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Abstract

:

The North China Plain (NCP) is experiencing serious groundwater level decline and groundwater nitrate contamination due to excessive water pumping and application of nitrogen (N) fertilizer. In this study, grain yield, water and N use efficiencies under different cropping systems including two harvests in 1 year (winter wheat–summer maize) based on farmer (2H1Y)FP and optimized practices (2H1Y)OPT, three harvests in 2 years (winter wheat–summer maize–spring maize, 3H2Y), and one harvest in 1 year (spring maize, 1H1Y) were evaluated using the water-heat-carbon-nitrogen simulator (WHCNS) model. The 2H1YFP system was maintained with 100% irrigation and fertilizer, while crop water requirement and N demand for other cropping systems were optimized and managed by soil testing. In addition, a scenario analysis was also performed under the interaction of linearly increasing and decreasing N rates, and irrigation levels. Results showed that the model performed well with simulated soil water content, soil N concentration, leaf area index, dry matter, and grain yield. Statistically acceptable ranges of root mean square error, Nash–Sutcliffe model efficiency, index of agreement values close to 1, and strong correlation coefficients existed between simulated and observed values. We concluded that replacing the prevalent 2H1YFP with 1H1Y would be ecofriendly at the cost of some grain yield decline. This cropping system had the highest average water use (2.1 kg m−3) and N use efficiencies (4.8 kg kg–1) on reduced water (56.64%) and N (81.36%) inputs than 2H1YFP. Whereas 3H2Y showed insignificant results in terms of grain yield, and 2H1YFP was unsustainable. The 2H1YFP system consumed a total of 745 mm irrigation and 1100 kg N ha–1 in two years. When farming practices were optimized for two harvests in 1 year system (2H1Y)OPT, then grain yield improved and water (18.12%) plus N (61.82%) consumptions were minimized. There was an ample amount of N saved, but water conservation was still unsatisfactory. However, considering the results of scenario analyses, it is recommended that winter wheat would be cultivated at <200 mm irrigation by reducing one irrigation event.
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1. Introduction


The North China Plain (NCP) is located in the eastern coastal region of China (34°46–40°25′ N and 112°30′–119°30′ E). The plain covers an area of about 409,500 km2, most of which is <50 m above sea level and extends to Henan, Hebei, and Shandong provinces [1,2,3]. The region has a subtropical monsoon climate with highly variable rainfall and a typical temperature [4]. Cereal crops such as wheat, maize, sorghum, rice, barley, millet, and oats are grown here. While winter wheat and summer maize are staple crops, widely cultivated in rotations using the double cropping system [5], which accounts for >60% of the national wheat and >30% of the maize grain demand [6].



Since the 1970s, the annual use of the two-harvest cropping system greatly increased the total grain output. However, it has also caused severe groundwater decline [7,8], because both crops generally have high water requirements to complete their life cycle [9,10]. Crop water requirement does not meet the balance between groundwater recharge through rain and evapotranspiration (ET) loss from plant and soil [11]. An estimated amount of more than 450 mm yr−1 irrigation water is required to maintain high crop yield under the conventional double cropping system [12], which dominatingly depends on pumping of groundwater, and there is no access to irrigation from the river source. Thus, the groundwater is almost the only source of irrigation [13]. In the last 20 years, sustained water pumping has adversely affected aquifers. Consequently, the groundwater level fell rapidly, at the rate of approximately 1 m yr−1. On the other hand, the double cropping system under conventional farming practices contaminated groundwater by NO3− leaching [14], surface water quality degradation [2], soil acidification [15,16], and air pollution [17] due to excessive and long-term use of N fertilizers under low efficiency of farmer cultivation practices. Around 500 to 600 kg N ha−1 yr−1 of fertilizer is normally applied to achieve maximum yield. Agronomically, it is an excessive application rate based on general crop N requirements, which range from 200 to 300 kg N ha−1 yr−1 [18].



A reduction in the application of N and proper irrigation scheduling can help to achieve sustainable yield goals by simultaneously protecting natural resources and atmosphere [19]. About 15–35% of water consumption can be lowered by improving water use efficiency [20]. It is possible through efficient management strategy and optimal cropping system [21]. However, there are numerous constraints associated with the optimal cropping system [22]. Since the field, dynamic observation of evapotranspiration, water drainage, N losses, and crop growing indices are time consuming and costly. Crop model-based improved simulation techniques with response to environmental conditions have been developed for making effective and proper use of input resources [23]. Simulation models define the systematic processes related to crop growth and development and are useful tools to assess the impact of soil extrinsic factors (fertilization), variability of climatic conditions, and crop management practices [24,25] by providing credible predictions [26]. Typically, crop models consider the time span in which a specific growth stage takes place and initiate biomass of crop components, e.g., roots, leaves, stems, and yield attributes, as they change time to time, and similarly, changes in the nutrients content and soil moisture status. Mostly, models use major information on crop growth factors. They are of various types, classified into three broad categories i.e., statistical, functional, and mechanistic models [27], and are widely used in agricultural research to solve and identify problems integrated in the complex farming system [28]. The crop modeling analyses showed that cereal crops are most vulnerable to increasing water scarcity in many countries of the world [29]. Recently, an integrated soil-crop model (WHCNS, soil water-heat-carbon-nitrogen simulator) was developed based on the Chinese climate, soil types, and field management and the model has been successfully applied to simulate water use, N loss, and N use efficiency in China [30,31,32]. Previous research showed that the model simulated soil and crop indicators agreed well with observed data [33]. However, there is still limited work on the simulation of water and nitrogen balance under diversified crop rotations using this model.



Therefore, the main aims of this study were: (1) To evaluate grain yield, water and N use efficiencies under different cropping systems using the WHCNS model, and (2) to optimize water and N management by scenario analyses.




2. Materials and Methods


2.1. Description of Study Site


Quzhou County (114.9° E, 36.7° N, 40 m above sea level) belongs to the prefecture-level city of Handan, located upstream of the Heilonggang River basin in southern Hebei province, which is one of the most affected area in terms of groundwater depletion in the world [34]. Fertilizers are highly used with inefficiency in the study area. A recent research of Cai et al. [35] and Ling et al. [36] reported an increasing trend of dependence on chemical fertilizers up to 36.3% in the current production system exceeding international standards for the sake of yield [37].



The county belongs to a continental monsoonal climate. The long-term annual mean air temperature is 13.1 °C and the mean annual precipitation is 534.9 mm. About >68% of precipitation occurs during the June to September months of the year. The soil of this site is alkaline in nature with a pH > 8.0, has a silty texture, nitrogen < 0.68 g kg−1, phosphorus < 6 mg kg−1, and potassium < 75 mg kg−1 [3]. The soil properties at different depths are presented in Table 1.




2.2. Detail of Experimental Design and Management Practices


Four replicated randomized complete block design field experiments were conducted from 2004 to 2006 on different cropping systems including two harvests in 1 year (winter wheat–summer maize) based on farmer (2H1Y)FP and optimized practices (2H1Y)OPT, three harvests in 2 years (winter wheat–summer maize–spring maize, 3H2Y), and one harvest in 1 year (spring maize, 1H1Y). The plot size was 84 m2 (10 m long × 8.4 m wide). Wheat variety Shijiazhuang-8 was sown (row spacing 15 cm) on 10 October and harvested on 15 June, then summer maize cultivar Zhengdan-958 was grown (row spacing 60 cm) after 2–5 days gap for two years. Nongda-1505 spring maize variety was employed for both monoculture (1H1Y) and triple cropping (3H2Y) systems. The sowing date of spring maize was on 27 April which was harvested on 8 October of the same year. Cropping systems were rotated for a two-year period by following these sowing dates. The seed rate for winter wheat was 385 kg ha−1, and 24–30 kg for maize. The final plant density of maize was 6–7 plants m2. Except for 2H1YFP, the other cropping systems were managed under optimized water and fertilizer practices based on soil testing. Irrigation was applied to keep soil moisture in the rooting zone between 50% and 85% of the available field capacity. The 2H1YFP system was fully irrigated based on local farmer practices. Winter wheat was irrigated 3–5 times and maize crop was irrigated 2 times through the flooding method. In 2H1YFP system, the N rates were 300 kg N ha−1 and 250 kg N ha−1 for wheat and maize cultivation in each season, respectively, through 2–3 split doses. The optimized cropping systems 2H1YOPT, 3H2Y, and 1H1Y received 420, 325, and 205 kg N ha−1, respectively. Fertilizer application was through the broadcasting method. Precision land leveling was done for each cropping system to ensure uniform germination and growth, and 45 kg ha−1 of phosphorus was applied as a basal dose for vigorous seedling establishment. Other agronomical measurements such as weed, pest, and disease controlling were according to local farmer practices.




2.3. Data Collection, Methods, and Analyses


The soil water content was measured using TDR (MP917) probes (Environmental Sensors, Inc., Sidney; BC; Canada) [38] from shallow to deep soil layers of 0–30, 30–60, 60–90 and 90–120 cm, and soil samples were taken as well with help of auger for observation of soil N concentrations. Five core samples were properly mixed, sieved with 4 mm sieves, extracted with 0.01 mol L−1 CaCl2 (1:10, soil/water), and then filtered. The ready samples were analyzed by continuous flow analyzer (TRAAC 2000, Bran and Luebbe, Norderstedt; SH; Germany). The soil water content (cm3 cm−3), and N concentrations (mg kg−1), dry matter (kg ha−1) and leaf area index (m2 m−3) were observed during key growth stages, and grain yield (kg ha−1) was measured after harvesting. Winter wheat was harvested by its full physiological maturity indicator (completely loss of green color from glumes), and maize crop was harvested when the grain moisture content was dropped <20%. Replicated cob samples were oven dried to keep grain moisture <15%, and then threshed. The N balance, NUE, water balance, and WUE were calculated using Equations (1)–(4) respectively. All the collected data were simulated using the WHCNS model and statistically analyzed using Statistix 8.1 software (Tallahassee; FL; USA) to determine significant differences at p < 0.05 probability level [36]. In addition, we established different scenarios to optimize water and N management based on the experimental results. Complete detail of scenarios is given in Section 2.4.1.
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where, Nfer is total N fertilizer rate (kg N ha−1), Nmin is net mineralization (kg N ha−1), Nvol = volatilization (kg N ha−1), Nden = denitrification (kg N ha−1), Nlea is N leaching (kg N ha−1), Nup is crop N uptake (kg N ha−1), GY is grain yield (kg ha−1), I is irrigation (mm), P is precipitation (mm), ET is evapotranspiration (mm) and D is drainage (mm), R is runoff (mm) [39,40]. WS and NF are water-saving and N fertilizer, respectively, Wu/Fu = Water use (mm) and Fertilizer use (kg) of cropping system [41].




2.4. WHCNS Model


The WHCNS model was used to simulate the effect of irrigation levels and N fertilizer rates on the growth and yield of different cropping systems. Model is efficient in the simulation of soil water movement, N transport, crop growth, development, and grain yield under different crop rotations and management practices. It can simulate complex and intensive cropping systems characteristic to NCP. It is comprised of 5 primary modules, (a) soil water, (b) heat transfer, (c) N transport, (d) soil organic carbon turnover, and (e) crop growth. The reference crop evapotranspiration (ETo) was calculated by using the Penman-Monteith equation [42] proposed by Allen et al. [43]. Water infiltration and their redistribution in the soil profile, runoff, and soil N concentrations (NH4+ and NO3−) were simulated by using the Green-Ampt model and Richards equation, SCS curve number and convection dispersion equations respectively [44,45,46]. Soil heat transfer simulation imported from the Hydrus-1D and soil organic matter dynamics were directly derived from the Daisy model. Crop growth and development processes, dry matter formation and grain yield simulations were performed using the improved PS123 model [47]. More detailed information is available in the paper of Liang et al. [30].



2.4.1. Scenarios Setting


Scenario setup is one of the important technique to set an unlimited number of treatments that could be not possible or difficult in field experiments due to space, time and financial limitations etc. Therefore considering successful prediction of model, best management practice, and latest research findings of Ling et al. [36], we further changed farming practices, where N rates and irrigation levels were linearly increased and decreased for winter wheat, summer and spring maize to extensively examine the effect of excessive and deficit irrigation, and N input managements on cropping systems. These scenarios were simulated using the WHCNS model (Table 2).



Hence, each crop received excessive and deficit N, and irrigation treatments as well as evaluated under rainfed conditions.




2.4.2. Model Input Data


Model input system requires information about crop growth stages with root, shoot and leaf weight (g), plant type C3 or C4, critical temperature ranges, sowing date, seed, and fertilizer rate, application timing and harvesting date, basic soil properties, carbon (kg h−1) and C/N ratio, latitude and longitude of the site, as well as daily rainfall, relative humidity, maximum, minimum and mean air temperature. The soil data for soil saturated water content (θs), water content at field capacity (θfc) and permanent wilting point (θwp), and saturated hydraulic conductivity (Ks) were calibrated from the soil analyses laboratory report, which is presented in Table 1 and basic crop parameters are given in Table 3. The meteorological data used in the model were acquired from a nearby automatic weather station, located approximately 5.5 km away from the research site.




2.4.3. Statistical Evaluation of the Model


The model performance was evaluated using: (i) Root mean square error (RMSE) to measure how much error there is between two data sets of predicted and observed, (ii) the Nash-Sutcliffe model efficiency coefficient (NSE) and (iii) index of agreement (d), which are standardized measures in the modeling, and (iv) Pearson correlation coefficient analyses was applied to quantify the magnitude of the collinearity between observed and predicted variables.
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where Oi = observed value, Pi = predicted value, and O is the mean of the measured values, n is the number of data values, GY = grain yield.



The lower RMSE, the good model performance [48]. The NSE ranges from –  ∞   to 1.1 show the great efficiency, 0 indicates the predicted values are as accurate as of the mean of the observed data, and <0 result indicates that observed average value is a good predictor as compared to the model [49]. While d value varies from 0 to 1. A closer value to 1 show a perfect match of simulated results with observed data, and 0 specify no agreement at all [50]. In case of correlationship, the thumb rule for interpretation based on positive (+) or negatives (−) sizes is, 0.90–1.00 (Very high), 0.70–0.90 (High), 0.50–0.70 (Moderate), 0.30–0.50 (low), 0.0–0.30 (No) [51]. The r close to 1 illustrates model fit [52].






3. Results


3.1. WHCNS Model Calibration and Validation


The observed soil water content (cm3 cm−3), soil N concentration (mg kg−1), leaf area index (m2 m−3), dry matter (kg ha−1), and grain yield (kg ha−1) data from 2H1YFP were used to calibrate the model, and then validated by the field experimental data obtained from other cropping systems (2H1YOPT, 3H2Y and 1H1Y). The results were statistically evaluated by RMSE and related statistical indices. The model simulation was satisfactory for all cropping systems. The observed data points fluctuated up-down close to the predicted curve which was in good agreement between model simulated and absolute values. Hence, RMSE values of soil water content at 0–120 cm soil depth for 2H1YFP, 2H1YOPT, 3H2Y and 1H1Y were 0.05, 0.68, 0.13 and 0.43, respectively (Figure 1). While, shallow to deep soil layer (0–30, 30–60, 60–90, 90–120 cm) wise RMSE values are given in Table 4. It has been found that RMSE of volumetric water contents decreased as soil depth increased. The minimum RMSE for upper soil (0–30 cm) was 0.06, and for deeper soil (90–120 cm) was 0.04. The RMSE values for soil N concentration were varied from 7.43–2.10, and for leaf area index, dry matter and grain yield ranged from 0.49–0.55, 1326.9–1608.3 and 280.91–609.96 respectively. From the yield point of view, the minimum RMSE 280.91 was showed from the 2H1YFP system. The cumulative simulated grain yield was only a 7.47% difference than observed. Predictions were accurate for each system with 3.42–1.02% variation (Figure 2). In addition, the correlation degree of strength varied from parameter-to-parameter. The sizes of correlation coefficient values were within very high, high and moderate. Figure 3 Illustrates integrated correlationships for soil water content, soil N concentration, leaf area index, dry matter, and grain yield of different cropping systems. While cropping system wise r values and other statistical indices are shown in Table 4. The simulated and observed data of crop growth and yield attributes had a very strong correlation coefficient strength (0.89–0.99). Whereas, soil N concentration had strong (0.61–0.88) and soil water content had moderate correlation (0.53–0.76) according to Mukaka [51], who briefly elaborated the correlation coefficient and provided guidance for correct use. The WHCNS model performance was valid season-to-season, because of better parameters assumption. Statistical indices well specified performance of the model. The model can be effectively used to simulate soil, crop growth, and yield indicators. There was a minor simulation error based on overall figures, which indicated a better sensitivity of the model. The slight fluctuation of RMSE values in all cropping systems could be attributed to the temporal change of soil moisture and nutrients status after irrigation and N fertilization [53,54,55,56,57,58,59]. In the current study, RMSE ranges were <8 at the top layer, and <3 at 60–90 cm soil depth. Statistically, there is no threshold limit. Generally, low RMSE is a sign of model efficiency [37,46].




3.2. Grain Productivity


Results revealed that the 2H1YFP cropping system consumed excessive irrigation (745 mm) and N fertilizer (1100 kg) as compared to optimized management practices, and showed a low total yield of 21,474 kg as well (Figure 2a). Significantly (p < 0.05) high yield 22,758 kg obtained from 2H1YOPT, where 18.12% low irrigation (610 mm) and 61.82% deficit N rate were applied. In this system, winter wheat accounted for 5635 kg ha−1 and maize 5788 kg ha−1 in the first growing season, but in the subsequent year, winter wheat yield was 3488 kg ha–1 with 38.10% reduction and summer maize yield was 7847 kg ha−1 with 35.57% addition. The reason for the decrease in winter wheat yield was low rainfall, and the increase of maize yield in second year cycle was precipitation events. The heavy rainfall recorded during the late season, particularly in maize crop period throughout the experimental period. While the 3H2Y system showed total grain yield of 17,612 kg and monoculture 1H1Y had total grain yield of 17,471 kg. In 1H1Y system, spring maize yield was high in both two years. First year yield was 8331 kg ha−1 and second years was 8761 kg ha−1. There was no significant difference between 3H2Y and 1H1Y in terms of total productivity (Figure 2). On an annual basis, the yield differences were very low among all cropping systems. The 2H1YFP had average annual yield range of 10737.5 kg. It was <5.64% than 2H1YOPT, and >17.98% to 18.64% than 3H2Y and 1H1Y cropping systems.




3.3. Evapotranspiration, Drainage, Runoff and Water Use Efficiency


The model was applied to simulate runoff, drainage and evapotranspiration (Table 5). Results showed that drainage and water runoff were associated with rainfall intensity. The 2H1YFP system had 243 mm drainage (>2H1YOPT), and 3H2Y had 113 mm drainage (≥1H1Y). The commutative drainage was high, about 517 mm during maize growing seasons, and only 106 mm during wheat seasons of all cropping systems. The maximum runoff water loss occurred when rainfall was >300 mm. In case of total evapotranspiration water loss, the lowest evapotranspiration (812 mm) was simulated from 1H1Y, followed by 3H2Y (1013 mm). Double cropping system under farmer and optimized management practices had equal evapotranspiration rate (128 mm). Thus, there was a significantly high (351.7 mm) positive water balance calculated from spring maize cultivation in the second year. The average water balance order was 1H1Y > 3H2Y > 2H1YFP > 2H1YOPT.



Across all cropping systems, the average water use efficiency was low in the 2H1YFP (1.8 kg m−3), 2H1YOPT (1.9 kg m−3) and 3H2Y (1.8 kg m−3) as compared to 1H1Y (2.1 kg m–3). The summer and spring maize crops had maximum water use efficiency throughout the experimental trails.




3.4. Crop N Uptake, N Loss and N Use Efficiency


The summer and spring maize crops had higher crop N uptake than winter wheat in all cropping systems (Table 6). Crop N uptake was significantly high in 1H1Y monoculture rotation. First year spring maize had 216 kg N ha–1 uptake, and subsequent year had 234 kg N ha–1. Average N uptakes were 184.25, 163.5, 177.6 and 225 kg N ha−1 in 2H1YFP, 2H1YOPT, 3H2Y and 1H1Y systems respectively. Thus the sequence was 1H1Y > 2H1YFP > 3H2Y > 2H1YOPT.



The N loss through volatilization, denitrification and leaching are not only yield affecting factor, but also the primary cause of maximum N deposition in the terrestrial and aquatic systems. The current study showed that the double cropping system under farmer (2H1YFP) and optimized practices (2H1YOPT) had higher N loss, total ranged from 118–265 kg. The lowest N loss was 46.1 kg from the 1H1Y, and 3H2Y had 66.8 kg N loss. Therefore, the 2H1YFP and 2H1YOPT had low average N use efficiency than 3H2Y and 1H1Y systems. The highest mean N use efficiency (34.8 kg kg−1) was from 1H1Y monoculture. Generally, N use efficiency was higher for all crops grown in the first season of first rotation in each cropping system and subsequently dropped (Table 6).




3.5. Results of Scenario Analyses


Initially, an increasing yield response of winter wheat, summer and spring maize showed with the interaction of increasing N rates and irrigation levels (Figure 4a). When irrigation and N doses were increased to excessive, then yield was decreased or there was no significant increase. The grain yield was <3000, <4000 and <7000 kg ha−1, respectively at 0–50 mm irrigation in combination with all N rates. The grain yield curves of winter wheat reached to peak from the 200 mm irrigation × 150–250 kg N ha−1 with the highest simulated yield of 5000–5750 kg ha−1, summer maize from the 200 mm irrigation × 100–1 50 kg N ha−1 with yield of 6200–7000 kg ha−1, and spring maize from the >150 mm irrigation ha−1 × 100–250 kg N ha−1 with yield of 8400–8540 kg ha−1. In the case of N and water use efficiencies, which is the ratio of grain yield to the amount of N and irrigation depleted by crop during the growth period (Figure 4b,c). The N use efficiency was the lowest at >250, >200 and >150 kg N ha−1 for winter wheat, summer and spring maize, respectively due to low yield. The spring maize had the highest N use efficiency (37.5 kg kg−1) from the 50 to100 kg N ha–1. While water use efficiency also lowered as the irrigation increased. The spring maize had the highest water use efficiency (>2.8 kg m−3). Furthermore, when irrigation level was set to 0 mm in the model as rainfed condition, then simulated yield of spring maize yield was >4000 kg ha−1 with the combination of 50–100 kg N ha−1, and the yield response of winter wheat was <2500 kg ha−1 (Figure 4a). Going in depth, the N leaching and drainage prediction of WHCNS model showed that the N loss was correlated to N rate and drainage was closely associated to irrigation amount. As the N rates and irrigation amounts were increased, the N leaching and water drainages increased too. The rates of N leaching and drainage were notable when N rate was >250 kg ha−1 and irrigation level was >200 mm ha−1 for winter wheat with a maximum N leaching of 28.3 kg ha−1 and drainage 29.0 mm. Both, summer and spring maize crops had the higher N leaching when N rate was >150 and >100 kg N ha−1, respectively (Figure 5b,c).





4. Discussion


4.1. Effect of Different Cropping Systems on Grain Yield, Water and N Use Efficiencies


The modeling based study of crops is an effective method to optimize the farming practices and suggest possible solution for sustainable agriculture development. The predicted results for 2H1YFP cropping system under local farmer practices indicated that the yield is not related to excessive irrigation and N application. This is also confirmed from the observed data. The low yield was obtained from the double cropping system plots, despite the field soil had the high amendment of irrigation and N fertilizer. We found that, although 2H1YOPT increased grain yield (5.97%) and reduced N fertilizer (61.81%) as compared to 2H1YFP, the 610 mm irrigation consumption is still high. The high water use in the double cropping system also reported by many other researchers [60,61,62]. Therefore, only N saving is unsustainable, because irrigation water is quite important factor in the crop production system. About 420 mm irrigation was used by wheat crop in the 2H1YOPT. The rainfall was significantly low (<250 mm) throughout the winter wheat growing season of this study period, which limited grain yield. Water saving technology [63], proper plant density [64], minimum tillage [65], and other agronomic and breeding approaches would be advantageous to reduce water consumption of winter wheat. Furthermore, the evapotranspiration sequence was 1H1Y < 3H2Y < 2H1YOPT < 2H1YFP. The irrigation levels and N fertilizer rates of 3H2Y were <41.20% and <70.45%, respectively than 2H1YFP, but this 3H2Y system failed due to low grain yield output. Only monoculture 1H1Y system was dominant over all other systems in the light of both environmental protection and groundwater security at cost of some grain yield loss. In this system, irrigation level was <56.64% (323 mm) and N fertilizer was <81.36% (205 kg) than 2H1YFP. Similar results also reported by Meng et al. [66]. Yang et al., [37], studied five crops (wheat–maize–cotton–sweet potato –peanuts) in rotations using DSSAT crop model for a 12 years long term field experiment, and found that wheat accounted for >40% crop water use. The 2H1YFP had the highest annual evapotranspiration rate (734 mm) with 1.1 m groundwater decline. The monoculture of any crop used less water than prevalent 2H1YFP. Monoculture cultivation of maize reduced >60% irrigation and >70% N fertilizer [3]. There were two important reasons of high yield of continuous 1H1Y system to low inputs in the present study, one was high average N mineralization (62.23 kg ha−1), N uptake (225 kg ha−1), N use efficiency (35.65 kg ha−1) and water use efficiency (2.15 kg m−3). It can be explained as temporal match between spring maize growth period and available resources. The spring maize being a C4 efficient, do not exhibit photorespiration, uses CO2, solar radiation, temperature, and water more efficiently than winter wheat [66,67], and other reasons of high yield of continuous 1H1Y system to low input treatments could be balanced N dose, which was <8.29% than 43–179 kg N ha−1 as recommended by Zhang et al. [68].




4.2. Effect of Cropping Systems on Water Drainage, and N Fates


Irrigation and N balancing as per need of normal plant growth by reducing the nitrate that transport to water bodies and gaseous loss to environment, is a big challenge in the crop production system [69]. When field water become excess, then it drains down from root zone carrying NO3− which contaminates groundwater. It has been identified that agricultural farming in China is causing more environmental pollution than any other source [70]. Our study revealed that the 1H1Y had the lowest N loss through leaching, denitrification, and volatilizations than the rest of the cropping systems (2H1YFP, 2H1YOPT and 3H2Y). The amounts of N leaching and volatilization were higher in 2H1YFP cropping system. Particularly, maximum N leaching and N volatilization loss measured from maize crop managed under farmer practices. The linking factor was high dose application of N fertilizer rates exceeding crop demand. The annual application of N fertilizer >550 kg ha−1 did not significantly increase grain yield, but led to twice time higher NO3− losses [71,72]. Bing et al. [73] observed the peak of N emission at >180 kg N ha–1, because crop plant can only uptake required amount to complete life cycle, when soil and environmental condition are favorable. The maximum N loss from double cropping system under farmer practices was due to excessive N application (550 kg N ha−1), and topdressing of N via broadcasting application method. This method of fertilizer application is inefficient. Beside greater N loss in volatilization due to increased time of N granules exposed to sun and air. There are also number of other disadvantages such as N fixation as granules cover large soil mass and wrong placement since plant cannot utilize N as N move latterly over some distance from the range of roots [73,74].



Based on the evidence of current research results, it was noticed that N leaching and drainage occurred due to spring rainfall events and excessive irrigation. The cause of volatilization was the raised temperature during the period from May to October in each year of entire experimental period. An average >20% NH3 volatilization was observed by Cui et al. [18] due to higher temperature. Another N loss was from denitrification pathway. It is a process, where NO3− converts into N2 by serial facilitation of soil microbes, depends on soil pH, aeration and energy [74]. The N denitrification was low in 2H1YFP, and higher in all other cropping systems. In case of the N mineralization, it was effective in 2H1YOPT, 3H2Y and 1H1Y systems, indicates stimulated soil microbial activity in optimized cropping systems, which increased plant available N. There was 210 kg N became available for 2H1YOPT, 148 kg N for 3H2Y and 124 kg for 1H1Y. We noticed that maize crop had bigger N net mineralization and N uptake than wheat crop. These results are in line with Ju et al. [75].




4.3. Best Management Practices (BMPs) for Different Cropping Systems


Based on experimental findings, which are briefly described above and deep analyses of management practices, showed that it is important to further optimize farming practices for reduction of nitrate loss while sustaining yield. The results of scenario analyses indicated that there is an opportunity to reduce some amount of N and irrigation from different cropping systems. In the 2H1YOPT cropping system, the cultivation of winter wheat using <200 mm irrigation and 100–150 kg N ha−1 and summer maize with inputs of <150 mm irrigation and <100 kg N ha−1 would be both environmentally and economically beneficial. Furthermore, irrigation ranging in between 100–150 mm ha−1 and <150 kg N ha−1 for spring maize cultivation would be a suitable management practice. These findings are in agreement with the conclusion of Zhao et al. [76] and Luo et al. [77]. Cultivation of crops under conventional practices will further increase groundwater decline. Keeping field moisture at optimum level and lowering N application would reduce the risk of environmental security [78].





5. Conclusions


It was a very critical decision to recommend an ideal cropping system considering simultaneously environmental and socioeconomic factors of the region. Therefore, grain yield, water and N use efficiencies under different cropping systems were compared through the WHCNS model, and optimized management practices were explored by scenario analyses. The results indicated that simulated soil water content, soil N concentration, leaf area index, dry matter and grain yield agreed well with observed values. So, the model could be used to quantitatively analyze the N fates, water and N use efficiencies under the different management practices. We concluded that replacing the prevalent 2H1YFP cropping system with 1H1Y would be ecofriendly at cost of some grain yield decline. Whereas, the 3H2Y showed insignificant results in terms of grain yield, and 2H1YFP was unsustainable. The 2H1YFP system consumed 745 mm water and 1100 kg N ha−1 in two years. When farming practices were optimized for two harvests in 1 year system (2H1Y)OPT, then grain yield improved and water (18.12%) and N (61.82%) consumption were minimized. There was an ample amount of N saved, but water conservation was still unsatisfactory. However, considering the results of scenario analyses, it is recommended that winter wheat would be cultivated at <200 mm irrigation by reducing one irrigation event.
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Figure 1. WHCNS model simulated (line) and observed (dots) soil water content (SWC, cm3 cm−3) and soil mineral N concentration (SNC, mg kg−1) of different cropping systems. (a), Two harvests in 1 year based on farmer (2H1Y)FP, (b), Optimized practices (2H1Y)OPT, (c), Three harvests in 2 years (3H2Y), and (d), One harvest in 1 year (1H1Y). 
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Figure 2. Simulated (black bars) and observed (gray bars) grain yield and dray matter of different cropping systems. (a), two harvests in 1 year based on farmer (2H1Y)FP and (b), optimized practices (2H1Y)OPT, (c), three harvests in 2 years (3H2Y), and (d), one harvest in 1 year (1H1Y). WW, Winter wheat, SM, Summer maize and SPM, Spring maize. 
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Figure 3. Relationship between simulated and observed soil water content (SWC, cm3 cm–3), soil mineral concentration (SNC, mg kg–1), leaf area index (LAI, m2 m–2) and grain yield (GY, kg ha–1) under different cropping systems. 
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Figure 4. Scenarios based simulated grain yield (a), N use efficiency (b), and water use efficiency (c) under effect of deficit and excessive irrigation levels, and N rates. WW, winter wheat, SM, summer maize, SPM, spring maize. 
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Figure 5. Simulated nitrate leaching (a–c) and drainage (d) under effect of excessive and deficit irrigation levels, and N rates. The boxes show the 25 50 and 75 percentiles, the line in the box indicates the median, black dots show mean, and the crosses indicate maximum and minimum. WW, winter wheat, SM, summer maize and SPM, spring maize. 
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Table 1. Basic soil properties at different depths.
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Depth (cm)

	
BD (g cm–3)

	
Particle Fraction (%)

	
Soil Texture (USDA)

	
pH

	
θs (cm3 cm–3)

	
θfc (cm3 cm–3)

	
θwp (cm3 cm–3)

	
Ks (cm d–1)




	
Sand

	
Silt

	
Clay






	
0–30

	
1.42

	
33.1

	
46.6

	
20.3

	
loamy

	
8.4

	
0.47

	
0.275

	
0.125

	
17.27




	
30–60

	
1.42

	
24.4

	
53.1

	
22.5

	
Silty loam

	
8.7

	
0.39

	
0.295

	
0.132

	
15.88




	
60–90

	
1.33

	
29.6

	
45.5

	
24.9

	
Loamy

	
8.5

	
0.38

	
0.295

	
0.143

	
18.23




	
90–120

	
1.51

	
36.4

	
47.4

	
16.2

	
Loamy

	
8.6

	
0.39

	
0.260

	
0.111

	
5.11








Note: BD, Bulk density, θs, Soil saturated water content, θfc, Field capacity, θwp, Soil water content permanent wilting point and Ks, Saturated hydraulic conductivity.
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