, GWPI, and GWPIPIA in a winter wheat field with SPSS 16.0 (SPSS Inc., Chicago, IL, USA) software. A repeated-measures ANOVA was performed with the sample date as the repeated factor to measure the effects of sample date and different treatments for soil CO2 emissions and CH4 uptake only. Stepwise multiple regression analysis was used to identify the relationship between environmental factors and GHG emissions. The statistical significance of all treatments was compared by Duncan’s Multiple New Range Test at a 5% (p < 0.05) significance level.





3. Results


3.1. Basic Weather Infomation during the Two Growing Seasons


The average air temperature and rainfall from the first irrigation to harvest are shown in Figure 1. The overall average temperature during the 2017 and 2018 cropping seasons was 20.1 °C and 19.9 °C, respectively. A cumulative rainfall of 65 mm and 222 mm was measured in 2017 and 2018, respectively. The average relative humidity, wind speed, and solar radiation were 68%, 1.8 m s−1, and 17.7 MJ m−2 day−1 and 75%, 1.7 m s−1, and 16.0 MJ m−2 day−1 in 2017 and 2018, respectively. Winter wheat season 2016–2017 was categorized as a slightly dry season, and regular winter wheat season 2017–2018 as a good wet season based on climatic data of 1951–2018 (67 years) provided by the Xinxiang weather station. In applying irrigation scheduling and the total irrigation depth for the study, rainfall played an essential role, and border irrigation treatment had two fewer irrigation events, while drip irrigation and sprinkler irrigation treatment had one fewer irrigation event for the 2017–2018 season compared to 2016–2017 dry season under the same water levels (Table 3).




3.2. Dynamics of Soil Environmental Variables


The irrigation and/or rainfall events mainly influenced SWC, and it ranges from 15.5 ± 0.3% (S1) to 21.0 ± 0.3% (S1 and/or B1) and 11.4 ± 0.4% (S1) to 25.7 ± 0.5% (B3) SWC in 2017 and 2018, respectively (Figure 2). In 2018, higher SWC was estimated due to higher seasonal rainfall (222 mm) compared to 2017 (65 mm). SWC followed the trend of 70% FC > 60% FC > 50% FC. Statistical analysis indicated that irrigation scheduling, irrigation methods, and their interaction have a significant (p < 0.05) effect on the SWC (Table 4). In 2018, 50%, 60%, and 70% FC has about 11.7%, 8.3%, and 5.6% higher SWC compared in 2017, respectively. Conversely, sprinkler, drip, and border irrigation have around 4.2%, 9.8%, and 10.8% higher SWC in 2018 compared in 2017, respectively. The higher SWC in 2018 was associated with approximately 3.4 times higher rainfall compared to 2017.



The soil temperature (at 10 cm depth) was significantly affected by the irrigation scheduling, irrigation methods, and the interaction between them (Table 4). Soil temperature ranged from 13.8 ± 0.4 (B3) to 21.7 ± 0.4 °C (B2 and B3) in 2017 and 7.8 ± 0.2 (B2) to 22.0 ± 0.3 °C (S1) in 2018 (Figure 3). The maximum soil temperature was observed at 50% FC. In 2017, soil temperature at 50%, 60%, and 70% FC was about 3.4%, 4.1%, and 3.6% higher soil temperature compared in 2018, respectively. In contrast, sprinkler, drip, and border irrigation was about 3.1%, 3.6%, and 4.5%, higher soil temperature in 2017 compared in 2018, respectively. Relatively higher soil temperature in 2017 was attributed due to the slightly dry season (less rainfall) compared with 2018.



Soil inorganic N concentration in the top 20 cm of the soil profile depicts a seasonal trend in the entire experiment with high concentrations after the fertilization and irrigation events. The NH4+-N content ranged from to 0.1 ± 0.0 (D1) to 5.5 ± 0.3 (B3) mg kg−1 and 1.4 ± 0.2 (D1) to 12.3 ± 0.8 (S3) mg kg−1 in 2017 and 2018, respectively (Figure 4). On the other hand, NO3−-N in the soil varied from 1.6 ± 0.1 (B2) to 49.1 ± 1.0 (B3) mg kg−1 in 2017 and 2.8 ± 0.0 (S3) to 73.2 ± 2.0 (B3) mg kg−1 in 2018 (Figure 5). The NH4+-N and NO3−-N contents were higher at the highest irrigation scheduling treatments (B3, S3, B2, and D3) compared with the lower level of irrigation (D1, S1, B1, D2, and S2) treatments. There was a significant increase in the soil mineral N (NH4+-N and NO3−-N) were recorded after N fertilization following by irrigation in all treatments during the study. ANOVA analysis describes that the irrigation scheduling, irrigation methods, and the interaction of them (except on NH4+-N in 2017 only) had a significant (p < 0.05) effect on the soil mineral N in this study (Table 4).




3.3. Effect of Irrigation Scheduling and Irrigation Methods on CO2 Emission


During the growing season of 2017 and 2018, CO2 emission showed clear seasonal dynamics with higher emission after fertilization and irrigation or rainfall events and gradually reduced with decreasing SWC. The seasonal soil CO2 emission ranged from 310.0 ± 4.7 (S3) to 1056.9 ± 18.7 (B3) mg CO2 m−2 h−1 and 230.2 ± 29.8 (D1) to 1193.1 ± 45.0 (B3) mg CO2 m−2 h−1 in 2017 and 2018, respectively (Figure 6). In 2017, irrigation scheduling with 50% FC treatment (Figure 6a) resulted in significantly lower CO2 peak fluxes in response to fertilization and irrigation events compared to 60% FC (Figure 6b) and 70% FC (Figure 6c) irrigation scheduling treatments. Drip irrigation (D1, D2, and D3) compared to sprinkler irrigation (S1, S2, and S3) and border irrigation (B1, B2, and B3) had substantially lower peak CO2 emission at all irrigation levels in 2017 and 2018 only at 70% FC treatment (Figure 6f). Similarly, in 2018, the 50% FC (Figure 6d) irrigation scheduling compared to the 60% FC (Figure 6e) and 70% FC (Figure 6f) irrigation scheduling had a notably lower CO2 peak emission in response to fertilization and irrigation events. Moreover, drip irrigation (D3) had substantially lower peak CO2 emissions compared to sprinkler irrigation (S3) and border irrigation (B3) at 70% FC irrigation scheduling only. Irrigation scheduling and methods influenced peak CO2 emission pulses significantly.



The cumulative CO2 amount was substantially (p < 0.01) affected by irrigation scheduling and irrigation method in the overall study, while the interaction between them was only significant in 2018 (Table 4). Sampling dates, as well as the interaction between sampling dates and irrigation scheduling and sampling dates and irrigation methods, all significantly (p < 0.05) affected CO2 emission. Multiple regression analysis shows that SWC (0–20 cm) significantly (p < 0.05) increased the soil CO2 emissions in the entire study (Table 5). Stepwise multiple linear regression observed that SWC explained about 70% of the variance in CO2 emissions while soil temperature and soil inorganic N content had no significant influence on the soil CO2 emissions.



CO2 emissions were summed from Julian days 96–149 in 2017 and 96–151 in 2018 and are shown in Figure 7. The total cumulative CO2 amount varied from 7.2 ± 0.1 (D1) to 10.0 ± 0.1 (B3) t ha−1 in 2017 and from 7.5 ± 0.1 (D1) to 11.3 ± 0.1 (B3) t ha−1 in 2018. The cumulative CO2 amount pattern in 2017 and 2018 was border > sprinkler > drip irrigation at each irrigation level. Besides that, the cumulative CO2 amount pattern at 50% FC irrigation scheduling treatments was sprinkler > border > drip irrigation in 2018. The cumulative CO2 amount was significantly different in irrigation methods treatments at all water levels in 2017. In 2018, there were no significantly higher accumulated CO2 amounts measured in drip and sprinkler irrigation at the 70% FC irrigation scheduling treatments or in the sprinkler and border irrigation at the 50% FC and 60% FC irrigation scheduling levels. At 50% FC, the soil cumulative CO2 amount was lower by 7.0–15.3% and 12.6–19.4%, compared to 60% and 70% FC in 2017 and 2018, respectively. Border irrigation at a 70% FC irrigation scheduling level has a significantly higher accumulated CO2 amount.




3.4. Effect of Irrigation Scheduling and Irrigation Methods on CH4 Uptake


The winter wheat field acted as a net CH4 sink during the experiment. Soil CH4 uptake showed large fluctuations but no seasonal trends (Figure 8). CH4 uptake was limited and occurred shortly after N fertilization, followed by irrigation or irrigation only. In 2017, the seasonal CH4 uptake varied from −3.3 ± 1.7 (S2) to −82.3 ± 0.8 (D2) µg CH4 m−2 h−1 and in 2018 −1.8 ± 0.2 (D3) to −92.2 ± 2.8 (B2) µg CH4 m−2 h−1 (Figure 8). In 2017, the 60% FC irrigation scheduling (Figure 8b) had a higher mean CH4 uptake rate compared to that of the 50% FC (Figure 8a) and 70% FC (Figure 8c) irrigation scheduling treatments. However, drip irrigation (D1, D2, and D3) had relatively higher mean CH4 consumption compared to sprinkler irrigation (S1, S2, and S3) and border irrigation (B1, B2, and B3) in 2017. Similarly, in 2018, the 60% FC (Figure 8e) irrigation scheduling had a notably higher mean CH4 uptake rate compared to that of the 50% FC (Figure 8d) and 70% FC (Figure 8f) irrigation scheduling levels. Moreover, drip irrigation (D1, D2, and D3) had a higher mean CH4 uptake rate in 2018 compared to sprinkler irrigation (S1, S2, and S3) and border irrigation (B1, B2, and B3). Irrigation scheduling significantly (p < 0.001) influenced the mean CH4 uptake rate throughout the entire study, irrigation methods significantly affect in 2018 only, while their interaction has no significance in this study.



The CH4 uptake rate followed a pattern of drip > border > sprinkler irrigation at each irrigation level. CH4 uptake was restricted after irrigation events and intense rainfall, owing to a longer soil wetting duration that resulted in limited oxygen in the soil. Accumulated CH4 uptake ranged from −0.4 ± 0.0 (S1) to −0.6 ± 0.0 (D2) kg ha−1 in 2017 and from −0.4 ± 0.0 (S1) and/or −0.4 ± 0.0 (D1) to −0.5 ± 0.0 (D2) kg ha−1 in 2018 (Figure 9). The cumulative CH4 consumption was highest in the drip irrigation at 60% FC irrigation scheduling in the overall study and lowest in the sprinkler irrigation in 2017 and the sprinkler and drip irrigation in 2018. The cumulative CH4 uptake did not differ significantly in 2017 or 2018, except among drip and sprinkler irrigation at 60% and 70% FC irrigation scheduling treatments in 2018. Drip irrigation had a higher cumulative CH4 uptake compared to sprinkler irrigation and border irrigation (approximately 6.3–12.6% in 2017 and 3.7–9.5% in 2018). The cumulative CH4 consumption was highest at the 60% FC irrigation scheduling in this study. Irrigation scheduling substantially (p < 0.001) influenced the accumulated CH4 uptake in both seasons, irrigation methods had significant effects in 2018 only, but their interaction had no significant effects in the whole study (Table 4). Statistics analysis results showed that sampling dates, as well as sampling dates and irrigation scheduling, and sampling dates and irrigation methods, all significantly (p < 0.05) affected the CH4 uptake rate. Multiple linear regression analysis showed that the CH4 uptake was significantly (p < 0.05) negatively correlated with the SWC (Table 5). In this study, soil temperature and soil NH4+-N and NO3−-N content has no significant correlation (p > 0.05) with soil CH4 uptake.




3.5. Grain Yield and WUE


The optimum grain yield was observed in drip irrigation at a 60% FC irrigation scheduling level (9.7 ± 0.0 t ha−1 in 2017 and 9.7 ± 0.3 t ha−1 in 2018). Further, the minimum grain yield was observed in border irrigation at a 50% FC irrigation scheduling (8.3 ± 0.0 t ha−1 in 2017 and 7.1 ± 0.1 t ha−1 in 2018) (Table 6). The grain yield of D2 and D3 treatments were significantly higher compared to those of S2, S3, B2, and B3 treatments. The grain yield of D1 was substantially higher compared to that of the B1 treatment but not significantly higher compared to that of the S1 treatment in 2017. In 2018, D1 had a 3.4–15.3% higher grain yield compared to S1 and B1 treatments, respectively. D2, compared to S2 and B2 treatments, produced 5.2–7.5% and 6.3–6.8% higher grain yield in 2017 and 2018, respectively. Grain yield in the drip irrigation system was significantly higher due to the higher number of effective tillers (per m2), 1000-kerenel weight (kg), and lower non-effective tillers (per m2) compared to sprinkler and border irrigation methods (data not shown). The lowest irrigation scheduling level, compared with moderate and higher irrigation scheduling, has substantially lower 9.4–16.5% and 7.8–14.2% grain yield in 2017 and 2018, respectively. Drip and sprinkler irrigation methods produced relatively higher grain yields at the lowest irrigation scheduling treatment compared to the border irrigation method. Irrigation scheduling, irrigation methods, and the interaction between them significantly (p < 0.001) influenced grain yield.



At irrigation scheduling of 60% FC, drip irrigation produced a maximum WUE of 2.0 kg m−3 in 2017 and 1.9 kg m−3 in 2018 (Figure 10). However, at irrigation scheduling of 70% FC, border irrigation produced a minimum WUE of 1.8 kg m−3 in 2017 and 1.7 kg m−3 in 2018. Compared with border irrigation, drip and sprinkler irrigation have significantly higher WUE. In 2017, the overall WUE of lower irrigation scheduling (50% FC) was substantially higher compared with moderate (60% FC) and higher (70% FC) irrigation scheduling. In 2018, the WUE of 60% FC irrigation scheduling was substantially higher compared with 50% FC and 70% FC irrigation scheduling. Irrigation scheduling of 70% FC, compared with 50% FC and 60% FC irrigation scheduling, has a lower WUE of 2.0–4.2% and 5.0–9.2% in 2017 and 2018, respectively. In contrast, border irrigation compared with sprinkler and drip irrigation has a lower WUE of 0–5.6% and 4.6–6.1% in 2017 and 2018, respectively. The WUE of drip irrigation was significantly about 0.5–4.9% and 4.8–6.5% higher compared with sprinkler and border irrigation in 2017 and 2018, respectively. Moderate irrigation scheduling, compared with lower and higher irrigation scheduling, has a higher WUE 0.8–7.1% and 5.0–9.2% in 2017 and 2018, respectively. At a higher irrigation level, the photosynthetic rate of crops would not increase linearly; therefore, the transpiration rate consistently increased [40]. Thus, crops consumed more water at a higher irrigation level. As crop transpiration is considered the non-consumptive use of water for the crop [41]; therefore, higher irrigation caused a lower WUE. The WUE was substantially (p < 0.05) affected by irrigation methods, irrigation scheduling, and the interaction between them.



The mechanisms behind the soil CO2 emissions of dry soils after irrigation is due to: (i) irrigation caused mineralization of soil organic matter caused by microbial activity; (ii) soil wetting disintegrates microbial cells completely or by dropping microbial carbon regulates the water potential [42]. Subsequently, soil microbes uptake microbial carbon released in the soil and mineralized therefore produced higher soil CO2 instantly [43]. Mineralization of microbial carbon could be the main element to elevate the CO2 emission significantly.




3.6. Global Warming Potential (GWP)


The GWP of CO2 emission and CH4 uptake was lowest in drip irrigation at the 50% FC irrigation scheduling (26.5 ± 0.4 Mg CO2-eq ha−1 in 2017 and 27.6 ± 0.5 Mg CO2-eq ha−1 in 2018) and highest in border irrigation at the 70% FC irrigation scheduling treatment (36.6 ± 0.3 Mg CO2-eq ha−1 in 2017 and 41.5 ± 0.2 Mg CO2-eq ha−1 in 2018) (Table 6). In 2018, GWP was 3.9–13.2% higher compared to that in 2017. The winter wheat field acted as a CH4 sink that reduced the CO2 emission contribution to the overall GWP. GWP was significantly different among each three irrigation scheduling levels in 2017, while sprinkler irrigation and drip irrigation at the 70% FC irrigation scheduling, as well as sprinkler and border irrigation at 60% and 50% FC irrigation scheduling, had no substantially higher GWP in 2018. Drip irrigation at all irrigation levels had a lower GWP, followed by sprinkler and border irrigation, except in 2018 at the 50% FC irrigation scheduling, where the order was drip > border > sprinkler irrigation. In 2017, the 60% FC irrigation scheduling did not have a significantly higher GWP compared to the 50% and 70% FC irrigation scheduling, but in 2018, there was a significant (p < 0.05) difference in GWP at all irrigation scheduling levels. Drip irrigation had the lowest GWP compared to sprinkler irrigation and border irrigation (7.4–8.3% and 12.6–14.8% in 2017 and 2018, respectively). The 50% FC irrigation scheduling compared to the 60% FC irrigation scheduling reduced the GWP by approximately 6.5–13.3%, and the 50% FC irrigation scheduling compared to the 70% FC irrigation scheduling had the lowest GWP of 12.5–19.4% in 2017 and 2018, respectively. Irrigation scheduling and irrigation methods had a significant effect on GWP. Moreover, the interaction between irrigation scheduling and irrigation methods only had a significant effect on GWP in 2018.



The effect of the total (T) irrigation amount (IA) on GWP is shown in Figure 11. The relationship between the TIA and GWP can be explained as follows:


  G W  P  17   = 0.1   T I  A  17   + 23.5 ,    R 2  =   0.8   * *     ( Defined   GWP   for   2016 – 2017 )  










  G W  P  18   = 0.1   T I  A  18   + 22.8 ,    R 2  =   0.7   * *     ( Defined   GWP   for   2017 – 2018 )  











A linear correlation was observed between GWP and the TIA applied. GWP increased with higher irrigation depth owing to higher CO2 emissions and lower CH4 uptake. These results indicated that GWP would be minimized by reducing the TIA. Therefore, an optimized irrigation scheduling, along with a suitable irrigation method, is essential to reduce climatic impacts in winter wheat fields.




3.7. GWPI


GWP in terms of the GWPI provides further information to assess the overall GWP. The GWPI ranged from 3.0 ± 0.0 (D2) to 4.1 ± 0.0 (B3) CO2-eq and 3.3 ± 0.1 (D2) to 4.7 ± 0.0 CO2-eq in 2017 and 2018, respectively (Table 6). Compared to sprinkler irrigation and border irrigation methods, drip irrigation had a prominently lower GWPI of 10–12.6% and 18.9–19.4% in 2017 and 2018, respectively. The 60% FC irrigation scheduling, compared to the 50% FC and 70% FC irrigation scheduling treatments, had a 3.1–3.7% and 8.1–9.4% lower GWPI in 2017 and 2018, respectively. GWPI was substantially (p < 0.001) affected by irrigation scheduling and irrigation methods. The interaction between irrigation scheduling and irrigation methods had no significant effect (p > 0.05) on GWPI in 2017 but had a notable (p < 0.05) influence on GWPI in 2018.




3.8. GWPI per Unit IA


GWPIPIA ranged from 1.4 × 10−2 to 2.9 × 10−2 CO2-eq mm−1 in 2017 and 7.0 × 10−2 to 4.4 × 10−2 CO2-eq mm−1 in 2018 (Table 6). In 2018, GWPIPIA was approximately 96.1%, 62.1%, and 48.1% higher at 50%, 60%, and 70% FC irrigation scheduling treatments compared to 2017, respectively. The GWPIPIA in sprinkler irrigation, drip irrigation, and border irrigation methods was approximately 43.1%, 40.6%, and 152.9% higher in 2018, respectively, compared to 2017. Compared to the 60% and 70% FC irrigation scheduling treatments, GWPIPIA at the 50% FC irrigation scheduling was higher by approximately 32.8–60.6% in 2017 and 48.1–96.1% in 2018. In 2017, border irrigation had a lower GWPIPIA of 29.2% and 20.3%, respectively, compared to those of sprinkler and drip irrigation methods. On the contrary, in 2018, border irrigation had a higher GWPIPIA of 25.2% and 43.3% compared to those of sprinkler and drip irrigation, respectively. Variance analysis indicated that irrigation scheduling and irrigation methods significantly influenced the GWPIPIA.





4. Discussion


4.1. Effects of Irrigation Management on CO2 Emissions


4.1.1. Effects of Irrigation Scheduling Levels on CO2 Emissions


Soil CO2 emissions showed distinct seasonal variation throughout the entire study depending on the SWC. Adequate SWC after N fertilization elevates CO2 emission [44]. In the higher irrigation scheduling treatments (70% and 60% FC), the activity of a heterogeneous group of microbes provoked and caused instantaneous organic matter decomposition and higher soil CO2 emissions [45]. Our results are in line with Scheer, et al. [46] from a cotton field in Queensland, Australia, who found that compared to a higher irrigation scheduling (applying total irrigation amount 275 mm) treatment, moderate irrigation scheduling treatment (174 mm) and low irrigation treatment (127 mm) reduced CO2 emissions by 11.3% and 51.3%, respectively. Moreover, Kumar, et al. [38] also measured higher cumulative soil CO2 emissions in the higher irrigation scheduling treatment (total irrigation amount 1452 mm) compared to lower irrigation scheduling treatment (1215 mm) 38.8–39.5% in Eastern India. In this study, CO2 emissions were the sum of microbial soil respiration (heterotrophic) and plant root respiration (autotrophic). Soil CO2 emissions are significantly associated with plant production as root respiration substantially relies on the photosynthetic rate transported from the above-ground portion of the plant [47]. In the present study, higher irrigation scheduling (70% and 60% FC) treatments resulted in substantially higher crop yields and above-ground biomass. Consequently, we assume that irrigation frequency had a considerable effect on soil CO2 emission due to higher crop development that provoked autotrophic root respiration and SWC variation that provoked heterotrophic soil respiration.




4.1.2. Effects of Irrigation Methods on CO2 Emissions


After irrigation events, a soil CO2 emissions increase was observed in all treatments over 2017 and 2018; this observation is supported by the fact that wetting dry soil increases CO2 emission, which ensures a higher soil CO2 rate [48]. Irrigation method effect measurements showed lower CO2 emissions in drip irrigation compared to those of sprinkler and border irrigation methods. The drier surface occurring in drip irrigation compared to those of sprinkler and border irrigation could result in lower CO2 emissions. Moreover, in the border irrigation method, the soil is wet quickly, while the soil is damp in drip irrigation; therefore, soil CO2 emissions are higher in border irrigation. The higher soil CO2 emission in sprinkler irrigation may be linked to the higher plant biomass [49] and higher soil microbial activity than that of drip irrigation [50].



The cumulative CO2 emissions are consistent with those observed by Chen, et al. [51], who found a maximum cumulative CO2 emission of 14.8 t ha−1 in full irrigation treatment (sufficient irrigation water quantity) compared with reduced or deficit irrigation treatment for tomato production in Northwest China.



In this study, cumulative CO2 emission was substantially influenced by irrigation methods. The higher irrigation levels in border irrigation (60 mm) significantly increased the magnitude of CO2 emissions compared to drip irrigation and sprinkler irrigation, where lower levels of irrigation (30 mm) were applied. This study found that both the irrigation scheduling and irrigation methods were the primary factors influencing the magnitude of CO2 emissions. In the NCP, soil CO2 emissions could be substantially mitigated by utilizing water-saving irrigation methods, i.e., drip and sprinkler irrigation [52], in addition to the benefits that result from saving water resources and minimizing NO3− leaching [53].



Under a continuously wet environment, i.e., border irrigation carbon substrate substantially increases in soils [7] and therefore produced higher soil CO2 emissions compared to sprinkler irrigation and drip irrigation. In water, oxygen is slightly soluble and disperses gradually [54]. Under a saturated environment, dissolved oxygen is available in low quantity, which is rapidly exhausted via metabolic activities. Oxygen acts as an electron receiver through respiration by roots and soil microorganisms [55] and is released as CO2 emission. Under flood (border) irrigation treatment impact of SWC on soil microbial population was more clear, possibly due to dominant electron receivers’ deep effect on soil microbial population structure [56].



In China, water-saving irrigation methods made a significant impact on GHG mitigation and reduced CO2 emission by approximately 10.6–12.9 Mt annually and a portion of 21.9–26.6% energy emissions from the agricultural sector [57]. Zou, et al. [58] concluded that in China, water-saving irrigation methods had a positive impact on GHG mitigation, and even higher reductions will be attained by adopting water-saving irrigation methods. Moreover, water-saving irrigation methods compared to traditional practices conserve energy via decreasing the volume of pumping water. In 2020, “National water-saving irrigation planning” reported that about 51 Mhm2 of land would be saved and reduced CO2 emission approximately by 20–25 Mt annually by adopting the water-saving irrigation methods [59]. Zou, et al. [60] estimated the CO2-eq emissions from production and construction of flood irrigation compared to drip irrigation and sprinkler irrigation had 84.5% and 82.2% lowest per unit area emission, respectively. On the contrary, the total CO2-eq emissions from the production and construction of flood irrigation compared to drip and sprinkler irrigation had 186.4% and 130.3% higher due to large irrigated areas, respectively. Even if we consider the CO2-eq emissions from production and operation of water-saving irrigation methods, GHG emissions are proportional to the WUE. Water-saving irrigation methods have a higher WUE; therefore, they are an effective tool to mitigate GHG emissions in irrigated lands.





4.2. Effects of Irrigation Management on CH4 Uptakes


4.2.1. Effect of Irrigation Scheduling Levels on CH4 Uptakes


CH4 emission is the difference between CH4 production (via methanogenesis) and CH4 consumption (via oxidation or methanotrophs); these two actions can take place concurrently within the soil [61]. Soil CH4 and CO2 produced by soil organic matter mineralization under anaerobic conditions via methanogenic fermentation, as explained by the reaction:    C 6   H  12    0 6  → 3   CO  2  + 3   CH  4   . Low sulphate and nitrate concentrations are needed to achieve complete mineralization [62]. SWC is a critical element in CH4 emission/uptake owing to soil diffusivity control by soil moisture.



In this study, the CH4 uptake magnitude was substantially (p < 0.001) influenced by irrigation scheduling. Lower CH4 uptake under a frequent irrigation scheduling (70% FC) compared to an intermediate irrigation scheduling (60% FC) might be linked to variation in soil porosity caused by higher anaerobic microsites in the soil profile. This would increase soil-substrate accessibility for soil micro-organisms and, consequently, increase soil CO2 emissions and decrease methanotrophy [62]. In contrast, the lowest CH4 uptake at the lowest irrigation scheduling (50% FC) caused by prolonged dry periods resulted in lower soil-substrate availability for soil micro-organisms; this would result in lower soil CO2 emissions and methanotrophy. The highest CH4 uptake was observed at an intermediate irrigation scheduling (60% FC), as it provided the optimum environment for soil methanotrophs. Cumulative CH4 uptake was highest at a moderate irrigation scheduling (60% FC), intermediate at the highest irrigation scheduling (70% FC), and lowest at the minimum irrigation scheduling (50% FC). Higher (70% FC) and moderate (60% FC) irrigation scheduling treatments did not have substantially higher CH4 uptake. Compared to the 50% FC irrigation scheduling, 70% FC and 60% FC irrigation scheduling levels had substantially higher CH4 uptake rates.




4.2.2. Effect of Irrigation Methods on CH4 Uptake


Irrigation methods substantially (p < 0.05) influenced CH4 uptake in this study. SWC approaching FC causes higher CH4 uptake [62]; therefore, higher CH4 uptake could be foreseen under drip irrigation owing to the occurrence of more dry areas compared to those resulting from the sprinkler and border irrigation. In sprinkler and border irrigation methods, it is likely that wetter areas decreased the CH4 sink effect. In this study, 30 mm drip irrigation at a moderate irrigation scheduling (60% FC) resulted in higher CH4 uptake. A 60 mm irrigation level using the border irrigation method (except border irrigation at 50% FC in 2018) consumed less CH4 compared to 30 mm drip irrigation. Compared to sprinkler irrigation, drip irrigation had a substantially higher cumulative CH4 uptake (excluding 50% FC in 2018), but drip and border irrigation did not differ significantly.



Different studies have observed the absence of a clear seasonal CH4 uptake pattern [63,64]. Soil acted as a CH4 uptake sink in this study, consistent with previous research [65]. CH4 consumption magnitude ranged from −1.8 ± 0.2 (D3) to −92.2 ± 2.8 (B2) µg CH4 m−2 h−1 (Figure 8) during the study, in agreement with the CH4 emissions measured in the NCP by Liu, et al. [66]. The cumulative CH4 uptake ranged from −0.4 ± 0.0 to −0.6 ± 0.0 kg ha−1, consistent with the cumulative CH4 uptake of −1.8 to −1.0 kg CH4-C ha−1 found by Tan, et al. [67] in a cereal cropping system in the NCP. Regardless of whether the soil is a sink or source of CH4, both processes rely on the soil redox settings and dissemination of CH4 from air to soil regulated by the SWC [68]. CH4 uptake was restricted after irrigation events and intense rainfall because the longer soil wetting duration resulted in limited oxygen availability. At both low and high SWC, CH4 oxidation can be restricted by the physiological water stress of methanotrophs or by limiting CH4 diffusion and oxygen transport. Increasing SWC may also reduce CH4 uptake, resulting in an increasingly anaerobic site that results in CH4 emission [69].



In this study, N fertilization, together with irrigation and substantial rainfall occurrence for a short duration, restricted CH4 uptake, as well as observed by Liu, et al. [66], due to the N amendment impeding the methanotrophs [64]. The 300 kg N ha−1 applied in this study inhibited CH4 uptake, corroborating the findings proposed by Aronson and Helliker [70], who observed that an N amendment below 100 kg N ha−1 yr−1 stimulated CH4 uptake, while amendment above 100 kg N ha−1 yr−1 inhibited CH4 absorption in non-wetland soils. Moreover, the N amendment raises crop water consumption, causing low SWC and a less favourable environment for methanotrophs [66]. Rigler and Zechmeister-Boltenstern [71] have observed that higher NO3- concentrations inhibit CH4 oxidation because NO3− concentration is a sign of higher nitrification rates and osmotic potential [72]. Drip irrigation was a higher CH4 sink compared to sprinkler irrigation and border irrigation and minimized CO2-eq emissions.





4.3. The Regression between Soil Environmental Variables and GHG Emissions


Soil CO2 production and emission rates are regulated by soil temperature, SWC, irrigation management, tillage practices, soil organic matter and nutrients availability, aeration, and microbial activities [73]. In 2018, SWC increased 1.4% to 17.3% compared with 2017 (Figure 2), while CO2 emissions and SWC showed a significant relationship between them in the entire study (Table 4). Our results showed a significant correlation between soil CO2 emissions and SWC only while soil temperature has no substantial effect on CO2 emissions. Similarly, observations were obtained by Li, et al. [6] that SWC significantly (p < 0.05) affected the soil CO2 emissions, while soil temperature has no significant effect on soil CO2 emissions.



Soil temperature is one of the main factors that play an essential role in carbon mineralization. It affects the CO2 emission by disturbing the microorganism and root activity and gas diffusion via soil pores [74]. The temperature had no significant effect on CO2 emission in the entire study. Usually, CO2 emissions have a non-linear positive correlation to rising temperature [74,75] before 30–35 °C, over which the soil respiration rates are restricted [76]. In the current study, the sampling duration was kept mid-morning (0800 to 1100) to regulate the substantial variation in daily temperatures. The average soil temperature was about 17 °C (maximum 22 °C) in two years of study, which is far below the reference temperatures; therefore, the soil temperature has no significant effect on the soil CO2 emissions. Moreover, this research was focused on mid-morning emissions, which restricted the effect of higher temperatures and indicated the mean daily condition [77]. Higher soil CO2 emissions from soils had occurred in a moderate soil moisture environment when the SWC varied between 6% and 17%.



It has been recorded that CH4 oxidation influence slightly by temperature compared with other biological activities such as CO2 production and CH4 production [78]. CH4 oxidation is usually restricted by CH4 diffusion, which is a physical function. CH4 and O2 diffusion into the soil repressed by higher SWC [79]. Low CH4 uptake at high SWC may be due to some CH4 production by methanogens [80]. The optimum range of SWC was 11–17% in this study, beyond which the CH4 uptake decreases. Multiple linear regression analysis shows that from 80% variations in CH4 uptake explained by the SWC. CH4 uptake forms a negative correlation with the SWC in this study is consistent with the Gao, et al. [81] observation that CH4 uptake (p < 0.05) substantially negatively influenced by SWC, and there was no correlation with the soil inorganic N content was measured. Likewise, there was no relationship observed between CH4 consumption with the soil inorganic N (NH4+-N and NO3−-N content) in the present study. Moreover, soil temperature had no significant effect on CH4 uptake in this study.




4.4. Global Warming Potential (GWP) Indices


There was a significant difference in all irrigation methods at all irrigation scheduling levels in 2017. In 2018, sprinkler and drip irrigation at 70% FC irrigation scheduling treatments; sprinkler and border irrigation at 60% FC irrigation scheduling treatments; and sprinkler and border irrigation at 50% FC irrigation scheduling treatments had no substantial effect on GWP, as there was no significantly higher cumulative CO2 quantity. In this study, CO2 emissions had a major effect on GWP, while CH4 uptake had a negligible contribution to GWP. These findings indicate that GHG mitigation strategies in the NCP should focus on CO2 emissions.



GWPI explains how much GHG is emitted per unit of grain yield and can be a useful indicator in cropping systems to optimize crop yield and reduce GHG emissions, and provides a useful index for GHG inventories [82]. GWPI increased with increasing irrigation scheduling and was significantly lower in lower irrigation scheduling treatments. Moreover, GWPI was significantly lower in water-saving irrigation methods (drip and sprinkler irrigation) compared to traditional irrigation (border irrigation). GWPI was lowest in drip irrigation at 60% FC (3.0–3.3 CO2-eq in 2017 and 2018, respectively) and highest in border irrigation at 70% FC (4.1–4.7% CO2-eq in 2017 and 2018, respectively) irrigation scheduling level. The 70% FC irrigation scheduling compared to the 60% FC irrigation scheduling had 8.8–10.3% higher (p < 0.05) GWPI and, compared to 50% FC irrigation scheduling, had 5.4–6.2% higher (p < 0.05) GWPI in 2017 and 2018, respectively. Likewise, border irrigation compared to drip irrigation had 23.2–24.1% higher (p < 0.05) and, compared to sprinkler irrigation, had 8.5–10.9% higher GWPI in 2017 and 2018, respectively. Wheat grain yield was substantially affected by irrigation scheduling and irrigation methods, which shows that optimizing irrigation management practices will be cost-effective for farmers and reduce CO2 emissions and increase CH4 consumption simultaneously. These results also show that implementing an appropriate irrigation scheduling is an essential measure to reduce GHG emissions and achieve a higher grain yield. Recommended water-management practices for farmers and irrigation researchers must focus on obtaining higher crop yields while monitoring the possible effect of these practices on the environment. Therefore, water-management practices should meet the following criteria: (i) reduced GWP (lower CO2 emissions and higher CH4 uptake) and (ii) decreased GWPI without decreasing grain yield, leading to optimum use of water resources.



When GWPI was combined with IA, the benefit of 70% and 60% FC irrigation scheduling became increasingly apparent. For example, 60% and 70% FC irrigation scheduling treatments compared to 50% FC irrigation schedule treatments produced a 24.7–37.8% and 32.5–49.0% lower GWPI for each millimetre of IA in 2017 and 2018, respectively. GWPIPIA was highest at the 50% FC irrigation scheduling treatments, moderate at the intermediate irrigation scheduling treatments (60% FC), and lowest at the higher irrigation scheduling treatments (70% FC). GWPIPIA was highest in S1 (2.9 × 10−2 CO2-eq mm−1) treatment in 2017 and B1 (7.1 × 10−2 CO2-eq mm−1) in 2018 treatment, and lowest in B3 (1.4 × 10−2 CO2-eq mm−1) treatment in 2017 and D3 (2.5 × 10−2 CO2-eq mm−1) treatment in 2018. In 2017, border irrigation compared to sprinkler irrigation and drip irrigation had a higher IA level of approximately 50%, 60%, and 67% at 50%, 60%, and 70% FC, respectively, which resulted in a lower GWPIPIA. In 2018, higher rainfall (157 mm) resulted in a lower irrigation amount in border irrigation, which resulted in a higher GWPIPIA. These results illustrated that economic and environmental benefits could be obtained by adopting irrigation scheduling of 60% FC with drip, sprinkler, or border irrigation, which is suitable for reducing GHG emissions and simultaneously producing higher grain yield. Conversely, drip irrigation compared to sprinkler and border irrigation was more effective in terms of higher grain yield and lower GWP, GWPI, and GWPIPIA in this study. Drip or sprinkler irrigation with 3–4 irrigations of 30 mm irrigation dose and border irrigation with 2–4 irrigations of 60 mm irrigation dose (depending upon the seasonal rainfall) are sufficient to attain the higher grain yield and lower GWP emissions.





5. Conclusions


This study found that irrigation scheduling and irrigation methods significantly affected CO2 emission and CH4 uptake in a winter wheat field. Appropriate water management practices have multiple benefits to improve grain yield and WUE and reduce GHG emissions; this study proved that selecting an appropriate irrigation scheduling and irrigation method decreases CO2 emissions and increases CH4 uptake. The significant influence of these factors demonstrates that irrigation management strategies can easily be used to obtain higher grain yield and WUE and reduce GHG emissions. Using drip irrigation at a lower SWC of 60% FC is a feasible choice for the local farmers of the NCP to produce higher winter wheat grain yield and WUE while simultaneously minimizing soil CO2 emission, enhancing CH4 uptake, and lowering both the global warming potential and global warming potential intensity. This study highlights the significance of proper irrigation scheduling and irrigation methods to prevent excessive soil profile wetting. Appropriate irrigation practices should not only decrease GHG emissions but increase grain yield and WUE. Further studies are essential to verify the applicability of these results in different cropping systems. These results provide a basis for the practical application of irrigation scheduling and irrigation methods that reduce GHG emissions and improve yield in various cropping systems.
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Figure 1. The daily mean air temperature (°C) and rainfall (mm) from the first irrigation to harvest in the 2016–2017 and 2017–2018 winter wheat growing seasons. 
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Figure 2. Soil water content (SWC) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling in the top 0–20 cm during 2017–2018 growing season in all treatments. Note: S1, S2, and S3 represents sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represent standard errors of three replicates. P represents rainfall. Error bars represent standard errors of three replicates. Square, circular, and triangular arrows denote irrigation dates of sprinkler, drip, and border irrigation, respectively. The solid arrow indicates the day of fertilization. 
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Figure 3. Soil temperature (°C) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during 2017–2018 growing season at 10 cm soil layer in all treatments. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represent standard errors of three replicates. The solid arrow indicates the day of fertilization. 






Figure 3. Soil temperature (°C) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during 2017–2018 growing season at 10 cm soil layer in all treatments. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represent standard errors of three replicates. The solid arrow indicates the day of fertilization.
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Figure 4. Soil ammonium nitrogen content (mg kg−1) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during 2017–2018 growing season at top 0–20 cm soil layer in all treatments. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represent standard errors of three replicates. The solid arrow indicates the day of fertilization. 
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Figure 5. Soil nitrate nitrogen content (mg kg−1) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during 2017–2018 growing season at top 0–20 cm soil layer in all treatments. Note: S1, S2, and S3 represents sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represents drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represents border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represents standard errors of three replicates. The solid arrow indicates the day of fertilization. 
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Figure 6. The seasonal CO2 emission flux (mg CO2 m−2 h−1) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during 2017–2018 growing season in all treatments. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. P represents rainfall. Error bars represent standard errors of three replicates. Square, circular, and triangular arrows denote irrigation dates of sprinkler, drip, and border irrigation, respectively. The solid arrow indicates the day of fertilization. 
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Figure 7. The cumulative CO2 amount (t ha−1) in all treatments for 2016–2017 and 2017–2018 winter wheat growing seasons. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1, D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. Error bars represent standard errors of three replicates. 
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Figure 8. Seasonal CH4 uptake flux (µg CH4 m−2 h−1) in (a) 50% FC, (b) 60% FC, and (c) 70% FC irrigation scheduling during 2016–2017 and in (d) 50% FC, (e) 60% FC, and (f) 70% FC irrigation scheduling during the 2017–2018 growing season in all treatments. Note: S1, S2, and S3 represent sprinkler irrigation at 50%, 60%, and 70% FC, respectively. D1 D2, and D3 represent drip irrigation at 50%, 60%, and 70% FC, respectively. B1, B2, and B3 represent border irrigation at 50%, 60%, and 70% FC, respectively. P represents rainfall. Error bars represent standard errors of three replicates. Square, circular, and triangular arrows denote irrigation dates of sprinkler, drip, and border irrigation, respectively. The solid arrow indicates the day of fertilization. 
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Figure 9. The cumulative CH4 amount (kg ha−1) for the 2016–2017 and 2017–2018 winter wheat growing seasons in all treatments. Error bars represent standard errors of three replicates. Different letters show significant differences (p < 0.05) between treatments. 
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Figure 10. The water use efficiency (WUE) for the 2016–2017 and 2017–2018 winter wheat growing seasons in all treatments. Error bars represent standard errors of three replicates. Different letters show significant differences (p < 0.05) between treatments. 
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Figure 11. The relationship between global warming potential GWP (Mg CO2-eq ha−1) and the total irrigation amount (mm) for the 2016–2017 and 2017–2018 winter wheat seasons. 
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Table 1. Soil texture, physical properties, and hydraulic parameters of the experimental site.






Table 1. Soil texture, physical properties, and hydraulic parameters of the experimental site.





	
Soil Depth (cm)

	
Particle

Size Distribution

	
Soil

Texture

	
Bulk Density (g/cm3)

	
Field Capacity (%)

	
Permanent Wilting Point (%)

	
Saturation Capacity (%)

	
Saturated Hydraulic Conductivity (cm/day)




	
Clay (%)

	
Silt (%)

	
Sand (%)






	
0–20

	
3.8

	
43.1

	
53.1

	
Sandy Loam

	
1.6

	
32.2

	
9.7

	
36.8

	
119.0




	
20–40

	
6.6

	
45.4

	
48.0

	
Loam

	
1.6

	
30.6

	
10.2

	
40.2

	
93.6




	
40–60

	
6.1

	
48.3

	
45.6

	
Sandy Loam

	
1.5

	
31.4

	
13.0

	
39.9

	
97.7




	
60–80

	
4.6

	
47.4

	
48.0

	
Sandy Loam

	
1.4

	
28.8

	
9.6

	
38.1

	
110.0




	
80–100

	
1.6

	
16.9

	
81.5

	
Loamy Sand

	
1.5

	
29.8

	
4.7

	
29.8

	
228.2




	
Average

	
4.5

	
40.3

	
55.2

	
Sandy Loam

	
1.5

	
30.6

	
9.5

	
36.9

	
129.7
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Table 2. Soil chemical properties of the experimental site.






Table 2. Soil chemical properties of the experimental site.





	Soil

Depth (cm)
	pH
	EC

(µs cm−1)
	Available N

(mg kg−1)
	Available P

(mg kg−1)
	Available K

(mg kg−1)
	Organic

Carbon

(g kg−1)





	0–20
	8.5
	132.4
	44.6
	16.1
	128.8
	1.9



	20–40
	8.6
	140.3
	44.6
	15.0
	126.2
	1.6



	40–60
	8.7
	146.3
	42.7
	14.4
	128.3
	1.0



	60–80
	8.8
	155.6
	41.8
	14.2
	124.1
	0.7



	80–100
	8.9
	147.6
	41.8
	15.3
	122.1
	0.5



	Average
	8.7
	144.4
	43.1
	15.0
	126.0
	1.1
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Table 3. The irrigation scheduling date and total irrigation amount during the 2016–2017 and 2017–2018 growing wheat seasons for all treatments.






Table 3. The irrigation scheduling date and total irrigation amount during the 2016–2017 and 2017–2018 growing wheat seasons for all treatments.





	

	
2017

	
2018




	
Treatments

	
Date

(Julian Day)

	
Total Irrigation Amount

(mm)

	
Date

(Julian Day)

	
Total Irrigation Amount

(mm)






	
S1

	
98, 104, 126, 138

	
120

	
93, 104, 129

	
90




	
S2

	
98, 104, 117, 131, 138

	
150

	
93, 104,115, 129

	
120




	
S3

	
98, 104, 117, 126, 131, 138

	
180

	
93, 104, 115, 122, 129

	
150




	
D1

	
98, 104, 131, 138

	
120

	
93, 104, 129

	
90




	
D2

	
98, 104, 117, 131, 138

	
150

	
93, 104, 122, 129

	
120




	
D3

	
98, 104, 117, 126, 131, 138

	
180

	
93, 104, 115, 122, 129

	
150




	
B1

	
98, 126, 138

	
180

	
104

	
60




	
B2

	
98, 104, 117, 131

	
240

	
104, 122

	
120




	
B3

	
98, 104, 117, 126, 131

	
300

	
104, 115, 129

	
180
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Table 4. Analysis of variance (ANOVA) of soil water content (SWC %), soil temperature (°C), soil ammonium nitrogen (mg kg−1) and nitrate nitrogen content (mg kg−1), cumulative soil CO2 emission, and soil CH4 uptake as affected by different irrigation scheduling, irrigation methods, and their interactions during the 2016–2017 and 2017–2018 growing seasons.






Table 4. Analysis of variance (ANOVA) of soil water content (SWC %), soil temperature (°C), soil ammonium nitrogen (mg kg−1) and nitrate nitrogen content (mg kg−1), cumulative soil CO2 emission, and soil CH4 uptake as affected by different irrigation scheduling, irrigation methods, and their interactions during the 2016–2017 and 2017–2018 growing seasons.





	
Variables

	
SWC

	
Temperature

	
NH4+-N

	
NO3−-N

	
Cumulative CO2 Emission

	
Cumulative CH4 Uptake




	

	
(%)

	
(°C)

	
(mg kg−1)

	
(mg kg−1)

	
(kg ha−1)

	
(kg ha−1)






	

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018




	
Irrigation scheduling

	
***

	
***

	
***

	
***

	
**

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Irrigation methods

	
**

	
***

	
*

	
***

	
*

	
*

	
***

	
***

	
***

	
***

	
ns

	
*




	
Irrigation scheduling × Irrigation methods

	
*

	
***

	
**

	
***

	
ns

	
*

	
**

	
***

	
ns

	
***

	
ns

	
ns








Note: The mean soil water content (SWC %) for soil layers of 0–20 cm, soil temperature (°C) at 10 cm soil depth, and mean soil inorganic N pools (NH4+-N and NO3−-N) for 0–20 cm. Where Significant level ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 5. Multiple linear regression models for CO2 emissions and CH4 uptake.






Table 5. Multiple linear regression models for CO2 emissions and CH4 uptake.





	
Treatment a

	
Regression Equation (p < 0.05) b

	
Standardized

Estimation Regression Coefficient c (p < 0.05)

	
Number

of Observations d

	
Adjusted R2






	

	

	
T

	
W

	
A

	
N

	

	




	
CO2

	
FCO2 = −482.8 + 13.7W

	
ns

	
0.7 **

	
ns

	
ns

	
117

	
0.8




	
CH4

	
FCH4 = 167.13 − 1.78W

	
ns

	
−0.8 ***

	
ns

	
ns

	
117

	
0.7








Error bars represent standard errors of three replicates. Different letters show significant differences (p < 0.05) between treatments. Units for CO2 emissions are mg CO2 m−2 d−1; CH4 emissions are μg CH4 m−2 d−1; for temperature (T), soil water content (W), NH4-N+ (A), and NO3− -N (N) are °C, SWC (%), and mg N kg−1, respectively. a Treatment data used for multiple linear regression. b Values are mean for all treatments in both growing seasons. c ns, not significant at p < 0.05, ** p < 0.01, *** p < 0.001. d each observation is the mean of three replicates in each treatment.
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Table 6. Grain yield, global warming potential (GWP), GWP Intensity (I), and GWPI per unit irrigation amount (GWPIPIA) during the 2016–2017 and 2017–2018 growing seasons in all treatments.






Table 6. Grain yield, global warming potential (GWP), GWP Intensity (I), and GWPI per unit irrigation amount (GWPIPIA) during the 2016–2017 and 2017–2018 growing seasons in all treatments.





	

	
Grain Yield

(t ha−1)

	
GWP

(Mg CO2-eq ha−1)

	
GWPI

(CO2-eq)

	
GWPIPIA

(CO2-eq mm−1)




	
Treatments

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018

	
2017

	
2018






	
S1

	
8.6 ± 0.0 e

	
7.9 ± 0.0 g

	
29.4 ± 0.4 d

	
31.7 ± 0.6 cd

	
3.4 ± 0.1 d

	
4.0 ± 0.1 c

	
2.9 × 10−2 a

	
4.4 × 10−2 b




	
S2

	
9.2 ± 0.0 c

	
9.0 ± 0.0 cd

	
31.7 ± 0.1 c

	
35.3 ± 0.1 b

	
3.5 ± 0.0 d

	
3.9 ± 0.1 c

	
2.3 × 10−2 c

	
3.3 × 10−2 d




	
S3

	
9.1 ± 0.0 c

	
8.9 ± 0.0 de

	
33.0 ± 0.5 b

	
35.4 ± 0.0 b

	
3.6 ± 0.1 c

	
4.0 ± 0.0 c

	
2.0 × 10−2 e

	
2.6 × 10−2 d




	
D1

	
8.5 ± 0.0 e

	
8.2 ± 0.4 f

	
26.5 ± 0.4 e

	
27.6 ± 0.5 e

	
3.1 ± 0.1 f

	
3.4 ± 0.1 e

	
2.6 × 10−2 b

	
3.7 × 10−2 c




	
D2

	
9.7 ± 0.0 a

	
9.7 ± 0.3 a

	
29.4 ± 0.4 d

	
32.1 ± 0.9 c

	
3.0 ± 0.0 f

	
3.3 ± 0.1 e

	
2.0 × 10−2 e

	
2.8 × 10−2 d




	
D3

	
9.4 ± 0.1 b

	
9.3 ± 0.2 b

	
31.2 ± 0.3 c

	
34.2 ± 0.3 b

	
3.3 ± 0.0 e

	
3.7 ± 0.0 d

	
1.8 × 10−2 f

	
2.5 × 10−2 e




	
B1

	
8.3 ± 0.0 f

	
7.1 ± 0.1 h

	
32.3 ± 0.5 bc

	
30.2 ± 0.4 d

	
3.9 ± 0.1 b

	
4.2 ± 0.1 b

	
2.2 × 10−2 d

	
7.1 × 10−2 a




	
B2

	
9.1 ± 0.0 c

	
9.1 ± 0.0 c

	
33.3 ± 0.2 b

	
35.7 ± 0.4 b

	
3.7 ± 0.0 c

	
3.9 ± 0.1 c

	
1.5 × 10−2 g

	
3.3 × 10−2 d




	
B3

	
8.9 ± 0.0 d

	
8.8 ± 0.0 e

	
36.6 ± 0.3 a

	
41.5 ± 0.2 a

	
4.1 ± 0.0 a

	
4.7 ± 0.0 a

	
1.4 × 10−2 h

	
2.6 × 10−2 d




	
Irrigation scheduling

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Irrigation methods

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Irrigation scheduling × Irrigation methods

	
***

	
***

	
ns

	
**

	
ns

	
**

	
ns

	
***








where Significant level ns p > 0.05, ** p < 0.01, *** p < 0.001. Values are the means ± standard error of the mean (n = 3). Different letters within a date indicate significant differences (p < 0.05) between treatments. 
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