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Abstract

:

The soil nitrogen (N) availability and urease activity (UA) in a humid ecosystem with variable rainfall distribution and poor soil fertility are not well understood. A complete appreciation of N cycling in the soil–water–plant continuum is needed to better manage N and water in regions that will be strongly affected by climate change. A sorghum (Sorghum bicolor L.) study located in Florence, South Carolina, USA, was conducted using a variable-rate pivot system. We hypothesized that supplemental irrigation (SI) and N would enhance UA and N uptake while minimizing the concentration of N in porewater (TINW). The aim of the study was to assess the impact of SI (0, 50, and 100%) and N fertilization (0, 85, and 170 kg N ha−1) on: UA; total N (TNS); total inorganic N (TINS); TINW; and N uptake of sorghum. Results support our research hypothesis. The greatest UA was from 0% SI and 170 kg ha−1 (18.7 µg N g−1 ha−1). Porewater N (mg L−1), when averaged across SI and N showed a significantly lower concentration at lower soil depth (9.9 ± 0.7) than the upper depth (26.1 ± 2.4). The 100% SI had the greatest biomass N uptake (NUPB) of 67.9 ± 31.1 kg ha−1 and grain N uptake (NUG) of 52.7 ± 20.5 kg ha−1. The greatest NUPB (70.9 ± 30.3 kg ha−1) and NUG (55.3 ± 16.5 kg ha−1) was from the application of 170 kg N ha−1. Overall, results showed that proper use of water and N enhanced soil N dynamics, and improved biomass productivity and N uptake of sorghum.
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1. Introduction


Sorghum (Sorghum bicolor, L.) production in the southeastern Coastal Plain region of the USA is becoming problematic because of the vastly variable climate along with the low water holding capacity and low fertility of the soils. The present and future climate alterations in this region could have the potential to significantly modify the cultural settings for sorghum production, with important implications of irrigation and nutrient management. The likely financial return from sorghum production may hinge on the water supply, soil productivity, and other inputs (i.e., fertilizers) that farmers are adding to the field. Hence, the efficient use of N fertilizers has major consequence in crop sustainability and productivity [1,2]. For example, Sinclair and Ruffy [3] concluded that the major management drivers that improved crop yield are availability of water and soil N. Similarly, Gonzales-Dugo et al. [4] claimed that water supply and N availability can be modified by farmers to control plant growth. There has been a mounting awareness in reducing and enhancing irrigation technology due to current water scarcity in agricultural domains because of the current variable climate [1,5,6].



Recently, there are qualms on the accessibility of water and N, as well as the influence of agricultural practices on the environment, such as NO3 leaching due to lopsided application of N [7,8,9,10]. On the other hand, improved water and N uptake by crops, along with efficient irrigation will diminish nutrient leaching [1,7]. Katterer et al. [11] claimed that while reducing environmental pollution risk, the proper application of irrigation water and N fertilizer have dual roles of increasing water and N productivity. In some light-textured soils, the intensive use of fertilizer may lead to NO3 leaching. The development of best management strategy that maximizes usage of N and water and enhances enzyme activity in the soil will be critical to accomplishing environmental sustainability and agricultural productivity in humid regions [12].



Results have been mixed and still unreliable on how changes in climate could affect the use of irrigation water by agricultural producers [13,14]. A review paper published by McDonald and Girvetz [13] is quite disturbing because of potential challenges for the U.S. irrigation usage due to climate change namely: (i) Increasing the irrigated area in wet states and (ii) increasing irrigation rates in dry states. Despite the variety of methods and established protocols to schedule irrigation, farmer acceptance of irrigation scheduling practice is still limited because of recent rainfall variability making it more difficult to adequately accommodate the planning of irrigation calendar in humid Coastal Plain region [15,16].



While several researches have been conducted to assess the impact of N application on crop yield and nutrient balance in the soil [17], relatively few efforts have been extended to measure N availability, soil enzymes (e.g., urease) activities, N uptake, N loss, and crop efficiency in humid regions. Moreover, as the availability of irrigation water decreases along with potential high costs of operation and increase regulation of N usage, there is a dire necessity to better understand how irrigation levels interact with N fertilizer rates that led us to our research hypothesis. We hypothesized that supplemental irrigation in combination with N application would enhance UA, N availability, N uptake, and sorghum yield while minimizing the concentration of N in soil porewater. Furthermore, supplemental irrigation in combination with N application could significantly influence the final quality and the characteristics of the harvested cereal, affecting both post-harvest [18], and successive transformation processes (such as the milling [19] and kneading processes ([20,21]). The aim of our study was to evaluate the efficacy of SI (0, 50, and 100% of the full irrigation rate) and application of N (0, 85, and 170 kg N ha−1) on UA, total soil N (TNS), total soil inorganic N (TINS), porewater N (TINW), N uptake in biomass (NUPB), and N uptake in grain (NUG) of sorghum (Sorghum bicolor L.).




2. Materials and Methods


2.1. Site Description and Experimental Treatments


A field study was conducted under a variable-rate center pivot irrigation system in Florence, South Carolina, USA from 2013 to 2014 (Figure 1). Each year, the field was applied with “Glyphosate” and “Roundup” to control weeds. “Clarity” (1.12 kg ai ha−1) and “Atrazine” (2.8 kg ai ha−1) were also applied in the field for weed control two days after the emergence of grain sorghum in 2013 and 2014, respectively. Sorghum variety (Dekalb A571) was planted with 10 cm between plants and 75 cm between rows (272,277 seeds per hectare). Sorghum seeds were planted on 7 July 2013 and 18 June 2014. The soil type at the study site is a Norfolk sandy loam (fine-loamy, kaolinitic, thermic Typic Kandiudults). Table 1 showed some selected physical and chemical properties of the Norfolk soils. Figure 2 shows the average monthly rainfall distribution at the study site in 2013 and 2014.



Experimental treatments in split-split plot arrangement were consisted of three levels of SI (0%, 50%, and 100% of full irrigation rate), three application rates of N (0, 85, and 170 kg N ha−1), and two soil depths (0–15 cm and 15–30 cm) for two years with four replications. Main plots (27 m × 13 m) was the SI levels and subplots were the rates of N and soil depths. Each subplot was about 9 m wide and about 13 m long. The supplemental irrigation and N management treatments are described below.




2.2. Supplemental Irrigation Management


A center pivot irrigation system was used to perform the supplemental irrigation management treatment. Details concerning operation of the center pivot irrigation system are found in the early paper of Sigua et al. [7] and Omary et al. [22]. The SI treatments were consisted of non-irrigated (0%), limited irrigation (50%), and full irrigation (100%) rates. Figure 2 shows the amount of supplemental irrigation applied in the field based on the precipitation data in 2013 and 2014.




2.3. Nitrogen Management


The N applications consisted of 0, 85, and 170 kg ha−1 was based on a sorghum yield goal potential ranging from 5380 kg ha−1 (80 bushels acre−1) to 8070 kg ha−1 (120 bushels acre−1). Nitrogen was applied using the center-pivot irrigation system by injecting urea and ammonium nitrate (30%) into the incoming water stream. Nitrogen applications were applied with the minimal water application depths to minimize irrigation water applications to non-irrigated plots. For this experiment, all N was delivered with 1.8 mm irrigation depth operating at a 100% duty cycle. Phosphorus (P) and potassium (K) containing fertilizers were applied to all subplots at the rate of 34 and 28 kg P2O5 ha−1 and 90 and 67 kg K2O ha−1 in 2013 and 2014, respectively.




2.4. Suction Lysimeters and Soil Moisture Tensiometers Installations


Installation of lysimeters and soil moisture tensiometers was reported in earlier work of Sigua et al. [1]. The procedure reported in Figure 3 could be summarized as follows. Each plot was instrumented with suction lysimeters (Soil Moisture Equipment Corp., Model 1900, Santa Barbara, CA, USA) installed at 30.5 cm and 91.4 cm soil depth. The site was cored to a depth of 46 cm and 107 cm using a 10.2-cm soil auger and sieved through a 0.6-cm mesh screen to removed rock fragments. Subsequently, a bentonite clay was added into the hole followed by silica sand layer of about 15.2 cm. Soil moisture tensiometer (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) was installed at soil depths of 30 cm and 60 cm, respectively. The suction lysimeters were inserted into the hole and backfilled slowly with the screened soil materials, followed by slow tamping using a metal rod around the hole to prevent surface water from channeling down between the soil and the body of the sampler. Measurements of soil moisture were repeated three times each week.




2.5. Collection and Analyses of Porewater Samples


Details concerning porewater sample collection from suction lysimeter using a flask with a two-hole rubber stopper are found in an early published paper of Sigua et al. [1,7]. Porewater samples were transported to the laboratory following collection and refrigerated at 4 °C. Samples were filtered using a 0.2 µm nylon filter. Porewater samples were analyzed for soluble nitrate (NO3) and ammonium (NH4) following the procedures outlined in ASTM International [23,24] using an Ion Chromatography (IC, Dionex IC-2000, Dionex Corp., Sunnyvale, CA, USA).




2.6. Sampling and Analyses of Soil (TNS, TINS, and UA) and Plant Samples


Soil samples were collected at three growth stages of sorghum namely 30, 60, 90 days after planting (DAP) from 0–15 and 15–30 cm soil depths. A total of 432 soil samples were collected from 2013 to 2014. Soil samples during each collection date (i.e., 30, 60, and 90 DAP) were air-dried and passed through a 2-mm mesh sieve. The concentration of TN in the soil was analyzed using the Elementar®®® Carbon-Nitrogen-Sulfur (CNS) Analyzer. The water-soluble concentration of ammonium (NH4) and nitrate (NO3) was extracted with deionized distilled water (1:5 soil: DI) and were analyzed following the procedures outlined in ASTM International [19,20] using an Ion Chromatography (IC, Dionex IC-2000, Dionex Corp., Sunnyvale, CA., USA). The concentration of the urease enzyme (UA) in the soil was analyzed following the procedures described by Kandeler and Gerber [25]. Plant aboveground biomass (PB) and grain (G) of sorghum at maturity (90 DAP) were ground to pass through a 1-mm mesh screen using a Wiley mill. An Elementar CNS analyzer was used to analyze the total concentration of N (%) in plant biomass and grain samples. Nitrogen uptake (NU) was calculated using equations 1 and 2 below.


NUPB = [Concentration of Total Nitrogen in Biomass, CTNB] × PBY



(1)






NUG = [Concentration of Total Nitrogen in Grain, CTNG] × GY



(2)




where NUPB = nitrogen uptake (kg ha−1) of plant aboveground biomass; NUG = grain (G) uptake (kg ha−1); CTNb = concentration of N (%) in plant aboveground biomass; CTNg= concentration of N (%) in grain; PBY = aboveground biomass yield (kg ha−1); and GY grain yield (kg ha−1).




2.7. Data Reduction and Statistical Analysis


Nitrogen concentration in the soils (TNS and TINS), porewater (TINW), and urease activity (UA) were analyzed with a multi-way ANOVA using the PROC GLM [26] based on four sources of variation namely: (i) Year (Y); (ii) supplemental irrigation (SI); (iii) nitrogen (N); and (iv) soil depth (SD). The effects of Y, SI, and N on N uptake (NUPB and NUG) of sorghum were analyzed with three-way ANOVA using PROC GLM model [26]. Means of Y, SI, N, and SD were separated using the Least Significance Difference Test (LSD).





3. Results


3.1. Urease Activity in Soils


Overall, the concentration of UA varied significantly with the interactions of SI and N (Table 2, Figure 4). The greatest UA was from 0% SI with 170 kg N ha−1 (18.7 µg N g−1 h−1), while the lowest UA was from the soils treated with 100% SI and 170 kg N ha−1 (8.5 µg N g−1 h−1). Urease activity was also affected by SI, N fertilization, and SD. The soils from plots with 0% SI had the greatest annual average of UA (11.8 ± 5.3 µg N g−1 h−1) compared with plots that received 50% and 100% SI with mean UA of 9.9 ± 5.8 and 10.8 ± 5.1 µg N g−1 h−1, respectively. On the effect of N, the soils with 170 kg N ha−1 (10.9 ± 5.8 µg N g−1 h−1) and the control (11.6 ± 6.2 µg N g−1 h−1) had the greatest concentration of UA (Figure 4). Urease activity in the soil was not affected by the Y variability (Table 2). The annual average of UA in SD of 0–15 cm was significantly different from the UA in SD of 15–30 cm. The average UA in 0–15 cm was 14.9 ± 5.01 µg N g−1 h−1, while the average UA in SD of 15–30 cm was 6.78 ± 2.71 µg N g−1 h−1 (Table 2). Our results showed the positive effect of managing the N fertilization and irrigation on UA in the humid region.




3.2. Total Nitrogen and Total Inorganic Nitrogen in Soils


While TNS varied significantly with Y (p ≤ 0.001), SI (p ≤ 0.001), N fertilization (p ≤ 0.001), and SD (p ≤ 0.001), the concentration of TNS was not affected by any interaction effect of SI, N, and SD (Table 2). Between 2013 and 2014, there was a decreasing trend in the concentrations of TNS (Table 2). In the plots with N treatments, the highest concentration of TNS was from soil treated with 170 kg N ha−1 (0.073 ± 0.026%) followed by soil with 85 kg N ha−1 (0.069 ± 0.024%). The least amount of TNS was from the control plots (0.068 ± 0.025%).



Of the irrigation treatments (Table 2), the highest concentration of TNS was from the plots with 0% SI (0.072 ± 0.023%), while the least amount of TNS (0.065 ± 0.025%) was from plots with 50% SI. The concentration of TNS showed a significant reduction from SD of 0–15 cm to SD of 15–30 cm. The amount of TNS in the surface SD (0–15 cm) was about 0.086 ± 0.017% compared with 0.051 ± 0.021% at SD of 15–30 cm, which is equivalent to a total reduction of about 38% (Table 2). The concentration of TINS was significantly affected by the interaction of SI and N (Table 2 and Figure 5). Total inorganic N in the soil was significantly affected by the different levels of SI (p ≤ 0.001), N fertilization (p ≤ 0.001), and SD (p ≤ 0.001). Overall, the concentration of TINS showed an increasing trend with N application. Except for the control, TINS showed a decreasing trend with SI (Figure 5). The greatest concentration of TINS in the soil was from plots treated with 170 kg N ha−1 and 0% SI (27.4 mg kg−1), while the least amount of TINS was from the control plots (8.5 mg kg−1). With the increasing amount of N application from 0 to 170 kg N ha−1 in combination with 0% SI, 50% SI, and 100% SI, the concentrations of TINS have increased from 8.5 to 27.4, 13.9 to 27.2 and 11.0 to 19.8 mg kg−1, respectively (Figure 5).




3.3. Porewater Concentration of Total Inorganic Nitrogen


The concentration of TINW (NH4 + NO3) was not affected by Y variability and SI but varied significantly with N (p ≤ 0.001), SD (p ≤ 0.001), and the interaction of SI and N (p ≤ 0.01). The level of TINW in the soil varied significantly with the interaction of N and SD (p ≤ 0.01). The concentration of TINW at 0–30 cm was significantly higher than the concentration of TINW at lower SD (30–100 cm). Averaged across Y, TINW in plots with 0% SI was about 17.81 ± 2.07 mg L−1 compared with 50% SI and 100% SI with mean TINW of 18.33 ± 2.25 and 17.87 ± 2.79 mg L−1, respectively (Table 3). When averaged across Y, the greatest concentration of TINW was from 170 kg N ha−1 followed by 85 kg N ha−1 with mean TINW concentrations of 23.64 ± 1.55 and 13.78 mg L−1, respectively. Figure 6 showed that the least concentration of TINW was from the control plots at SD of 30–100 cm of about 6.06 ± 0.77 mg L−1, while the greatest amount of TINW was from plots that were fertilized with 170 kg N ha−1 at SD of 0–30 cm (37.79 ± 5.32 mg L−1). Overall, the concentration of TINW had an increasing trend with increasing N application, but TINW concentration decreased significantly with SD (Figure 6).



Results showed that the concentration of porewater nitrate (NO3) between 30 cm and 100 cm soil depths was below the threshold level of 10 mg L−1 NO3 for drinking water [27]. When averaged across SI and N, the concentration of NO3 at SD between 30 and 100 cm was about 9.99 ± 0.69 mg L−1 compared with 26.06 ± 2.38 mg L−1 at SD of 0–30 cm (Table 3). Our results showed that SI and N treatments were not likely to exceed the concentration of NO3 above 10 mg L−1 at soil depths between 30 and 100 cm in the humid region with sorghum production (Table 3).




3.4. Uptake of Sorghum Aboveground Biomass and Grain


The uptakes of sorghum (NUPB and NUG) were not affected by any interaction effect of SI and N (Table 4). On the other hand, NUPB and NUG were both significantly affected by Y variability (p ≤ 0.001), SI (p ≤ 0.001), and N fertilization (p ≤ 0.001). Biomass uptake showed an increasing trend from 2013 to 2014 and a slight decrease in NUG between 2013 and 2014 (Table 4). Sorghum with 100% SI had the greatest NUPB of 67.86 ± 31.11 kg ha−1 and NUG of 52.76 ± 20.51 kg ha−1 (Table 4) when averaged across years. The NUPB and NUG of sorghum with 50% SI and 0% SI were not significantly different from each other. As might be expected, the greatest NUPB (70.98 ± 30.27 kg ha−1) and NUG (55.34 ± 16.48 kg ha−1) were observed from plots that were fertilized with 170 kg N ha−1, while the least amount of NUPB (45.80 ± 21.47 kg ha−1) and NUG (27.40 ± 12.08 kg ha−1) were from the control plots.



When averaged across SI, total N uptake (NUPB + NUG) of sorghum showed an increasing trend with increasing amount of N application. The average total N uptake of sorghum treated with 170 kg N ha−1 was about 126.3 kg N ha−1 followed by 85 kg N ha−1 and the control with mean total N uptake of 103.8 and 73.2 kg N ha−1, respectively (Table 4). Our results showed that soils applied with 170 kg N ha−1 had increased the total N uptake by about 73% when compared with the control. The increase in net N uptake between 85 kg ha−1 and the control was about 42% (Table 4). Overall, these results may have important consequences in improving the N fertilization for sorghum with or without supplemental irrigation.





4. Discussion


Our present study provided the optimistic impact of different SI and N treatments for maximizing agronomic productivity of sorghum. Results have demonstrated that supplemental irrigation and optimum application N fertilizer had increased water-use efficiency and nitrogen-use efficiency along with potential reduction of environmental pollution risk. Adequate amount of water in the soil has beneficial effect on N availability and the capacity of the plant for simultaneous uptake of water and N. Additionally, the soil enzyme activity has been enhanced when both water and N were at their optimal level in the field [11,28,29].



Overall, the concentration of UA in the tested soils varied significantly with the interaction of SI and N. The greatest UA was from soils with 0% SI and 170 kg N ha−1 (18.7 µg N g−1 h−1). Potential UA in the soil was found to be correlated with the amount of mineralized N. Ruppel and Makswitat [30] reported that the application of 80 kg N ha−1 without irrigation increased N mineralization up to 280 kg N ha−1. Our results were different because the lowest UA was found in soils treated with 100% SI and 170 kg N ha−1 (8.5 µg N g−1 h−1). Urease activities in the soil depend on soil water and nutrient content, pore size, pore distribution, and oxygen content of the soil. Our results had corroborated with Ruppel and Makswitat [30] who claimed that substrate-induced respiration activity and basal respiration activity of the soil microflora had resulted to higher concentration of UA in the unfertilized and non-irrigated plots. Dash et al. [31] reported a positive correlation between UA, total N, organic carbon, and a negative correlation with pH and soil moisture. On the other hand, Yang et al. [32] and Wang [33] claimed that application of N fertilizer could lower the activities of UA in the soil. Our results have shown that the greatest UA in our soils were from the control plots (11.86 ± 5.27 µg N g−1 h−1), suggesting that N fertilization and SI may lead to shifts in microbial population and subsequently, to a different N transforming process involving soil mineralization. The actual rate of enzyme production and activity in the soil can be modified and regulated by environmental effects and ecological interactions of naturally occurring stresses like water, temperature, and substrate fluctuation [34,35].



The substantial effects of Y on NUPB, NUG, TNS, and TINS can be explained by the differences in the amount of irrigated water due to the variable amount of rainfall during the growing season of sorghum in 2013 and 2014. The total amount of irrigation water applied in 2013 and 2014 were 38.1 mm and 12.9 mm at 100% SI, respectively. On the other hand, the total amount of irrigation water applied at 50% SI in 2013 and 2014 in plots was 19.05 mm and 6.35 mm, respectively (Figure 2). In 2014, a greater amount of rainfall was received during the growing season of sorghum when compared with the amount of rainfall received in 2013 and the difference in total rainfall resulted in greater NUPB and NUG. The greatest NUPB and NUG of sorghum were from plots with 100% SI (Table 4).



The total N uptake (NUPB + NUG) of sorghum was significantly affected by SI and N application. The average total N uptake of sorghum that were fertilized with 170 kg N ha−1 was about 126.3 kg N ha−1 followed by 85 kg N ha−1 and the control with mean total N uptake of 103.8 kg N ha−1 and 73.2 kg N ha−1, respectively. The amount of plant-available N and N released during the growing season through mineralization of soil organic matter can determine the supply of N in the soil [36]. The overall availability of N in the soil and the N transferring quantity in the soil can be affected by the levels of irrigation and N fertilizer. Within a given soil depth (e.g., 0–30 cm), the soil N concentration may increase or decrease with time [37,38]. Therefore, we can surmise that the efficient N uptake of sorghum in our plots with 100% SI and fertilized with N between 85 and 170 kg N ha−1 resulted in lower concentrations of TNS and TINS being left or accumulated in the soils. The overall reductions in the concentration of TNS and/or TINS in our study were related to the total amount of N uptake of sorghum at various growth stages of sorghum. The amount of N being removed by sorghum aboveground biomass and grain would constitute N losses, so there is a likely need for additional application of nutrients in the forms of organic and/or inorganic fertilizers [39].



Our results showed that the application of 170 kg N ha−1 resulted in an increase in the total N uptake of about 73% over the control. The increase in net N uptake between the application of 85 kg ha−1 and the control was about 42%. Our findings corroborated the published results of Roy and Wright [40] who reported that application of 60 to 120 kg N ha−1 had significantly greater N uptake in sorghum when compared with the unfertilized plants. Sorghum has continued to absorb N from the soil throughout the growing season until maturity [40,41]. Furthermore, as for sorghum being a drought-tolerant crop, our results demonstrated similar results when compared with the findings of Smith et al. [42]. There are requirements to be balanced for crops to confirm that yields and uptake are limited by water and N, as well as to ensure not over application contributing to elevated production expenses and efficiency reduction.



Results demonstrated that differences in N utilization could be related to disparity response of sorghum to N fertilizer with or without SI, as well as differences in absorption and utilization of absorbed N. These results suggest that improvement of biomass productivity and nutrient uptake of sorghum are correlated to effective use of irrigation and sufficient amount of N in the soil. An early paper published by Sigua et al. [1] reported two critical processes namely: (i) Water flows from the soil to the root systems; and (ii) ion diffusion fluxes in the rhizosphere affecting nitrogen uptake in plants. A critical linkage between nutrient supply and soil water balance is the increase in plant shoot sizes due to improved nutritional status and water requirement of the crop [43].



Nitrogen absorption shown in Table 4 was reduced under 0% SI. These findings were corroborated by the early published works of Gonzalez-Dugo et al. [44]; Williams and Yanai [45]; Passiorra [46]; and Garwood and Williams [47]. Absorption of N by roots requires the presence of water in the soil, as the agent that transports solutes from soil to root interface. The concentration of N in the tissue drops to a much lower value when nitrogen is less available and less sufficient soil moisture are present for transport, suggesting that the interaction between adequate water use and better nutrient availability may have both direct and indirect effects on N uptake [48,49].



We have demonstrated that our SI and N treatments were environmentally friendly, resulted in lower TINW of 9.99 ± 0.69 mg L−1 at lower soil depth between 30 and 100 cm, which is consistent with the early findings of Benjamin et al. [50]. Nitrate may reach groundwater by being transported with water that percolates through the soil. Any irrigation or precipitation that exceeds the soil’s water holding capacity in the root zone will cause chemicals solubilization, including NO3 to leach into deeper groundwater. The concentration of TINW that we measured from the soil porewater varied greatly with N fertilization. We found that the application of 85 kg N ha−1 resulted in lower TINW concentration (13.78 mg L−1) than the high N rate of 170 kg N ha−1 (23.64 mg L−1). We have seen higher porewater NO3 from the application of high N rate, but the overall concentration of NO3 at soil depth beyond the rooting depths of sorghum was much lower in concentration when compared with the upper 30 cm. This observation provided important information in managing N fertilization for sorghum in the humid region.



Recently, Sigua et al. [7,51] reported similar results from their work of irrigation scheduling on soil porewater NO3 in the southeastern Coastal Plain region. Irrigation management can affect N availability for attaining an optimum yield for corn. The application of heavy irrigation in sandy soil may result in greater leaching of nutrients, especially N, to deeper soil layers below the rooting zone. Irrigation water applied more than the soil water holding capacity may go directly through the soil profile below the root zone capable of reaching the water table [51]. If water is applied above the amount required to refill the soil in the root zone may potentially contribute to water contamination. Similar results were reported by Morgan et al. [52]. Irrigation water management could be extremely difficult in predominantly sandy soils because sands are dominated by large pores that have little capacity to hold water through capillarity [53]. Additionally, porewater NO3 could be increased sharply when the N fertilizer application rate exceeds the optimum crop needs for nitrogen [27,54].




5. Conclusions


Results are summarized as follows: (i) Supplemental irrigation and N treatments have highlighted the importance of water and N availability in sorghum production and soil sustainability in humid region; (ii) application of 170 kg N ha−1 with 100% SI resulted in the greatest N uptake and a significantly lower concentration of porewater NO3 at soil depth between 30 and 100 cm when compared with the EPA’s threshold concentration of NO3 (10 mg L−1) for drinking water; and (iii) results support our research hypothesis that supplemental irrigation and N enhanced UA and improved total N uptake of sorghum with significantly lower concentration of N in porewater.



Given all the useful information above, we can conclude that proper management of irrigation water and the right amount of nitrogen application will improve soil productivity and could enhance the total N uptake of grain sorghum while minimizing the concentration of porewater NO3 in the humid southeastern region of the United States.
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Figure 1. Center pivot irrigation system at the experimental site, Florence, South Carolina, USA. 
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Figure 2. Average monthly rainfall distribution during the growing season of sorghum (2013–2014) at the study site. 
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Figure 3. Installed suction lysimeters and soil moisture tensiometers. 
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Figure 4. Average (2013–2014) urease activity in soils with nitrogen fertilization and supplemental irrigation. 
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Figure 5. Average concentration (2013–2024) of total inorganic nitrogen in soils with nitrogen and supplemental irrigation. 
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Figure 6. Averaged (2013–2014) porewater nitrogen (TINW) in soils with nitrogen fertilization. 
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Table 1. Selected properties of the soil used in the study.
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Soil Properties

	
Soil Depth (cm)




	
0–15

	
15–30






	

	1. 

	
Physical Properties







	

	




	
Sand (g kg−1)

	
807

	
-




	
Silt (g kg−1)

	
167

	
-




	
Clay (g kg−1)

	
26

	
-




	
Texture

	
Loamy Sand

	
-




	

	2. 

	
Chemical Properties







	

	




	
pH

	
5.71

	
5.96




	
EC (dS m−1)

	
0.25

	
0.14




	
TN (%)

	
0.098

	
0.051




	
TC (%)

	
1.278

	
0.741




	
TIN (NH4 +NO3-N) (mg kg−1)

	
19.11

	
11.12




	
PO4-P (mg kg−1)

	
6.67

	
3.18




	
Al (mg kg−1)

	
1236.2

	
1354.5




	
Ca (mg kg−1)

	
527.5

	
398.7




	
Fe (mg kg−1)

	
22.5

	
22.2




	
K (mg kg−1)

	
101.2

	
54.5




	
Mg (mg kg−1)

	
82.3

	
48.1




	
Mn (mg kg−1)

	
13.4

	
9.2




	
Na (mg kg−1)

	
41.9

	
41.6




	
P (mg kg−1)

	
51.4

	
38.6




	

	3. 

	
Mineralogy







	
Kaolinite, chlorite, quartz
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Table 2. Total nitrogen (TNS), total inorganic nitrogen (TINS), and urease activity (UA) in soils with supplemental irrigation and nitrogen at two soil depths in 2013 and 2014.
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Treatment

	
Total Nitrogen

	
Total Inorganic N

	
Urease Activity

	
Total Nitrogen

	
Total Inorganic N

	
Urease Activity






	

	
(%)

	
(mg/kg)

	
(ug N/g/h)

	
(%)

	
(mg/kg)

	
(ug N/g/h)




	

	
YEAR 1: 2013

	
YEAR 2: 2014




	
1. Irrigation (SI)

	

	

	

	

	

	




	
a. 0%

	
0.077 ± 0.03

	
9.9 ± 6.8

	
11.9 ± 6.7

	
0.066 ± 0.03

	
10.9 ± 8.3

	
11.7 ± 5.6




	
b. 50%

	
0.073 ± 0.02

	
9.7 ± 8.6

	
10.3 ± 5.3

	
0.058 ± 0.02

	
10.2 ± 8.7

	
9.7 ± 4.9




	
c. 100%

	
0.071 ± 0.02

	
10.2 ± 8.4

	
10.8 ± 5.9

	
0.067 ± 0.02

	
13.6 ± 7.9

	
10.6 ± 5.5




	
LSD0.05

	
0.003

	
1.80

	
0.89

	
0.003

	
1.80

	
0.89




	
2. Nitrogen (N)

	

	

	

	

	

	




	
a. 0 kg N/ha

	
0.074 ± 0.03

	
7.4 ± 4.9

	
11.9 ± 6.5

	
0.063 ± 0.02

	
6.1 ± 2.9

	
11.3 ± 5.6




	
b. 85 kg N/ha

	
0.072 ± 0.03

	
9.0 ± 6.6

	
9.9 ± 5.2

	
0.065 ± 0.02

	
11.5 ± 11.2

	
10.0 ± 5.2




	
c. 170 kg/ha

	
0.075 ± 0.03

	
13.4 ± 10.2

	
11.2 ± 6.1

	
0.072 ± 0.02

	
17.1 ± 13.4

	
10.6 ± 5.3




	
LSD0.05

	
0.003

	
1.79

	
0.89

	
0.003

	
1.79

	
0.89




	
3. Soil Depth (SD)

	

	

	

	

	

	




	
a. 0–15 cm

	
0.087 ± 0.02

	
12.6 ± 9.2

	
14.9 ± 5.7

	
0.084 ± 0.01

	
14.8 ± 12.7

	
15.0 ± 4.1




	
b. 15–30 cm

	
0.060 ± 0.02

	
7.2 ± 5.3

	
7.1 ± 3.2

	
0.042 ± 0.01

	
8.3 ± 5.3

	
6.3 ± 1.7




	
LSD0.05

	
0.002

	
1.47

	
0.73

	
0.002

	
1.47

	
0.73




	
Source of Variations

	
Level of Significance

	

	

	




	
Year (Y)

	
***

	
**

	
ns

	

	

	




	
Irrigation (SI)

	
***

	
***

	
***

	

	

	




	
Nitrogen (N)

	
***

	
***

	
***

	

	

	




	
Soil Depth (SD)

	
***

	
***

	
***

	

	

	




	
SI x N

	
ns

	
*

	
*

	

	

	








***—p ≤ 0.001 **—p ≤ 0.01 *—p ≤ 0.05 ns- not significant.
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Table 3. Concentrations of NH4, NO3, and total inorganic nitrogen (TINW) in pore water.
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Treatment

	
NH4

	
NO3

	
TINW

	
NH4

	
NO3

	
TINW






	

	
(%)

	
(mg/kg)

	
(ug N/g/h)

	
(%)

	
(mg/kg)

	
(ug N/g/h)




	

	
YEAR 1: 2013

	
YEAR 2: 2014




	
1. Irrigation (SI)

	

	

	

	

	

	




	
a. 0%

	
0.20 ± 0.01

	
18.69 ± 7.32

	
18.89 ± 2.07

	
0.28 ± 0.11

	
16.46 ± 2.79

	
16.74 ± 4.58




	
b. 50%

	
0.21 ± 0.05

	
19.92 ± 8.13

	
20.13 ± 2.25

	
0.34 ± 0.02

	
16.19 ± 7.12

	
16.53 ± 7.00




	
c. 100%

	
0.30 ± 0.15

	
17.49 ± 8.84

	
17.79 ± 2.79

	
0.22 ± 0.13

	
15.62 ± 5.59

	
17.95 ± 8.07




	
LSD0.05

	
0.14

	
5.79

	
5.78

	
0.14

	
5.79

	
5.78




	
2. Nitrogen (N)

	

	

	

	

	

	




	
a. 0 kg N/ha

	
0.21 ± 0.05

	
10.01 ± 6.02

	
10.22 ± 8.02

	
0.22 ± 0.12

	
16.58 ± 5.07

	
16.80 ± 5.07




	
b. 85 kg N/ha

	
0.30 ± 0.08

	
17.24 ± 3.12

	
17.54 ± 3.12

	
0.34 ± 0.22

	
9.67 ± 2.07

	
10.01 ± 4.07




	
c. 170 kg/ha

	
0.26 ± 0.39

	
24.56 ± 1.56

	
24.82 ± 1.55

	
0.29 ± 0.07

	
22.18 ± 6.07

	
22.47 ± 2.07




	
LSD0.05

	
0.14

	
5.77

	
5.76

	
0.14

	
5.77

	
5.76




	
3. Soil Depth (SD)

	

	

	

	

	

	




	
a. 0–15 cm

	
0.27 ± 0.09

	
24.20 ± 12.38

	
24.47 ± 10.38

	
0.35 ± 0.09

	
27.31 ± 12.07

	
27.66 ± 14.01




	
b. 15–30 cm

	
0.22 ± 0.01

	
9.25 ± 8.66

	
12.47 ± 8.69

	
0.21 ± 0.10

	
14.52 ± 2.07

	
10.73 ± 1.11




	
LSD0.05

	
0.12

	
4.71

	
4.70

	
0.12

	
4.71

	
4.70




	
Source of Variations

	
Level of Significance

	

	

	




	
Year (Y)

	
ns

	
ns

	
ns

	

	

	




	
Irrigation (SI)

	
ns

	
ns

	
ns

	

	

	




	
Nitrogen (N)

	
ns

	
***

	
***

	

	

	




	
Soil Depth (SD)

	
ns

	
***

	
***

	

	

	




	
SI × N

	
ns

	
*

	
*

	

	

	




	
N × SD

	
ns

	
*

	
*

	

	

	








***—p ≤ 0.001 *—p ≤ 0.05 ns- not significant.
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Table 4. Average annual nitrogen uptake (kg/ha) in plant aboveground biomass and grain of sorghum.
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Treatment

	
Biomass

	
Grain

	
Biomass

	
Grain






	

	
(kg/ha)




	

	
YEAR 1: 2013

	
YEAR 2: 2014




	
1. Irrigation (SI)

	

	

	

	




	
a. 0%

	
44.69 ± 23.48

	
37.66 ± 16.62

	
68.32 ± 43.48

	
35.29 ± 12.62




	
b. 50%

	
43.53 ± 23.78

	
41.82 ± 22.78

	
63.62 ± 36.13

	
30.47 ± 13.25




	
c. 100%

	
49.58 ± 24.20

	
50.78 ± 24.06

	
86.13 ± 50.52

	
54.73 ± 15.49




	
LSD0.05

	
5.73

	
9.78

	
5.73

	
9.78




	
2. Nitrogen (N)

	

	

	

	




	
a. 0 kg N/ha

	
31.96 ± 15.62

	
26.89 ± 11.32

	
59.64 ± 39.73

	
27.92 ± 13.68




	
b. 85 kg N/ha

	
48.36 ± 22.37

	
42.91 ± 19.88

	
73.92 ± 39.52

	
42.35 ± 17.80




	
c. 170 kg/ha

	
57.47 ± 25.22

	
60.47 ± 18.25

	
84.50 ± 50.77

	
50.22 ± 12.41




	
LSD0.05

	
5.73

	
9.78

	
5.73

	
9.78




	
Source of Variations

	
Level of Significance

	

	




	
Year (Y)

	
ns

	
ns

	

	




	
Irrigation (SI)

	
ns

	
ns

	

	




	
Nitrogen (N)

	
ns

	
***

	

	








***—p ≤ 0.001 ns- not significant.
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