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Abstract

:

Effective nitrogen (N) management practices are critical to sustain crop production and minimize nitrate (NO3−) leaching loss from irrigated fields in the Columbia Basin (U.S.), but studies on the applied practices are limited. Therefore, from 2014 to 2016, two separate field studies were conducted in sandy loam soils in the region to evaluate the performance of various N fertilizers in spring and winter wheat. The treatments consisted of two nitrification inhibitors (NIs) (Instinct® II and Agrotain® Ultra) in combination with two N fertilizers (urea and urea ammonium nitrate [UAN]) under two application methods (single vs. split-application) and two rates (100% vs. 85% of growers’ standard). The results from these field trials demonstrated that N fertilizer treatments did not affect wheat grain yield (GY) and grain protein (GP). In the spring wheat trial, higher NH4⁺-N content but lower NO3−-N content was observed in the UAN treatments (0–30 cm). However, the application of NIs had no considerable effect on soil N content. In the winter wheat trial, the split N application generally reduced NO3−-N and total mineral nitrogen (TMN) content, especially at 30–60 cm, in comparison to a single application. The use of Instinct® II tended to reduce NO3−-N and TMN contents, while Agrotain® Ultra was not effective in inhibiting nitrification. Our findings suggest that more studies on the effectiveness of NIs and N applications would enable growers to optimize N use efficiency and crop production in the region.
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1. Introduction


Nitrogen (N) supply is highly relevant in wheat production, affecting yield and yield components. However, insufficient N in the rhizosphere is one of the most yield-limiting practices in intensive agricultural systems [1,2]. Balanced N management is key to sustainable wheat production and a cost-effective strategy to increase crop yields and improve long-term product quality [3]. While increased N fertilizer applications in intensive agriculture enhance yields, they increase the risk of N release into the environment (gaseous N loss, erosion, leaching) [4]. To maximize crop returns, farmers repeatedly apply N fertilizers in various forms (i.e., urea—CO(NH2)2, ammonium nitrate—NH4NO3, ammonium sulfate—(NH4)2SO4, etc.), although these applications are not accompanied by proportional increases in N use efficiency (NUE) [5]. High NUE is paramount to reducing environmental pollution and guaranteeing acceptable yield while minimizing unnecessary fertilizer waste. Soil erosion, surface runoff, ammonia (NH3) volatilization, nitrate (NO3−) leaching, and denitrification make N unavailable to plants. These processes are widely dependent on the cropping system, the form of fertilizer, and the method of application [6].



Ammonium (NH4⁺) and NO3− are the two N forms available for plants, and they have an important effect on crop growth and quality. More than 90% of soil N is in the organic form [7]. Physiologically, NH4⁺ uptake by plants from the soil is faster than NO3− [8]. Salsac et al. [9] found that assimilation of NH4⁺ requires 5 ATP mol−1 NH4⁺, while NO3− assimilation needs about 20 ATP mol−1 NO3−. Moreover, absorption of 1 mol NH4⁺ by plant roots consumes about 0.31 mol O2, but 1 mol of NO3− absorption requires 1.5 mol O2 [10]. Hence, NO3− absorption requires about five times more energy compared to NH4⁺ absorption. In addition, NH4⁺ can be directly used by plants to produce amino acids, but NO3− must be converted to NO2− and then to NH4⁺. Thus NO3− metabolism requires more energy than NH4⁺ metabolism.



Maintaining N in the NH4⁺ form in the soil would prevent its loss to nitrification and denitrification. In agricultural soils, NO3− originates from fertilizers, animal manure, atmospheric deposition, and nitrification of NH4⁺. During nitrification, NH4⁺ is converted by specific nitrifying microorganisms to NO3−, which is highly mobile and can leach after heavy rainfall or extensive irrigation management events [11]. NO3− readily moves with water from the root zone to deeper soil layers, depleting the plant-available N supply and causing environmental pollution [12]. The potential for nitrate-N to leach depends on soil type, N fertilizer source, and farm management strategies.



Management practices and the adoption of technologies such as controlled-release fertilizers and urease and nitrification inhibitors (NIs) can mitigate NO3− loss from the soil–plant system. Research suggests that the use of NIs is a promising approach to the reduction of nitrate leaching [13,14]. NIs diminish the transformation of NH4⁺ to NO3− in soil by reducing the activity of nitrifying microorganisms, with the benefit of decreasing NO3− leaching potential [15].



Common fertilizers usually contain N in one or more of the following forms: NO3−, NH3, NH4⁺, or CO(NH2)2. Each form has specific properties determining its suitability for use. Most N fertilizers are used in the form of NH4⁺ or CO(NH2)2, which are easily converted to NO3− in the nitrification process. Previous studies have shown that adding NIs to NH4⁺ or NH4-containing fertilizers decreases NO3−-N formation, N leaching, and denitrification process, thus retaining N at the root zone, which is where the crops need it [16,17]. Lin and Hernandez-Ramirez [18] reported that NIs steadily increase concentrations of N in the NH4⁺ form. The stabilization of NH4⁺ by NIs allows for simplified fertilization strategies with reduced fertilizer applications [19,20]. This stabilization may increase crop yield while reducing negative environmental impacts. Bhatia et al. [21] showed that the application of urea with NIs [S-benzylisothiouronium butanoate (SBT-butanoate) and S-benzylisothiouronium furoate (SBT-furoate)] improves wheat yield. Liu et al. [22] revealed that NIs (dicyandiamide and DMPP) increase grain yield and NUE in a wheat–maize cropping system. Ma et al. [23] stated that the application of dicyandiamide and chlorinated pyridine as NIs increased wheat yield in conventional and no-till practices. In a recent study, Dawar et al. [24] showed that NIs preserve N in the rhizosphere and improve NUE in wheat. During the wet season in Montana, the application of Agrotain® Ultra (urease inhibitor, Koch Agronomic Services) with urea increased winter wheat yield, although no noticeable increase was found during the dry season [25].



There are some inconsistent reports about the efficiency of NIs. Dawar et al. [26] observed that urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) reduced NH4⁺ concentrations for the first 5 days following fertilizer application. However, afterward, NH4⁺ concentration did not differ from the urea control. Chen et al. [27] observed that under moist (60% water-filled pore space) and mild conditions (15 °C), the effect of NI declined substantially after 14 days. Zaman and Blennerhassett [28] reported that spring applications of NIs did not significantly reduce NO3− leaching in a pasture system. They attributed this lack of response to a nine-month delay between the NIs application and the first leaching event. During this period, NIs may have been rendered ineffective by soil microorganisms. Following the application, bacteria gradually decompose NIs and they can be leached down the soil profile. NIs effectiveness is, therefore, governed by factors such as temperature, rainfall/drainage levels, soil organic matter, and pH [29,30,31,32]. It has been reported that the half-life of dicyandiamide (DCD) was 111–116 days at a soil temperature of 8 °C, while it became 18–25 days at a soil temperature of 20 °C [33]. The low effectiveness of DCD was attributed to late-season drainage occurring when soil DCD concentrations were likely low [34]. Suter et al. [35] reported that neither DMPP- nor NBPT-coated urea increased pasture yields. Cookson and Cornforth [36] did not find any increase in pasture dry matter from DCD use. Because Instinct® II (Cortiva Agriscience) did not induce positive effects on corn growth or yield, Sassman et al. [37] concluded that Instinct® II use with UAN solution at spring pre-plant would not be effective in enhancing fertilizer N availability to the crop, nor to increase corn production. Owing to the inconsistent efficiency of NIs under different climate conditions, further investigations are needed to optimize NUE from NI use.



Oregon’s Columbia Basin is a main crop production region in the U.S. Soils are generally coarse-textured with low soil organic matter content and low water holding capacity. Therefore, there is a great potential for nitrate leaching, particularly in irrigated systems. Deteriorating groundwater quality has increased regulatory pressure to reduce nitrate leaching. Identification of optimal fertilization strategies could sustain or improve crop production while minimizing environmental hazards. However, little information is available on how nitrogen fertilizer sources, rates, and application methods impact crops and soils in the region. NIs might be effective tools to overcome nitrate-leaching issues in the Columbia Basin. Agrotain® Ultra urease inhibitor is marketed as an effective product for reducing N losses and improving crop NUE. Instinct® II is a nitrogen stabilizer containing nitrapyrin that delays the nitrification of ammoniacal and urea N fertilizers in soils by controlling the nitrification process. Thus, it can sustain or increase crop yield while reducing environmental issues. Both products are available in the region, but the information on their effectiveness is very limited. Therefore, comprehensive studies to evaluate the efficacy of these products in managing N could be of great importance in this region. For this purpose, we carried out two field trials with spring wheat and winter wheat from 2014 to 2016, using two kinds of NIs (Instinct® II and Agrotain® Ultra) on two N fertilizer sources, i.e., urea [CO(NH2)2] and urea ammonium nitrate UAN (liquid form; UAN32) with two N rates (85% vs. 100%) and two application methods (single application vs. split-application). We measured soil and plant parameters, including mineral soil N content (NO3−-N, NH4⁺-N and total mineral nitrogen-TMN), grain yield (GY), SPAD (leaf greenness), and grain protein (GP). These findings will provide growers with insights about N management strategies, improve NUE, and reduce environmental contamination.




2. Materials and Methods


2.1. The Experiments and Growing Conditions


Two field trials were conducted at the Oregon State University-Hermiston Agricultural Research and Extension Center, Hermiston, OR (Latitude: 45°50′43.9548″ N, Longitude: 119°17′33.5076″ W, elevation 140 m above sea level). The trial with spring wheat (Triticum aestivum L.) was conducted in 2014; the trial with winter wheat was conducted during the 2015−2016 growing seasons. The climate in the region is classified as Csa (= temperate, dry, and hot summer) by the Köppen-Geiger system [38]. In the 2014 growing season (March to July), cumulative precipitation was 60.0 mm, and the mean air temperature was 16.4 °C. March, with a mean temperature of 8.1 °C, was the coldest month, while July, with a mean temperature of 25.3 °C, was the warmest month (Figure 1). In the 2015–2016 growing season (October 2015 to July 2016), precipitation was 175.4 mm, and the mean air temperature was 11.2 °C. January was the coldest month, with a mean temperature of 2.0 °C, and July was the warmest month, with a mean temperature of 22.5 °C (Figure 1). Both trials were conducted on an Adkins fine sandy loam (Adkins coarse-loamy, mixed, superactive, mesic Xeric Haplocalcid). The basic soil properties for a soil depth of 0–30 cm were pH of 6.3, soil organic matter of 0.8%, soil available P of 39 mg kg−1, soil available K of 330 mg kg−1, and soil S of 49 mg kg−1. Soil nitrogen (N) of 0–60 cm before the trials are compiled in Table 1.



In the spring wheat trial, the variety ‘Westbred 528′ was sown on March 10, 2014, at 135 kg ha−1 and harvested on July 23, 2014. In the winter wheat trial, the variety ‘LCS Jet’ was sown on 29 October 2015 at 135 kg ha−1 and harvested on 15 July 2016. Growers’ standard pest and weed controls were applied throughout the growing season.



In both trials, each experimental plot was 9×9 m2 in size containing 35 rows. The row-to-row distance was 0.26 m. The experiments were laid out as a randomized complete block design (RCBD), having eleven treatments with five replications in 2014 and four treatments with four replications in the 2015−2016 growing season.



The treatments in the 2014 trial included two sources of N, i.e., urea and UAN32, with two application rates (100% and 85%) in combination with two NIs as follows: (1) No-fertilizer Control (CK), (2) 85% Urea (85U), (3) 85% Urea + Instinct® II (85U + I), (4) 85% Urea + Agrotain® Ultra (85U + A), (5) 100% Urea (100U), (6) 100% Urea + Instinct® II (100U + I), (7) 85% UAN (85UAN), (8) 85% UAN + Instinct® II (85UAN + I), (9) 85% UAN + Agrotain® Ultra (85UAN + A), (10) 100% UAN (100UAN), and (11) 100% UAN + Instinct® II (100UAN + I). The treatments were applied three days after sowing. The N application rate of 100% U or 100% UAN was equivalent to 225 kg ha−1. Both NIs were mixed with fertilizers before application. The mixing rates of Agrotain® Ultra to urea and UAN were 3.1 and 1.55 L ton−1, respectively. The mixing rate of Instinct® II was according to its label rate of 1.1 kg ha−1.



In the 2015–2016 trial, four treatments consisted of the following fertilizer-NIs combinations: (1) Single application of UAN + Instinct® II (100UAN + I), (2) Single application of UAN (100UAN), (3) Split application of UAN + Instinct® II (60% UAN in fall + Instinct® II and 40% UAN in spring; 60/40UAN + I), and (4) Split application of UAN (60% UAN in fall and 40% UAN in spring; 60/40UAN). For the treatments of 100 UAN + I and 100 UAN, the fertilizer was applied on October 27, while the Instinct® II was applied on October 28. For the treatments of 60/40UAN + I or 60/40UAN, 60% of UAN was applied on October 27, and the Instinct® II was applied on October 28, 2015, while 40% of UAN was applied on April 6 at the stem elongation stage. The N rate for the 100 UAN was 280 kg ha−1. Fertilizers were applied by hand uniformly on the ground. The Instinct® II was only applied in fall with a rate of 1.1 kg ha−1 with the purpose of reducing nitrate loss through the wet winter.




2.2. Sampling and Measurements


2.2.1. Wheat Plant Parameters


The extended BBCH scale [39] was used to describe the phenological development of 50% of the plants in each treatment. During 2014, wheat parameters such as plant height (PH), leaf greenness (SPAD values), and total N content of flag leaf were measured at the flag leaf stage (BBCH stage 39). PH was recorded from 10 randomly selected plants from the inner plant rows in each plot. The SPAD meter readings were used as an indicator of leaf chlorophyll content per unit leaf area [40,41] and were determined on the blades, midway between the leaf edge and midrib [42] of fully expanded flag leaves using a SPAD-502 m (Minolta, Plainfield, IL, USA). Measurements were taken early in the morning and recorded as the mean of 10 randomly selected fully expanded leaves per plot. Total N content of the flag leaves was determined by the Kjeldhal method [43]. Moreover, at physiological maturity (BBCH stage 91 and 92), grain yield (GY) was assessed on a per plot basis and converted to tons per hectare (t ha−1) after adjusting to 13% moisture content. Grain moisture (%) (GM) and grain protein content (%) (GP) were also measured. In the 2015–2016 trial, data collection was generally similar to the 2014 trial, with exceptions for PH and total N content of flag leaves.




2.2.2. Soil Nitrogen Content


In both trials, representative soil samples were collected to assess the contents of NH4+-N, NO3−-N, and total mineral N (TMN) from 0–30 cm and 30–60 cm soil depths. Five well-distributed locations per plot were selected for soil sampling. The soils from the same depth were mixed uniformly into a composite sample and submitted for analysis. Soil sampling was conducted between irrigation events. The contents of NH4+-N and NO3−-N were determined by potassium chloride extraction combined with cadmium reduction [44,45]. The TMN was calculated as the sum of the NH4+-N and NO3−-N.



For the 2014 trial, soil N was measured at the 2nd, 4th, 6th, and 8th weeks after plant emergence (WAE). For the 2015–2016 trial, soil N was measured 3 weeks before the second split application and at the 4th and 8th week after the second split application.





2.3. Statistical Analyses


Data were subjected to analysis of variance (ANOVA) using the PROC GLM procedure of SAS (SAS version 9.4) for a randomized complete block design after checking for the normalcy of the variables with the Kolmogorov–Smirnov test. Means were compared using Fisher’s least significant difference test (LSD) at p ≤ 0.05. Data on NH4+-N, NO3−-N, and TMN contents were analyzed with a split plot in time arrangement based on randomized complete block design because there were multiple measurements on the same experimental unit. Treatment and sampling were considered as main plot and subplot, respectively. It is noted that the presented table is a slice of the complete analysis. Figures were prepared in Excel version 2016 64-Bit Edition.





3. Results


3.1. First Experiment: Spring Wheat


Treatments significantly affected PH, leaf greenness (SPAD), and GY of spring wheat, and no effects were found for total leaf N content, GM, and GP (Table 2). Compared to control (no-fertilizer), PH, SPAD, and GY were 29.0%, 20.8%, and 31.0% higher when fertilizer/NIs combinations were applied. However, among all fertilization treatments, there was no significant difference in terms of GY. The tallest plants were recorded at 100U, followed by 85U + A and 85U + I, while the shortest plants were recorded at the treatments that included either 85U and 100U + I or any other UAN combination with NIs. The highest values of SPAD meter readings were recorded at 100UAN (Table 2).



The treatment effects, sampling time, and their interaction on NH4+-N, NO3−-N, and TMN of soil are shown in Table 3. Compared to the control, all fertilizer treatments increased NH4+-N, NO3−-N, and TMN contents in 0–30 cm significantly (p < 0.01). The use of UAN increased the average NH4+-N content of soil compared to urea. The highest soil NH4+-N content (14.6 mg N kg−1 soil) was found at 100UAN + I, followed by 100UAN, while the lowest one (9.7 mg N kg−1 soil) was observed in the treatment of 85U + I (Table 3).



The 100U treatment was associated with the highest soil NO3−-N content, followed by 100U + I, 85U + A, and 85U, while the lowest NO3−-N content (12.2 mg N kg−1 soil) was found in 85UAN + I, followed by 85UAN, 85U + I, and 85UAN + A. The 100U treatment was associated with the highest TMN at 0–30 cm. Except for the control (8.9 mg N kg−1 soil), the 85UAN + I treatment was associated with the lowest TMN (24.0 mg N kg−1 soil), followed by 85U + I, 85UAN, and 85UAN + A (Table 3). Urea application generally resulted in higher soil NO3−-N and TMN than UAN, while the NH4+-N content was slightly higher following UAN applications. The effects of NIs on N forms found in soils were relatively limited when speciation was compared to the treatments without NIs. Between the two NIs, soil N contents tended to be higher with Agrotain® Ultra application.



Figure 2a–c show the NH4+-N, NO3−-N, and TMN content in soil (0–30 cm depth). In all treatments, NH4+-N content was highest at 2 WAE; the highest value was shown in the treatment of 100UAN + I, while the lowest value was observed in the control, followed by 100U + I and 85U + I. In general, a sharp reduction was found from the 2nd WAE to the 4th WAE, and afterward, the reduction tended to be smoother (Figure 2a). At 8 WAE, no difference was found among the treatments.



Compared to control, the soil NO3−-N content increased considerably by the second WAE. The NO3−-N content increased continually up to the maximum at 4 WAE; the highest values were observed in the 85U and 85U + A treatments, while the lowest was observed in the 85UAN + I treatment. Afterward, NO3−-N content decreased steadily. As a consequence, the lowest NO3−-N content was obtained at 8 WAE (Figure 2b). On average, NO3−-N content was less in treatments with UAN than with urea at all sampling events. The addition of Instinct® II tended to decrease NO3−-N content. As expected, NO3−-N content was lower in the treatments with lower N application rates. At the last sampling event (8 WAE), the highest and lowest NO3−-N contents were found in the 100U and 85UAN + I, respectively.



The highest soil TMN content was found at 2 WAE, with the exception of 85U and 100U + I, which happened at 4 WAE (Figure 2c). Afterward, the TMN decreased gradually. At the final sampling event (8 WAE), the highest TMN content occurred in the 100U treatment, and the lowest were in the 85UAN and 85UAN + I treatments. A comparison of the two N sources indicated that TMN content was lower in the UAN treatments. The lower N rate naturally had the lower TMN content. The application of Instinct® II generally did not impact the TMN content or slightly reduced TMN content, while the application of Agrotain® Ultra tended to increase the TMN (Figure 2c).



In the 30–60 cm soil profile, fertilization treatments had a significant effect only on NO3−-N content. The lowest NO3−-N content (6.4 mg N kg−1 soil) was found in the control. Among the fertilization treatments, 85U, 85U + A, 100U + I, 85UAN + A had slightly lower NO3−-N content. As with 0–30 cm, sampling time significantly affected mineral soil N content at the 30–60 cm soil depth. NH4+-N and TMN content in 30–60 cm decreased with sampling time; the lowest NH4+-N and TMN contents were observed at 8 WAE. Consistent with the pattern in 0–30 cm, the NO3−-N content increased 176% at 4 WAF compared to 2 WAE and then gradually decreased (Table 3).




3.2. Second Experiment: Winter Wheat


Analysis of variance results showed that fertilization treatments, the combination of N fertilization and NIs, had no significant effects on flag leaf greenness (SPAD), GY, GM, and GP of winter wheat (Table 4). GY ranged from 8.51 t ha−1 (100UAN) to 9.01 t ha−1 (60/40UAN + I), GM ranged from 5.0% (100UAN +I) to 5.3% (100UAN), GP ranged from 9.4% (60/40UAN + I) to 10.0% [(100UAN + I) and (100UAN)], and leaf greenness ranged from 52 (100UAN + I) to 53 (Table 4).



Fertilization treatments did not change NH4+-N, NO3−-N, and TMN content in the 0–30 cm soil profile (Table 5). However, the soil N parameters differed significantly with sampling time (p < 0.01). Soil NH4+-N, NO3−-N, and TMN contents decreased 17%, 69%, and 51%, respectively, at 4 weeks after the second split application (WAT), and 60%, 74%, and 69%, respectively, at 8 WAT compared to those found before the second split application (Table 5).



Unlike 0–30 cm soil depth, the fertilization treatments in the 30–60 cm soil depth affected soil NO3−-N and TMN content significantly. The highest levels of NO3−-N and TMN were associated with 100UAN (7.6 mg kg−1 and 10.1 mg kg−1, respectively) (Table 5). In contrast, the lowest NO3−-N and TMN contents were associated with 60/40U + I (4.3 mg kg−1 and 6.3 mg kg−1, respectively). On average, a split application of UAN reduced NO3−-N and TMN contents by 27% and 24%, respectively, in comparison to a single UAN application.



Compared to treatments that did not include NIs, the addition of Instinct® II reduced NO3−-N and TMN contents by 19% and 16%, respectively. Reduction trends were observed for NH4+-N, NO3−-N, and TMN contents in the 30–60 cm soil profile. At 8 WAT, NH4+-N, NO3−-N, and TMN levels were 38%, 78%, and 70% lower, respectively, than those before the second split application (Table 5).





4. Discussion


This study revealed that GY and GP of spring or winter wheat were not affected by the different N fertilizer treatments regardless of NIs application or N rates, although the PH and leaf greenness (SPAD) of spring wheat differed. Consistent with our results, some studies reported that the GY of barley [46], maize [46,47,48], and winter wheat [46,47] were not affected by NIs application. Other studies reported that NIs had a limited effect on biomass yield and crude protein of grass [14,49]. Several studies in pastures reported no significant effect of NIs on yields [50,51,52,53] nor in vegetable production [54,55]. However, a number of studies observed that the use of nitrification and urease inhibitors significantly increased wheat [24,56], maize [57,58,59], and vegetable yields [60]. A meta-analysis by Abalos et al. [61] indicated that, on average, the use of nitrification and urease inhibitors led to a 7.5% increase in yield, while effectiveness depended on environmental and management factors. Meng et al. [14] pointed out that yield improvement through NIs addition might be expected only when N is the limiting factor to plant growth. In our study, both the N application rates and the soil N data indicated sufficient N supply to the crops, and as a result, the response of N treatments on wheat yield and protein content was similar. Moreover, regardless of NIs use, treatments at a lower N rate did not affect the GY of spring wheat, which further confirmed that excessive N application occurred. Zhu [62] indicated that the N rate could be reduced by 7–24% without yield loss of rice or wheat.



Note that in the winter wheat trial, the numeric GY was higher, but the numeric GP was lower in the treatments with split-N fertilization, implying the advantages of split fertilization in improving NUE. Other studies showed that supplying a small portion of total N at planting coupled with multiple applications of the rest N according to crop N requirements can increase NUE and yield of rice, barley, wheat, potato, and maize [63,64,65,66].



In the trial with spring wheat, UAN treatments resulted in higher soil NH4⁺-N content and lower NO3−-N content than urea treatments, which might be due to the fertilizer property, as UAN itself contain NH4+-N while urea may quickly convert to NO3−-N. The higher NH4⁺-N contents in the soils indicate an increased risk of ammonia volatilization, another main pathway of N loss in agricultural systems [67,68]. Of the two N forms, NO3−-N content was generally higher than NH4+-N, and TMN broadly followed the same pattern as NO3−-N (Figure 2).



It was reported that NIs slow bacterial oxidation of ammonium (NH4+) to nitrite (NO2−) in soils by depressing the activity of ammonia mono-oxygenase released by Nitrosomas bacteria [15], extending the retention of NH4+-N in soil [69]. In addition, less NO3−-N is produced, and NO3−-N leaching potential is reduced as well. In our trial, we did not observe a significant effect of NIs on soil N contents. This may be related to the environmental conditions, as our studies were conducted under irrigation; frequent irrigation might have an impact on the properties of the NIs. Moreover, although NIs repeatedly have been shown to reduce N2O and NO emissions from agricultural soils, their mitigation effect varies greatly, and the mechanism is still not well explored [70,71].



Similar to the surface soil depth of 0–30 cm, the N content in the 30–60 cm was not affected by different N treatments, suggesting that the NIs application did not affect the nitrate leaching potential. Over the monitoring period, the increase in soil NO3−-N content from 2 WAE to 4 WAE may be sourced from nitrification. Afterward, it naturally decreased with time due to the plant uptake.



In the winter wheat field trial, the split application of N (60% UAN in the fall and 40% UAN in the spring) generally reduced NO3−-N and TMN contents in comparison to a single application (100% UAN in the fall), suggesting a lower NO3−-N leaching potential. When all N was applied at sowing, intensive and heavy precipitation plus irrigation could lead to NO3−-N being leached more deeply into the soil [63].



Throughout the soil profile to 60 cm depth, in the spring wheat trial, soil NH4+-N, NO3−-N, and TMN contents at 0–30 cm soil depth were higher than those recorded at 30–60 cm soil depth. However, in the winter wheat trial, the NH4+-N content decreased but NO3−-N content increased with the soil depth because the former is relatively immobile while the latter is highly mobile. Differences in N distribution between trials might be due to the longer growing season for winter wheat.



Apart from the spring wheat trial, the application of Instinct® II reduced NO3−-N and TMN contents, compared to the no-application of NI in the winter wheat trial, suggesting that Instinct® II reduced nitrification. Studies reported that the performance of NIs is significantly affected by the timing of application (growth stage), type of application (single or split), and rate of application [72,73,74,75]. Moreover, the variability of weather conditions, especially soil temperature, affects the effectiveness of NIs [28]. Because NIs degradation and nitrification increase with the increasing soil temperatures, the efficiency of NIs in winter wheat field were more pronounced, perhaps due to the decreasing soil temperature. Thus, the greater effectiveness of NIs in winter wheat could have been a result of overall reduced nitrification activity. Nair et al. [76] reported that the efficiency of NIs may be affected by soil conditions (texture, temperature, pH, and organic matter), through the activity of nitrifiers and denitrifiers, and through N distribution. The effectiveness of nitrapyrin at decreasing nitrification in soils depends on a number of interacting factors besides soil temperature [77]. Raza et al. [78] showed that nitrification was significantly affected by soil temperature and moisture levels. Soil temperature controls the persistence and performance of DMPP as a NI [79]. However, gross nitrification rates were reduced in the presence of nitrapyrin at both 20 °C and 40 °C soil temperatures [80]. Other studies have found that nitrapyrin can decrease nitrification at temperatures from 25 °C to 35 °C [27].



In general, there is no unwavering confirmation regarding the behavior of NIs in soil. It remains unclear how long NIs remain effective and exactly what factors can affect their efficiency. Therefore, there is a need for more studies to elucidate the influence factors on NIs efficiency. Such information would assist growers in using NIs correctly.




5. General Remark


The present findings were obtained from field trials with spring and winter wheat and indicated that the crops received sufficient N. Thus, a reduced N rate (e.g., 15% reduction) could result in similar yields. Between the two N sources, urea and urea ammonium nitrate-UAN, we observed that the application of UAN could significantly reduce soil NO3−-N content in the 0–30 cm soil depth and may provide environmental benefits by reducing nitrate leaching potential and denitrification risk. Hence, the environmental advantages of UAN as an N source outweigh urea. Furthermore, splitting N applications could reduce soil NO3−-N content compared to a single application. Application of Instinct® II with lower-rate urea and with UAN during cool temperatures seems to be a suitable strategy to reduce NO3−-N leaching potential, while Agrotain® Ultra did not show any considerable effect. Our results demonstrated that selecting effective NIs, suitable N sources, reducing N rate, and splitting N fertilizers during the growing season can be regarded as practical strategies to reduce NO3−-N leaching while not compromising crop yield. Although the findings from this were based on two crops, it should be noted that the data were only from a single-season observation for either crop. Ideally, it will be necessary to carry out trials based on multiple years and locations to make a solution conclusion on the effects of NIs and N management on potential yield benefits and the N dynamics of soils. In such trials, at least some treatments supplying suboptimal N should be included, as NIs might show their potential to significantly increase crop yields. Moreover, frequent field measurements on N contents should be conducted before and after fertilization as the N transformation occurs very rapidly.
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Figure 1. Average monthly air and soil temperatures (20 cm depth) and amount of precipitation during the two growing seasons (2014 for spring wheat and 2015−2016 for winter wheat). 
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Figure 2. Changes of (a) NH4+-N, (b) NO3−-N, and (c) total mineral N content of soil during sampling times in spring wheat field at 0–30 cm. Data represent the averages of five replicates. Vertical bars indicate standard errors (±SE). Different letters indicate means with significant differences according to least significant difference (LSD) at p < 0.05. WAE (Weeks after Emergence). No-fertilizer (Control), 85% Urea (85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea (100U), 100% Urea + Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN + I), 85% UAN + Agrotain® Ultra (85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II (100UAN + I). 
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Table 1. Soil nitrogen (mg kg−1 soil) before field trial establishment at Hermiston, OR, 2014–2016.
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Growth Season

	
NH4+-N

	
NO3−-N

	
NH4+-N

	
NO3−-N




	

	
(0–30 cm)

	
(30–60 cm)






	
2014 (spring wheat)

	
10.3

	
34.0

	
10.8

	
16.0




	
2015–2016 (winter wheat)

	
7.1

	
17.1

	
4.1

	
9.2
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Table 2. Analysis of variance (p values) of N fertilizer-nitrification inhibitor combinations on spring wheat plant height (PH), leaf greenness (SPAD), total N content of flag leaves measured at flag leaf stage, and grain yield (GY), grain moisture (GM) and protein content (GP) at physiological maturity in 2014.
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	Source of Variation
	df
	PH (cm)
	SPAD
	Total N of Flag Leaf mg kg−1
	GY (t ha−1)
	GM (%)
	GP (%)





	Rep
	4
	0.61
	0.28
	0.01
	0.08
	0.25
	0.78



	Treatment
	10
	<0.01
	<0.01
	0.50
	0.05
	0.36
	0.16



	Control
	
	47 ± 1.1 d
	37 ± 1.3 d
	3.5 ± 0.4
	4.06 ± 0.45 b
	5.5 ± 0.2
	13.0 ± 0.6



	85U
	
	60 ± 0.4 bc
	44 ± 0.4 ab
	3.5 ± 0.2
	5.30 ± 0.45 a
	5.1 ± 0.1
	14.2 ± 0.7



	85U + I
	
	62 ± 0.9 ab
	46 ± 0.9 ab
	4.1 ± 0.3
	5.55 ± 0.41 a
	5.3 ± 0.1
	13.6 ± 0.3



	85U + A
	
	63 ± 1.2 ab
	45 ± 1.0 ab
	4.0 ± 0.2
	4.91 ± 0.55 a
	5.0 ± 0.1
	14.5 ± 0.7



	100U
	
	64 ± 0.7 a
	46 ± 0.7 ab
	3.8 ± 0.1
	5.45 ± 0.25 a
	5.5 ± 0.1
	14.8 ± 0.4



	100U + I
	
	60 ± 1.4 bc
	43 ± 1.3 bc
	3.9 ± 0.2
	5.32 ± 0.30 a
	5.3 ± 0.1
	14.2 ± 0.5



	85UAN
	
	59 ± 0.8 c
	41 ± 2.3 c
	4.2 ± 0.4
	5.45 ± 0.35 a
	5.3 ± 0.2
	13.0 ± 0.5



	85UAN + I
	
	59 ± 1.0 c
	45 ± 0.6 ab
	3.7 ± 0.2
	5.48 ± 0.22 a
	5.2 ± 0.1
	14.5 ± 0.5



	85UAN + A
	
	60 ± 0.9 bc
	45 ± 0.7 ab
	3.9 ± 0.2
	5.63 ± 0.23 a
	5.2 ± 0.1
	14.1 ± 0.5



	100UAN
	
	61 ± 0.5 bc
	47 ± 1.1 a
	3.6 ± 0.1
	5.15 ± 0.25 a
	5.1 ± 0.1
	15.2 ± 0.5



	100UAN + I
	
	60 ± 1.2 bc
	45 ± 0.2 ab
	3.8 ± 0.3
	4.95 ± 0.34 a
	5.5 ± 0.1
	14.5 ± 0.2







Means are averages of five replicates ±SE (standard error). Different letters within columns indicate means with significant differences according to least significant difference (LSD) at p < 0.05. No-fertilizer (Control), 85% Urea (85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea (100U), 100% Urea + Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN + I), 85% UAN + Agrotain® Ultra (85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II (100UAN + I).
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Table 3. Analysis of variance of N fertilizer-nitrification inhibitor combinations and sampling time on soil NO3−-N, NH4+-N, and total mineral N (TMN) at 0–30 cm and 30–60 cm in spring wheat, 2014.






Table 3. Analysis of variance of N fertilizer-nitrification inhibitor combinations and sampling time on soil NO3−-N, NH4+-N, and total mineral N (TMN) at 0–30 cm and 30–60 cm in spring wheat, 2014.





	
Source of Variation

	
df

	
NH4+-N

	
NO3−-N

	
TMN

	
NH4+-N

	
NO3−-N

	
TMN




	

	

	
(mg kg−1 soil)

	
(mg kg−1 soil)






	

	

	
0–30 cm

	
30–60 cm




	
Rep

	
4

	
0.50

	
0.02

	
0.03

	
0.02

	
0.03

	
0.09




	
Treatment

	
10

	
<0.01

	
<0.01

	
<0.01

	
0.07

	
<0.01

	
0.09




	
Sampling

	
3

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
Sampling × Treatment

	
30

	
<0.01

	
<0.01

	
<0.01

	
0.25

	
0.29

	
0.19




	
Treatment

	

	

	

	

	

	

	




	
Control

	

	
5.4 ± 1.2 d

	
3.4 ± 0.5 d

	
8.9 ± 1.5 f

	
5.3 ± 1.2

	
6.4 ± 0.8 b

	
11.7 ± 0.9




	
85U

	

	
12.1 ± 2.6 b

	
23 ± 3.8 ab

	
33.9 ± 4.4 abc

	
5.7 ± 1.4

	
8.5 ± 1.1 ab

	
14.3 ± 1.2




	
85U + I

	

	
9.7 ± 2.1 c

	
15.8 ± 2.3 c

	
24.9 ± 3.7 de

	
5.3 ± 1.4

	
9.3 ± 1.1 a

	
14.6 ± 1.3




	
85U + A

	

	
11.7 ± 2.7 bc

	
24.5 ± 3.4 a

	
36.4 ± 5 ab

	
5.3 ± 2.4

	
7.9 ± 1.3 ab

	
13.3 ± 3.3




	
100U

	

	
12.4 ± 2.7 b

	
26.7 ± 2.9 a

	
38.1 ± 4.4 a

	
5.1 ± 1.3

	
9.9 ± 0.9 a

	
15 ± 1.1




	
100U + I

	

	
10.6 ± 2.2 bc

	
26.1 ± 2.9 a

	
37.5 ± 4.2 ab

	
5.6 ± 1.3

	
8.2 ± 1 ab

	
14 ± 1.6




	
85UAN

	

	
10.9 ± 2.9 bc

	
14.1 ± 2.4 c

	
25.3 ± 4 de

	
5.7 ± 1.5

	
9.1 ± 0.8 a

	
14.8 ± 2.0




	
85UAN + I

	

	
11.7 ± 2.3 bc

	
12.2 ± 2 c

	
24.0 ± 3.6 e

	
6.8 ± 1.6

	
9.4 ± 0.8 a

	
16.3 ± 1.5




	
85UAN + A

	

	
11.7 ± 3.1 bc

	
16.4 ± 2.9 c

	
28.2 ± 4.2 cde

	
6.0 ± 1.4

	
8.3 ± 0.9 ab

	
14.3 ± 1.1




	
100UAN

	

	
12.4 ± 3 ab

	
17.7 ± 2.3 bc

	
30.1 ± 3.8 bcd

	
6.5 ± 1.8

	
10 ± 0.9 a

	
16.5 ± 1.7




	
100UAN + I

	

	
14.6 ± 3.4 a

	
16.8 ± 2.4 c

	
31.4 ± 5.2 a-d

	
6.5 ± 1.7

	
8.8 ± 0.7 a

	
15.4 ± 1.8




	
Sampling

	

	

	

	

	

	

	




	
2 WAE

	

	
29.9 ± 1.1 a

	
17.4 ± 1.2 b

	
46.8 ± 1.9 a

	
16.7 ± 0.4 a

	
4.7 ± 0.2 d

	
21.6 ± 0.7 a




	
4 WAE

	

	
8.3 ± 0.5 b

	
32.1 ± 1.8a

	
40.3 ± 2.1 b

	
3.5 ± 0.3 b

	
13 ± 0.3 a

	
16.6 ± 0.5 b




	
6 WAE

	

	
4.1 ± 0.4 c

	
15.5 ± 1.3 b

	
19.8 ± 1.6 c

	
1.8 ± 0.8 c

	
10.4 ± 0.5 b

	
12.2 ± 1.2 c




	
8 WAE

	

	
2.6 ± 0.1 d

	
6.56 ± 0.8 c

	
9.2 ± 0.8 d

	
1.3 ± 0.1 c

	
6.6 ± 0.4 c

	
7.97 ± 1.2 d








Means are averages of five replicates ± SE (standard error). Different letters within columns indicate means with significant differences according to least significant difference (LSD) at p < 0.05. No-fertilizer (Control), 85% Urea (85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea (100U), 100% Urea + Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN + I), 85% UAN + Agrotain® Ultra (85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II (100UAN + I). WAE (Weeks after Emergence).
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Table 4. Analysis of variance of N fertilizer-nitrification inhibitor-application time combinations on leaf greenness (SPAD) at flag leaf stage and grain yield (GY), grain moisture (GM), and protein (GP) of winter wheat in 2015−2016.
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	Source of Variation
	df
	SPAD
	GY (t ha−1)
	GM (%)
	GP (%)





	Rep
	3
	0.35
	0.015
	0.78
	0.19



	Treatment
	3
	0.86
	0.49
	0.19
	0.54



	100UAN + I
	
	52 ± 1.0
	8.53 ± 0.51
	5.0 ± 0.04
	10.0 ± 0.2



	100UAN
	
	53 ± 0.9
	8.51 ± 0.36
	5.3 ± 0.09
	10.0 ± 0.4



	60/40UAN + I
	
	53 ± 0.5
	9.01 ± 0.22
	5.1 ± 0.07
	9.4 ± 0.2



	60/40UAN
	
	53 ± 0.8
	8.77 ± 0.49
	5.1 ± 0.10
	9.8 ± 0.5







Means are averages of four replicates ± standard error (SE). Single application of UAN + Instinct® II (100UAN + I), single application of urea (100UAN), split application of UAN + Instinct® II (60% UAN in fall + Instinct® II and 40% UAN in spring; 60/40UAN + I), and split application of UAN (60% UAN in fall and 40% UAN in spring; 60/40UAN).
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Table 5. Analysis of variance of treatment effects and sampling time on soil NO3−-N, NH4+-N, and TMN at 0–30 cm and 30–60 cm in winter wheat in 2015−2016.






Table 5. Analysis of variance of treatment effects and sampling time on soil NO3−-N, NH4+-N, and TMN at 0–30 cm and 30–60 cm in winter wheat in 2015−2016.





	
Source of Variation

	
df

	
NH4+-N

	
NO3−-N

	
TMN

	
NH4+-N

	
NO3−-N

	
TMN




	

	

	
(mg kg−1 soil)

	
(mg kg−1 soil)






	

	

	
0–30 cm

	
30–60 cm




	
Rep

	
3

	
0.92

	
0.60

	
0.51

	
0.81

	
0.16

	
0.17




	
Treatment

	
3

	
0.70

	
0.14

	
0.18

	
0.49

	
0.05

	
0.05




	
Sampling

	
2

	
<0.01

	
<0.01

	
<0.01

	
0.002

	
<0.01

	
<0.01




	
Sampling×Treatment

	
6

	
0.73

	
0.19

	
0.64

	
0.54

	
0.23

	
0.24




	
Treatment

	

	

	

	

	

	

	




	
100UAN + I

	

	
3.6 ± 0.4

	
4.4 ± 1.1

	
8.1 ± 1.4

	
2 ± 0.3

	
6.8 ± 1.4 ab

	
8.9 ± 1.5 ab




	
100UAN

	

	
3.2 ± 0.3

	
5.2 ± 1.3

	
8.4 ± 1.5

	
1.7 ± 0.1

	
7.6 ± 2.5 a

	
10.1 ± 2.6 a




	
60/40UAN + I

	

	
3.2 ± 0.4

	
3.3 ± 0.5

	
6.5 ± 0.9

	
2 ± 0.2

	
4.3 ± 1 b

	
6.3 ± 1 b




	
60/40UAN

	

	
3.5 ± 0.4

	
4 ± 0.7

	
7.6 ± 1.1

	
1.8 ± 0.2

	
6.1 ± 1.6 ab

	
8 ± 1.7 ab




	
Sampling

	

	

	

	

	

	

	




	
Before the second split application

	

	
4.6 ± 0.3 a

	
8.3 ± 0.9 a

	
13 ± 1 a

	
2.1 ± 0.2 a

	
12.9 ± 1.6 a

	
14.4 ± 1.6 a




	
4 WAT

	

	
3.8 ± 0.3 a

	
2.5 ± 0.1 b

	
6.3 ± 0.4 b

	
2.2 ± 0.2 a

	
3.8 ± 0.8 b

	
6.1 ± 0.9 b




	
8 WAT

	

	
1.8 ± 0.3 b

	
2.1 ± 0.1 b

	
4 ± 0.2 c

	
1.3 ± 0.1 b

	
2.8 ± 0.6 b

	
4.2 ± 0.6 b








Means are averages of four replicates ± SE (standard error). Different letters within columns indicate means with significant differences according to least significant difference (LSD) at p < 0.05. Single application of UAN + Instinct® II (100UAN + I), single application of urea (100UAN), split application of UAN + Instinct® II (60% UAN in fall + Instinct® II and 40% UAN in spring; 60/40UAN + I), and split application of UAN (60% UAN in fall and 40% UAN in spring; 60/40UAN). WAT (Weeks after the second split application).
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