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Abstract: The increasing world population has forced excessive chemical fertilizer and irrigation to complete the global food demand, deteriorating the water quality and nutrient losses. Short-term studies do not compile the evidences; therefore, the study aimed to identify the effectiveness of reduced doses of inorganic fertilizer and water-saving practices, hence, a six-year experiment (2015–2020) was conducted in China to address the knowledge gap. The experimental treatments were: farmer accustomed fertilization used as control (525:180:30 kg NPK ha−1), fertilizer decrement (450:150:15 kg NPK ha−1), fertilizer decrement + water-saving irrigation (450:150:15 kg NPK ha−1), application of organic and inorganic fertilizer + water-saving irrigation (375:120:0 kg NPK ha−1 + 4.5 tones organic fertilizer ha−1), and application of controlled-release fertilizer (80:120:15 kg NPK ha−1). Each treatment was replicated thrice following a randomized complete block design. The results achieved herein showed that control has the highest losses in the six-year study for total nitrogen (225.97 mg L−1), total soluble nitrogen (121.58 mg L−1), nitrate nitrogen (0.93 mg L−1), total phosphorus (0.57 mg L−1), and total soluble phosphorus (0.57 mg L−1) respectively. Reduced fertilizer and water application improved crop nutrient uptake, nitrogen concentration was significantly enhanced with organic and inorganic fertilizer + water-saving irrigation, P concentration was increased with fertilizer decrement + water-saving irrigation, and K concentration was improved with fertilizer decrement + water-saving irrigation. Hence, this study concludes that reduced inorganic fertilizer dose combined with water-saving practices is significantly helpful in reducing nutrient leaching losses and improving nutrient uptake and water pollution. Further studies are needed to explore the impacts of reduced fertilization and water-saving irrigation on leaching losses. The benefits at different climatic conditions, soil types, and fertilizer types with application methods are also a research gap.
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1  Introduction

The world population is estimated to increase by 1.7 billion between now and 2050, giving rise to food and water security challenges [1]. China has to feed 18% of the global population with 6% of global water resources and 9% of global arable land [2]. The demand for rapid population growth for agricultural production is usually fulfilled by applying chemical fertilizers [3]. China consumes nearly 35% of the global chemical fertilizers to achieve high crop yield and satisfy the food demand [4]. However, it has been reported that the plants consume only 30%–40% of the applied fertilizers, and the remaining results in nutrient losses causing water, soil, and environmental pollution [5]. Excessive use of chemical fertilizers causes harmful algae in the water, soil acidification, high N2O emissions, and soil organic matter deterioration [6]. Non-point pollution also contributes to environmental pollution, its major sources include return flow from irrigated lands, agriculture and silviculture runoff [7], fertilization of cropland, and livestock and poultry waste disposal [8].

Large portions of agrochemicals find their fate at the surface and in groundwater, resulting in poor global water quality and aquatic system deterioration [3]. Literature reported that agricultural production caused huge total N (30.3%–34.6%) and total P (79.9%–82.8%) pollution in Ninghe County during 2004–2007. Moreover, at the Yanhe River watershed, about 59% of total N and 33.6% of total P pollution was reported due to agricultural activities [9]. At present, eutrophication is a problem in more than 60% of lakes in China [10]. Eutrophication causes algal blooms, releases toxic substances, and threats fishes and aquatic life. Moreover, eutrophication in freshwater bodies can adversely affect the drinking water quality causing a health hazard to humans consuming water. Therefore, it is a need to minimize the entry of nutrients into the water for a sustainable environment [9].

In this scenario, the improvement in fertilization and irrigation management practices needs to be adopted to reduce the entry of N into surface and groundwater [11], and protect water resources [9]. Due to the temporal and spatial variability in crop nitrogen (N) intake, managing N to reach maximum yield potential while limiting environmental losses is difficult [12]. Moreover, the improved plant nutrient uptake also reduces nutrient loss [13]. This is the major cause of increasing the studies on improving agricultural operations, especially focusing on the irrigation methods that reduce the amount of N entering groundwater and surface waters [11]. Corn (Zea mays L.) is one of the major field crops, cultivated in approximately 4.2 × 107 ha in China and ranking third among the highest corn-producing countries [14]. The Ningxia Plain is a developing area located upstream of the Yellow River. The agricultural land is primarily irrigated using Yellow River water [13]. The water availability for agriculture is reducing due to increased industrialization and urbanization, lake shrinkage, rising riverbeds, and a drop in the groundwater table in some areas of China. Considering these aspects, China has introduced water-saving policies and irrigation to ensure efficient waste usage and increase land and water productivity [15]. Due to high agricultural production demand, the farmers prefer high fertilization and irrigation practices resulting in water pollution [16]. Nutrient loss is an open challenge in the application of chemical fertilizers. Therefore, it is essential to avoid excessive fertilizer use and identify suitable nutrient doses for corn [5].

The lack of consecutive year-round investigations on N leaching at the field scale is the key factor for the current divergent study to reduce the water application in the agroecosystem. The scientific question considered was to assess how the reduced fertilization will affect losses under water saving conditions in the long-term. We consequently conducted a six-year field experiment in the Yellow River Irrigation Region of Ningxia Plain, China. The objectives of the study are to: (i) examine the nutrient leaching losses at three stages of corn (jointing stage, big trumpet stage, and after harvest) throughout the cropping season, (ii) study the leaching flux dynamics of N, and P during the investigation period, and (iii) propose suitable fertilization and irrigation practices to minimize nutrient leaching losses and improve nutrients uptake. The study has some limitations depending on the soil and fertilizer type, climatic zones, and use of organic fertilizer type.

2  Materials and Methods

2.1 Site Description

A six-year-long field experiment was performed at Nongfeng village (42.32°N, 106.65°E) Wanghong, District Yongning, Ningxia, China. The area is located at an altitude of 1108 m and in arid to semi-arid plains. With the aims mentioned above, corn (Zea mays) cv. Xianyu 335 was cultivated once a year from April 2015–October 2020. According to the USDA system, the soil was identified as heavy loam.

2.2 Experimental Design

Keeping the local conditions in view, five treatments were applied in three replicates following a randomized complete block design (RCBD). The plot size was maintained at 8 m × 6 m (length x width), and corn seeds were sown. The treatments were: farmer accustomed fertilization (CON, 525:180:30 kg NPK ha−1) as control, fertilizer decrement (KF: 450:150:15 kg NPK ha−1), fertilizer decrement + water-saving irrigation (BMP1, 450:150:15 kg NPK ha−1), application of organic and inorganic fertilizer + water-saving irrigation (BMP2, 375:120:0 kg NPK ha−1 + 4.5 tones organic fertilizer ha−1 as commercial chicken manure), and application of controlled-release fertilizer (BMP3, 180:120:15 kg NPK ha−1). The treatments received the fertilizers in the form of urea (CH4N2O; 46% N), triple superphosphate (46% P2O5), potassium sulfate (50% K2O), and controlled-release fertilizer is coated urea (total nutrient ≥42%). Details for types of fertilizers, sources, composition, and application time are given in the supplementary file (Table S1).

Organic fertilizer, P, K, and controlled-release fertilizer were all applied in the base (ploughing after spreading), and N fertilizer was applied in the base of 60%. Topdressing was divided into two times, the first time at 20% (strip application) and the second time at 20% (spreading). Conventional irrigation treatments (CON, KF, and BMP3) received about 1300 m3 ha−1 irrigation volume each time. The volume of water in water-saving irrigation treatment (BMP1, BMP2) was 910 m3 ha−1 each time. The irrigation volume for winter irrigation was 1,800 m3 ha−1. In 2017, due to drought, the crop was irrigated 4 times (thrice in the corn growth period and once in winter). The irrigation volume of the first conventional irrigation treatment was 1,050 m3 ha−1, while for water-saving irrigation treatment, water volume was maintained at 735 m3 ha−1 every time. Whereas, the irrigation volume of the second, third, and winter irrigation was the same as that of 2016 and 2018. Irrigation volume was measured by the water meter. Details for corn planting, harvest, fertilization, irrigation date, and leaching time are given in the supplementary file (Table S2).

Corn (cv. Xianyu 335) was transplanted in the field with (row × plant) spacing of 60 × 22.2 cm, respectively, and the plant density was 82,500 ha−1 [17]. Conventional field practices, including manual weed control and pesticide application, were followed. Groundwater was used for irrigation purposes. The crop was harvested at maturity.

2.3 Water Analysis

Lysimeter was used to collect the water leachate samples. The soil column in the lysimeter was 160 cm in length, 80 cm in height, and 60 cm in width. The soil inside the lysimeter was separated by plastic cloth, and a leaching barrel (40 cm in diameter and 35 cm in height) was placed beneath the lysimeter. The lid for the leaching barrel was covered with two layers of 80 mesh nylon and 3 cm thick quartz sand. When the leachate reaches at a depth of 80 cm, the leachate in the upper soil enters the leaching barrel due to gravity. In the leaching barrel, a connecting tube was inserted into the soil surface to allow the leachate to be pumped out with a vacuum pump and provide the leaching barrel for cleaning [18].

The leaching water (LW) samples were collected to analyze nutrient concentration. LW samples were collected at different plant growth stages, including the jointing stage (JS), big trumpet stage (BTS), and after harvest (AT; also known as winter irrigation). To minimize the standard error, three LW samples were collected and analyzed for TN, total soluble N (TSN), nitrate nitrogen (NO3−-N), ammonium nitrogen (NH4+-N), total P (TP), and total soluble P (TSP). TN was measured by the potassium persulfate-UV-VIS spectrophotometer (UV-1780, SHIMADZU, China), TSN, NH4+-N, and NO3−-N were analyzed by the continuous-flow analyzer (AA3, BRAN + LUEBBE, Germany) [13,19], total P was estimated, and TSP was determined by the method described in [20,21].

2.4 Plant Nutrient Analysis and Grain Yield

To determine the nutrient concentration in corn straw and grain, the samples from each plot were collected, dried, ground, and the homogenized mixture was digested and filtered. TN, TP, and TK concentrations were measured using Kjeldahl N determination (FOSS-USA), continuous flow analyzer (AA3-Germany), and inductively coupled plasma mass spectrometry (ICP-MS; Thermoscientific-USA), respectively [22]. All plants were harvested from each plot thrashed, and grain yield was recorded [23].

2.5 Leaching Flux

The following formula was used to measure the nutrient (TN, TSN, NO3−-N, NH4+-N, TP, and TSP) leaching flux:


F=∑i=1nVi×Cis×f

where F is nutrient leaching flux kg ha−1, n is times of farmland leaching production (underground leaching) in the monitoring period, Vi is water volume of the ith leaching, Ci nutrient concentration of the ith leaching (mg L−1), and S is the area of monitoring unit (m2).

2.6 Statistical Analysis

Statistix software 8.1® was used to compare the means and significance of treatments (p ≤ 0.05) using two factorial design analysis of variance (ANOVA) with Tukey multiple comparison tests (Tukey HSD) at p ≤ 0.05. All the graphs, and data sets are presented as means ± S.D of three replicates (n = 3). Data handling and visualization were done using Microsoft excel 365.

3  Results

3.1 Leaching Water Analysis

Water analysis demonstrated that using reduced fertilizer and water-saving techniques minimizes the loss of nutrients through water leaching. At JS, CON showed the highest TN losses in 2015, 2016, 2018, and 2019. While KF and BMP2 resulted in the highest TN losses in 2017 and 2020. The treatment-wise trend line indicated that CON and KF had the highest TN losses in 2017. However, the losses were reduced in 2015 and KF in 2018, respectively. BMP1 showed the highest losses in 2020, significantly reducing the TN losses in 2018. Moreover, BMP2 significantly increased the losses in 2017, followed by 2020 and 2016. BMP3 also enhanced the losses in 2017 compared to other years (Fig. 1a). At BTS, TN losses were highest with the application of CON every year. The trend line shows that all the treatments significantly improved the TN losses at BTS (Fig. 1b). At AH, CON showed the highest TN losses in 2016, 2018, 2019, and 2020. While KF and BMP2 resulted in the highest TN losses in 2015 and 2017. The trend line showed that CON showed the highest TN losses in 2019, while the lowest were reported in 2017. KF increased the losses in 2018, and all the other treatments reported the highest losses in 2019 at AH (Fig. 1c) significantly.
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Figure 1: Nutrient leaching losses 2015–2020, TN losses at jointing stage (a), TN losses at big trumpet stage (b), TN losses after harvest (c), total soluble N losses at jointing stage (d), total soluble N losses at big trumpet stage (e), total soluble N losses after harvest (f), NO3-N losses at jointing stage (g), NO3-N losses at big trumpet stage (h), NO3-N losses after harvest (i). Annual treatment response in control (CON), fertilizer decrement (KF), fertilizer decrement + water-saving irrigation (BMP1), combined application of organic and inorganic fertilizer + water-saving irrigation (BMP2), and combined application of controlled-release fertilizer (BMP3) with relative to CON (2015–2020). The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

Results revealed that TSN was also influenced by using the reduced fertilizer technique. At JS, CON increased the TSN losses in 2016, 2018, and 2019. However, KF indicated the highest TSN losses in 2015, 2017, and 2020 respectively. Whereas, the trend line showed that CON increased the TSN losses in 2017, followed by 2016. KF also improved the losses in 2017, followed by 2020, and BMP showed the highest losses in 2020. BMP2 and BMP3 significantly increased the TSN losses in 2017. Whereas, BMP1 increased the TSN losses in 2020 at JS, respectively (Fig. 1d). At BTS, CON showed the highest TSN losses in 2015, 2017, and 2020, Whereas, BMP2 increased the losses in 2016, 2018, and 2019. The trend line demonstrates that CON, KF, and BMP1 significantly enhanced the TSN losses in 2020, followed by 2019. BMP2 showed the highest values in 2016, 2019, and 2020, and BMP3 reported the highest losses in 2019 and 2020 (Fig. 1e). At AH, CON reported the highest losses in 2016, 2018, 2019, and 2020. While KF and BMP2 resulted in the highest TSN losses in 2015 and 2017 (Fig. 1e).

At JS, CON and KF contributed equally to the highest NO3-N losses in 2015. While BMP1 showed the highest losses in 2016, BMP3 in 2017, CON in 2018 and 2019, and BMP2 in 2020. The trend line indicates that CON significantly increased its losses in 2019, followed by 2020. KF also reported the highest losses in 2020, followed by 2015. BMP1 increased the losses in 2020. BMP2 significantly reduced the losses in 2017. Moreover, BMP3 reported the highest losses in 2020, respectively (Fig. 1f). At BTS, the highest losses were reported by CON in 2015, 2016, 2017, and 2019. While BMP2 resulted in the highest NO3-N losses in 2018 and 2020. The trend line elaborates that CON treatments showed the highest losses in 2019 and the lowest losses in 2018, respectively. KF resulted in the highest losses in 2019, followed by 2020. BMP1 and BMP2 reported the highest losses in 2020, followed by 2019. BMP3 had the highest losses in 2019, followed by 2020 and 2015, respectively (Fig. 1g). At AH, the highest losses were indicated by KF in 2015 and 2016, BMP2 in 2017 and 2019, and CON in 2018 and 2020, respectively. CON, KF, BMP2, and BMP3 reported the highest losses in 2018, while BMP1 was in 2018 (Fig. 1h).

Our results revealed that respective treatments also influenced NH4-N losses. At JS, BMP2 showed the highest NH4-N losses in 2015, CON in 2016, 2017, and 2020, BMP1 in 2018, and BMP3 in 2019. The trend line indicates that CON reported the highest losses in 2017, followed by 2020, KF in 2020 followed by 2017, BMP1 in 2017 followed by 2018, and BMP3 in 2019, followed by 2017. In addition, BMP2 significantly reduced the losses in 2017 (Fig. 2a). At BTS, the highest losses were reported by BMP3 in 2015 and 2020, BMP2 in 2016, BMP1 in 2017, and CON in 2018 and 2019, respectively. The trend line shows that CON reported the highest losses in 2019, followed by 2017, and BMP1 in 2017, followed by 2019. KF significantly reduced the losses in 2016 (Fig. 2b). At AH, CON and BMP2 contributed equally to the highest NH4-N losses in 2015. Moreover, BMP1 in 2016, KF in 2017, CON and KF in 2018, and BMP3 in 2019 and 2020, respectively. All the treatments significantly enhanced the losses in 2018 except BMP3, which showed the highest value in 2020 (Fig. 2c).
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Figure 2: Nutrient leaching losses 2015–2020, NH4-N losses at jointing stage (a), NH4-N losses at big trumpet stage (b), NH4-N losses after harvest (c), total P losses at jointing stage (d), total P losses at big trumpet stage (e), total P losses after harvest (f), total soluble P losses at jointing stage (g), total soluble P losses at big trumpet stage (h), total soluble P losses after harvest (i). The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

Results showed that TP losses were highest with BMP2 in 2015 and 2016, CON in 2017, KF in 2018, BMP3 in 2019, and CON in 2020. All the treatments significantly enhanced the losses in 2017 except BMP3, which showed the highest value in 2019 (Fig. 2d). A similar TP loss trend was observed at BTS in BMP1, BMP2, and BMP3 in 2015. In 2016–2018, CON showed the highest losses, while in 2019, CON and KF reported the highest TP losses. In 2020, KP showed peak values (Fig. 2e). At AH, a similar trend was observed among treatments. CON reported the highest losses in 2016, BM1, BMP2, and BMP3 in 2015 (Fig. 2f).

At JS, minute TSP losses were observed during 2015–2017. Afterward, CON showed the highest losses in 2018 and 2019 and BMP3 in 2020. The trend line showed that CON increased the losses in 2019, KF in 2020, BMP1 in 2020, BMP2 in 2018–2020, and BMP3 in 2020, respectively (Fig. 2g). All treatments showed a similar trend at BTS, while CON showed the highest losses in 2018. The trend line indicates that CON has non-significant results. BMP2 and BMP3 increased the TSP losses in 2018 and 2016, respectively (Fig. 2h). At AH, BMP3 showed the highest losses in 2015, CON in 2016 was observed, while other treatments showed a similar trend (Fig. 2i).

The interaction effect of year*treatment was significant (p ≤ 0.05) for TN, TSN, NO3-N, TP, and TSP leaching losses (Fig. 3). Among all the treatments, CON showed maximum TN losses (299.76 mg L−1) in 2019, followed by the same treatment in 2020 with 282.52 mg L−1 TN losses. Overall, the lowest value of TN losses (58.80 mg L−1) was observed from BMP1 treatment in 2017 (Fig. 3a). TSN losses were significantly increased with CON in 2020 compared to other treatments (Fig. 3b). For the NO3−-N, the higher losses were in 2019 (CON), 2018 (CON), and 2020 (CON), respectively. Among all the treatments, the lowest value of NO3-N losses (8.04 mg L−1) was observed in the BMP3 treatment of the year 2017, followed by BMP1 treatment with 9.02 mg L−1 NO3-N losses in the same year (Fig. 3c). NH4-N losses were significantly higher in 2017 (CON, BMP1) than in other treatments (Fig. 3d). Overall, the maximum value of total P loss (1.13 mg L−1) was observed in the CON treatment of the year 2017 (Fig. 3e). In the same year, the highest TP and TSP losses were reported with the application of CON (Fig. 3f).
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Figure 3: Interactive effect of  Years and treatments to influence the leaching losses. TN (a), TSN (b), NO3-N (c), NH4-N (d), TP (e), TSP (f). The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

3.2 Plant Analysis

The interaction effect of year*treatment was significant (p ≤ 0.05) for the parameters (N, P, and K concentration in straw and grain) presented in Fig. 4. N concentration in the straw was significantly higher in 2017 with CON (Fig. 4a). In 2018, BMP2 treatment significantly improved the P concentration in straw (p ≤ 0.05), over the respective treatments (Fig. 4b). In the BMP1 treatment of 2016, there was a significant improvement in straw K concentration compared to other treatments (Fig. 4c).
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Figure 4: Interactive years and treatments effects on nutrient concentration in straw and grain. TN concentration in straw (a), TP concentration in straw (b), TK concentration in straw (c), TN concentration in grain (d), TP concentration in grain (e), and TK concentration in grain (f). The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

The N concentration in grain was improved by BMP3 (2015) followed by BMP2 (2015) with respect to others. The value of grain N concentration (2.79%) of treatment BMP3 in 2015 remained the most prominent among all treatments. In 2018, BMP2 significantly reduced the grain N concentration compared to other treatments (Fig. 4d). P concentration was significantly improved in 2018 with all treatments compared with other years and treatments (Fig. 4e). In 2017, the grain K concentration of all the treatments was significantly better than the grain K concentration of the respective treatments of other years. Overall, BMP3 and BMP1 treatments in 2017 showed maximum grain K concentration (Fig. 4f).

In 2017, treatment KF showed a 67.76% increase in grain yield over the KF treatment of 2015. In 2017, treatment BMP1 showed 47.95% better grain yield than the BMP1 treatment of 2015. Grain yield was enhanced with the application of BMP2 in 2015 (34.5%), 2016 (50.1%), 2018 (59.8%), 2019 (78.1%), and 2020 (45.5%) as compared to respective CON treatments. KF improved the grain yield in 2017 by up to 105.6% over the respective CON treatment (Fig. 5). The comparison among treatments showed that grain yield was significantly improved with BMP2, while the year-wise comparison demonstrated that the highest yield was obtained in 2017, respectively (Fig. 5).
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Figure 5: Interactive years and treatments effects on grain yield. The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

3.3 Leaching Flux

The results achieved herein indicated that leaching flux was significantly affected (year*treatment) with the time and management of fertilization and irrigation practices (Fig. 6). From 2015–2020, the TN leaching flux (kg ha−1) range in CON was 32.92–81.37, KF was 14.60–43.52, BMP1 was 20.77–44.55, BMP2 was 16.35–53.57, and BMP3 was 10.59–29.44 kg ha−1, respectively. TSN leaching flux range observed in CON was 20.70–50.74, KF was 4.62–29.68, BMP1 was 11.63–23.74, BMP2 was 9.64–28.09, and BMP3 was 6.06–20.27 kg ha−1, respectively. Overall, the highest value of NO3-N leaching flux was observed in the CON treatment of the year 2018 (20.83 kg ha−1), 2019 (18.92 kg ha−1), and 2020 (18.85 kg ha−1), respectively. The range of NO3-N leaching flux in CON was 0.21–16.22, KF was 0.01–17.01, BMP1 was 0.25–9.41, BMP2 was 0.19–12.91 and BMP3 was 0.08–12.09. Regarding NH4-N leaching flux, the CON value of the year 2017 was 8.50 fold greater than the value of CON treatment in 2015. Comparing the different treatments with BMP1, the maximum NH4-N leaching flux was observed in 2017 with 9.2 fold increased value, over the year 2015. NH4-N leaching flux range with CON was 0.16–1.86, KF was 0.01–0.63, BMP1 was 0.121.32, BMP2 was 0.1–1.03 and BMP3 was 0.11–0.61, respectively. CON treatment of the year 2017 resulted in maximum TP leaching flux. Moreover, TP range with CON was 0.05–0.16, KF 0.04–0.34, BMP1 was 0.40–0.04, BMP2 was 0.04–0.24, and BMP3 was 0.02–0.11 kg ha−1, respectively. Overall, the maximum value of TSP leaching flux (0.29 kg ha−1) was observed in the CON treatment of the year 2017 (Fig. 6).
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Figure 6: Interactive effects of years and treatments to nutrient leaching flux. TN leaching flux (a), TP leaching flux (b), TK leaching flux (c), TN leaching flux (d), TP leaching flux (e), and TK leaching flux (f). The error bars indicate the standard deviations, and the lowercase letters indicate the significant difference among the means

3.4 Principal Components Analysis

The principal components analysis (PCA) determined the association among all the studied variables (Fig. 7). The first principal component (PC1) accounted for 27.9%, and the second principal component (PC2) accounted for 13.8% of the total variation. In the biplots, close vectors represent a positive correlation. Moreover, the vectors apart at 90° are not correlated, and diverging angles (nearly 180°) are negatively correlated. Leaching nutrient concentrations, including TN, TSN, TP, and TSP, are positively correlated but showed a negative association with plant nutrient concentration in corn straw and grain (SN, SP, GN, and GP). It indicates that nutrient losses result in poor nutrient concentration in straw and grain. The cos2 values estimate the quality of representation. High cos2 indicates good representation, and such variables are closer to the circumference. While low cos2 shows an imperfect presentation and is nearer to the circle’s center.
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Figure 7: Principal component analysis (PCA) biplot of variables. TN, TSN, NO3-N, NH4-N, TP, and TSP represents nutrient leaching losses; SN, SP, and SK represent NPK concentration in straw; GN, GP, and GK indicate NPK concentration in grain. Colors represent Cos2 values that estimate the quality of the representation of the variable

4  Discussion

Ningxia province, located in North China, is receiving major consideration for agricultural production, especially corn and vegetables, in the zone of the Yellow River. The area is suitable for highly productive crops, which require higher inputs of chemical fertilizers and heavy irrigation [13]. The excessive use of fertilizers and heavy irrigations generates leaching and runoff losses of nutrients which is a serious cause of the eutrophication of water courses [24]. The reduced irrigation with the aim to save excessive water application is receiving considerable attention from the scientific and farming communities. This is assumed to be a reliable water management practice to enhance water use efficiency and quality in the agricultural production system. Previous studies have indicated that the above practice saves irrigation water and improves or maintains crop production [25,26].

The current study observed that N losses were significantly enhanced with chemical fertilization (Figs. 1–3). The six-year study showed that the N losses (TN, NH4-N, and NO3-N) gradually increased each year (Fig. 3), as assumed in the hypothesis. The stage-wise study noted that the losses were high near the fertilization day and then declined effectively. This could be associated with the fixation with soil particles, volatilization losses, plant uptake, and leaching losses [27]. This study compares the effects of the chemical, compound, and organic fertilizers to test the various environmental characteristics, i.e., leaching losses and crop nutritional contents. Corn is a highly exhaustive crop, which needs a higher dose of chemical fertilizers to complete its growth and development cycle, resulting in a huge part in leaching losses.

It was also observed that the loss amount of NO3−-N was higher than NH4+-N (Figs. 1 and 2); such a phenomenon has been observed in previously published studies [28,29]. This could be because of the higher stability of NH4+-N in the agroecosystem and its binding capacity with the colloidal soil particles. Furthermore, the study concludes that N input capitalizes the dissolution of insoluble phosphates in the agroecosystem [30]. The N and P losses were significantly higher with chemical fertilization (CON) compared to compound and integrated use of organic with inorganic fertilizers (BMP2 and BMP3). The N losses are highly controlled by irrigation management, the dose of water applied, soil properties, and the crop growth stage. Using compound and organic fertilizers lowers the speed of N availability and its mineralization, effectively affecting the losses [30,31].

Rapid release of nutrients is an important factor contributing to agricultural nonpoint pollution, as observed in the CON treatment of the current study. Chemical fertilizers have high loss risks due to fast nutrient release. The results demonstrated that N and P losses were increased in the CON treatment compared to KF, BMP1, BMP2, and BMP3 throughout the six-year experiment. The nutrient uptake in straw and grains was significantly enhanced in all treatments compared to CON, ultimately increasing grain yield (Figs. 4 and 5). The higher nutrient use efficiency is a remarkable tool to control environmental pollution, as described in previous studies [22,32]. The KF treatment indicated that decreasing the fertilizer dose could decrease the N loss. In the case of BMP2, organic inputs helped control the losses, as this could have enhanced the soil organic contents and the water retaining capacity [33]. A study [34] concluded that using organic fertilizer reduced the nitrification and associated N losses significantly more than inorganic fertilization. Therefore, it is assumed the release of nutrients in organic fertilizers is much lower than in traditional farming practices. A study has shown similar findings where organic inputs reduced the N losses by 15%–18% [35,36].

The techniques to reduce the N and P losses are divided into two categories: (i) in-field management and (ii) edge-of-field management. The in-field effectively reduces the nonpoint pollution load at the source point, including optimized cropping, reduced water use, and conservation tillage. Crop optimization can effectively enhance nutrient use efficiency and uptake [37] and is mainly important to control the P losses and improve its concentration in grains [38]. The fertilizer application rate in each cropping system has variability, mainly attributed to the differences in fertilizer type, application habit, and planting system [39]. In this study, we have used the PCA to test the association among all the studied variables (Fig. 7). It has indicated that leaching losses were negatively correlated with the crop nutrients uptake.

The results achieved herein speculated that excessive, higher dose and continuous application of inorganic fertilizers results in higher N losses (Fig. 6) and accumulation in soils and significantly supported our hypothesis. The N application in the form of NH4-N can easily be fixed with the soil clay particles [40], reducing N mobility and affecting N losses. The use of agronomic practices is directly affected by the farmers’ managing strategies; hence, policies should be implemented to limit nonpoint source pollution. The improvement in grain yield and grain accumulated nutrients are also among the major contributor to reducing the losses. United States has introduced insurance policies for the farming community to adopt the N management best plans to reduce pollution in agriculture [41]. The Danish government introduced the N-fertilizer application tax to control nonpoint pollution. These taxes vary with the kind (organic or inorganic) and dose of the fertilizers [42]. Developing countries, especially China, require such regulations to control nonpoint pollution and enhance resource utilization in the land, water, and fertilizers. Adopting these measures will result in reduced fertilizers application, high economic benefits, and reduced agricultural and environmental issues. The non-government organizations (NGOs) can also play a part in guiding the farming community toward sustainable agriculture.

5  Conclusion

Reducing fertilizer rates with water-saving techniques is an effective practice for corn cultivation in the Yellow River Irrigation Region of Ningxia Plain, China. The results concluded that TN, TSN, NO3-N, NH4-N, TP, and TSP leaching losses were generally reduced with the combined use of organic and inorganic fertilizers and controlled irrigation. It is also an innovative approach to reducing water pollution and water safety. Moreover, it also improved nutrient concentration in straw and grain. Farmers can adopt such techniques to minimize fertilization costs, save water, and limit leaching losses. Further studies are needed to explore the impacts of reduced fertilization and water-saving irrigation on leaching losses. In addition, benefits at different climatic conditions, soil types, fertilizer types, and application methods can also be addressed.
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Appendix

Table S1: Detailed description of planting, harvesting, fertilization, and irrigation

Table S2: Types of fertilizers, sources, composition, and application time
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