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Abstract

:

Subsurface (or tile) drainage offers a valuable solution for enhancing crop productivity in poorly drained soils. However, this practice is also associated with significant nutrient leaching, which can contribute to water quality problems at the regional scale. This research presents the findings from a 4-year tile depth and spacing study in central Illinois that included three drain spacings (12.2, 18.3, and 24.4 m) and two drain depths (0.8 and 1.1 m) implemented in six plots under the corn and soybean rotation system (plots CS-1 and CS-3: 12.2 m spacing and 1.1 m depth, plots CS-2 and CS-4: 24.4 m spacing and 1.1 m depth, and plots CS-5 and CS-6 18.3 m spacing and 0.8 m depth). Our observations indicate that drain flow and NO3-N losses were higher in plots with narrower drain spacings, while plots with wider drain spacing showed reduced drain flow and NO3-N losses. Specifically, plots set up with drain spacings of 18.3 m and 24.4 m showed significant reductions in drain flow compared to plots featuring a 12.2 m drain spacing. Likewise, plots characterized by 18.3 m and 24.4 m drain spacings (except CS-4) showed better NO3-N retention and lower leaching losses than those with 12.2 m spacing (CS-1 and CS-3). Crop yield results over a 3-year period indicated that CS-2 (wider spacing plot) showed the highest productivity, with up to 13.6% higher yield compared to other plots. Furthermore, when comparing plots with the same drainage designs, CS-2 and CS-4 showed 5.1% to 2.6% higher corn yield (3-year average) compared to CS-1 and CS-3, and CS-5 and CS-6, respectively. Overall, a wider drainage system showed the capacity to export lower nutrient levels while concurrently enhancing productivity. These findings represent that optimizing tile drainage systems can effectively reduce nitrate losses while increasing crop productivity.
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1. Introduction


Subsurface (or tile) drainage is a practical and advantageous system for enhancing crop yields by controlling planting timing, managing efficient fertilizer use, and facilitating the removal of excess seasonal water from the soil [1,2]. Because of these agronomic benefits, the subsurface drainage system is strategically applied in regions with poorly drained but highly productive soils [3,4], resulting in its widespread adoption. However, alongside its widespread use, there have also been water quality concerns regarding this functional drainage system all over the world, including the United States [5], Canada [6], Sweden [7], and the U.K. [8], among others. The primary cause of these water quality concerns lies in the fact that the subsurface drainage system may create preferential pathways for the rapid transfer of contaminated water directly from agricultural fields to water bodies [9,10]. Moreover, nitrate, being a soluble substance, can easily leach into tile-drained water without undergoing soil processes that typically reduce nitrate concentrations [11].



Subsurface drainage has adverse consequences as a major contributor to nutrient loss in the aquatic environments of the Midwestern regions of the United States. According to [12], approximately 25% of total phosphorus (P) and 52% of total nitrogen (N) delivered to the Gulf of Mexico can be attributed to the corn and soybean fields of those regions. Many researchers are also concerned that the prevalence of elevated nitrate levels has also been linked to a range of environmental issues, including hypoxia in the Gulf of Mexico [13]. In particular, ref. [12] estimated that Illinois contributes around 17% of annual nitrogen flux to the Gulf, predominantly due to the widespread adoption of subsurface drainage systems. Therefore, strategic agricultural water management practices to reduce nitrate-N transport and concentration levels through subsurface drainage systems emerge as crucial and pressing environmental objectives.



The Illinois Nutrient Loss Reduction Strategy (NLRS) calls for actions to decrease the state’s nutrient loads entering the Mississippi River by 15% to 25% within the next decade [14]. While the overall conclusions are clear—that broad measures may be needed across most corn-soybean regions to meet these ambitious reduction targets—many uncertainties remain at the individual farm level. The scientific complexities of nutrient losses need to be better understood, and many farmers are being urged to alter their practices and reduce nutrient inputs without a clear understanding of how specific recommendations will affect outcomes. Given the increasing need for proactive efforts, the coming years offer a critical opportunity to engage the agricultural community in scientific projects and outreach initiatives that will ultimately determine the success of the NLRS. Among the various practices contributing to this effort, one important practice is the efficient management of subsurface drainage, including the design of these systems.



The spacing and depth of subsurface drainage systems, along with soil and field characteristics, control the amount of water drained from cropland, directly impacting nitrate-nitrogen (NO3-N or nitrate-N) losses, crop yields, and water availability for crops. Concerning the aspect of subsurface drainage design and crop yield, ref. [15] conducted a comprehensive 6-year field study in Indiana, USA, employing tile drains spaced at intervals of 10, 20, and 30 m. Their findings reported that 20 m tile spacing maximized corn yield. Ref. [16] undertook a decade-long investigation in Indiana, USA, examining the impact of three tile spacings (5, 10, and 20 m) on corn yield. Their results indicated that corn yield was inversely correlated to tile spacing. When it comes to the results of [17] in Iowa, USA, their modeling study indicated that employing a shallower drainage system could potentially heighten water stress on crop production, thereby leading to relatively diminished yields. Nevertheless, there have still been inconsistent outcomes in terms of the relations between tile spacing and depth and crop production. We also found that the previous research was conducted on a comparatively small plot, ranging from 0.1 to 0.6 ha [15,16,18,19]. Therefore, much more research on drainage design is needed, focusing on the preparation of relatively larger-scale study plots, in order to explore the effects on tile flow and nitrogen (N) losses.



Distinct operating mechanisms of subsurface drainage systems can lead to varied hydrological processes within the soil, consequently affecting nitrogen (N) losses from a field. Based on studies investigating the impact of subsurface drainage design on nitrogen (N) losses, employing wider and shallower tile installation can result in reductions in nitrogen (N) losses [20,21]. Ref. [19] showed that wider tile spacings and shallower tile depths result in reduced nitrogen (N) losses based on long-term (1915–1996) modeling studies and field measurements in Minnesota, USA. Ref. [22] also presented similar outcomes, supported by both field-monitored data and modeling results, regarding the response of nitrogen (N) losses.



While numerous studies have examined the influence of tile depth and spacing on water quality and crop yields [23,24,25], a definitive consensus has remained difficult to achieve. The contrasting outcomes across various research results represent the need for a scientific consensus regarding the impact of tile depth and spacing on nutrient loss from fields and crop yields. Significantly, a comprehensive investigation that examines the trade-offs between the effects of tile depth and spacing on both nitrogen (N) losses and corn/soybean yield in Illinois has yet to be conducted. Therefore, this study aims to bridge this knowledge gap by investigating optimal practices for harmonizing drainage depth and spacing while considering water quality and crop production goals in Illinois. The specific objectives of this study are (a) to determine the impacts of different subsurface drainage design types on nitrogen (N) losses and fertilizer use efficiencies and (b) to evaluate the potential for optimizing subsurface drainage design to mitigate N losses and enhance crop production.




2. Materials and Methods


2.1. Site Description


The study field was set up in 2017 near Church Road in Champaign County (40°3′10″–88°12′41″), Illinois. The study field had six hydrologically separated individual subsurface drained plots, each having an area of 2 ha (total 12 ha, with approximately a maximum width of 405 m and a height of 350 m). The predominant soil at the research site was categorized as Drummer Silty Clay Loam soil. The annual average rainfall received in the area is around 967 mm from 2003 to 2022. The six plots at the research site were installed with different tile drainage configurations (spacing and depth). The tiles installed in plots CS-1 and CS-3 were spaced at 12.2 m and a depth of 1.1 m; in CS-2 and CS-4, the spacing was 24.4 m and the depth was 1.1 m; and in CS-5 and CS-6, the spacing was 18.3 m and the depth was 0.8 m (Figure 1). CS-2 and CS-4, and CS-5 and CS-6 have the same drainage coefficient. We installed perforated PVC without a filter for the lateral tiles and double-walled, corrugated, non-perforated PVC for the main tiles.



All the CS plots were under the corn and soybean rotation system. Fertilizer in the form of urea and ammonium-nitrate solution (UAN32%) at the average rate (533 L/ha) was applied in each plot before planting corn (2019, 2020, and 2022). Additional monoammonium phosphate (MAP 11-52-0) fertilizer and potash were applied in each plot after harvesting corn at the average rate of 2263 L/ha and 286 kg/ha, respectively. Additionally, herbicides (atrazine and resicore) were applied before planting corn each year at the average rate of 2.8 kg/ha and 1.12 kg/ha, respectively.




2.2. Topographical Analysis


Our research field comprised a relatively larger scale (2 ha) of experimental plots compared to that of the other research field [15,16,18,19]. Consequently, significant differences in the Digital Elevation Model (DEM) existed, and the landscape position and land slope differences could influence tile flow. For example, certain plots may have received increased surface runoff from others due to the variations in DEM across the field. To analyze the topographical impacts on the tile flow of each plot, we utilized the Topographic Position Index (TPI) with the assistance of Lidar DEM data (Figure 2). TPI is defined as the disparity between the elevation of the central point (z0) and the mean elevation of its vicinity within a designated neighborhood (  Z ¯  ) [26,27,28].


  T P I =  Z 0  −  Z ¯   











Positive (+) TPI values indicate locations situated at elevations higher than the average of their surrounding areas, while negative (−) TPI values indicate locations situated at elevations lower than their surrounding areas [28]. In this study, a radius of 10 m from the target location was used to calculate the neighborhood’s average elevation.



The average TPI values for each field are as follows: CS-1: −0.0004, CS-2: 0.0000, CS-3: −0.0005, CS-4: 0.0003, CS-5: 0.0003, CS-6: 0.0010. According to the TPI analysis results, CS-6 was the highest position in this field, and CS-3 was the lowest position. However, when comparing the TPI median values for CS-1 and CS-3, CS-1 shows a value of −0.0008, while CS-3 shows a value of −0.0004. Therefore, if extreme values that affect the average TPI are removed, CS-1 is actually positioned lower. As shown in the DEM map, the flow lines converge toward CS-1.




2.3. Data Collection, System Monitoring, and Statistical Analysis


To obtain the meteorological data, we used two different data sources. The first data source was the Champaign station data, obtained from the Water and Atmospheric Resources Monitoring Program at the Illinois State Water Survey, located 4 km away from the study area. Another source of data was from field measurements collected by the WatchDog weather station near our site, located 1.6 km away. The daily meteorological data from both stations were used to validate the data and also fill in the missing values. The collected meteorological data were used to calculate the water balance for each water year from 1 October to 30 September. We also obtained the remotely sensed evapotranspiration data to calculate the water balance. We collected MODIS Evapotranspiration data (MOD16A2 product) from the NASA Distributed Active Archive Center (DAAC), which had a 500 m spatial resolution and an 8-day data gap [29]. The product is based on the algorithm of the Penman-Monteith equation and uses the meteorological reanalysis data and 8-day remotely sensed vegetation property dynamics from MODIS to calculate 8-day evapotranspiration [29].



Each monitoring station was equipped with a v-notch weir and logger for monitoring daily drainage flow and recording water pressure at the outlet of subsurface drainage systems. The station was instrumented to measure the flow rate at 10-min intervals using a Hobo water level logger (Onset U20-001-01, Bourne, MA, USA). Two barometric sensors were installed in the control structure CS-1 and CS-6 for recording atmospheric pressure, which was used to compensate for reading errors by the individual water depth sensors at both sites.



Sensor data were downloaded once a month, and drainage flow rates were calculated using a calibrated V-notch weir equation as described by [30]. Water samples were collected twice a week (Tuesdays and Fridays) from March to October and once a week (Fridays) from November to February using the grab sampling method. Additional water samples were collected following extreme rainfall events. The collected water samples were analyzed for NO3-N in the Water Quality Laboratory of the Department of Agricultural and Biological Engineering at the University of Illinois. The samples were stored at a temperature of 4 °C until the time of analysis in the laboratory. The hydrazine sulfate reduction method with an auto-analyzer was used to determine the nitrate-N concentrations of the water samples. The detection limit for nitrate-N was 0.07 mg L−1. The measured stage and time of the recorded stages were utilized to calculate subsurface flow rates and volumes. Nitrate-N loads were calculated using nitrate-N and concentrations and computed tile flow volume based on the flow-weighted mean concentrations method. The mass loss for each plot was divided by the area of each plot and reported in kilograms per hectare (kg ha−1).



A single-factor ANOVA was performed to determine the difference in the drained water flow and nitrate-N loads and concentration, followed by Tukey’s honest, significant test. A single-factor ANOVA determines whether there are statistically significant differences between the means of three or more independent groups, but it does not confirm where those differences lie. Tukey’s HSD test was performed to confirm which specific group’s means were different. A 95% confidence interval was adopted for both ANOVA and Tukey tests.





3. Results and Discussion


3.1. Weather, Evapotranspiration, and Subsurface Drainage Flow


The 20-year (2003–2022) average annual precipitation in the study area was 967.4 mm yr−1. The annual precipitation records for the study period (2018–2022) show the long-term average precipitation in the year 2019 (1294.1 mm) and below-average precipitation in the year 2022 (907.8 mm). The 4-year average precipitation is 1102.8 mm yr−1. The 4-year average evapotranspiration data show 526.7 mm yr−1 (Figure S1, Supplementary Material). Compared to the 4-year average precipitation data, the rate is about 47.8%.



The concept of a water year is important for considering the freezing and/or thawing effects of precipitation during the winter season [31]. Even if rainfall or snow occurs within a given year, the resulting flow may not occur until the following year due to the freezing effect. In Illinois, USA, it is more logical to include winter season precipitation from October to February within the same year. Consequently, we analyzed the monitoring data based on the water year, which spans from 15 October of the current year to October 14th of the following year.



The 4-year water precipitation, evapotranspiration, and drain water flow for each plot are summarized in Table 1. The drain flow removed an average of 41.6% of rainwater from the six plots over 4 years. The evapotranspiration rate is about 49% of the average annual precipitation. The drain water flow percentages of rainwater for the six sites (CS-1 to CS-6) were 64.3%, 34.5%, 57.6%, 38.6%, 39.1%, and 15.7%. These results are comparable and within the range (except CS-1 and CS-3) reported in other similar regional studies [20,32,33]. In a 4-year field study conducted in Iowa, ref. [32] found that the percentage distribution of total precipitation to drain water flow ranged between 18–40%. Ref. [20] reported that 8% to 20% of annual precipitation contributed to the average annual drain water flow in a 3-year field study in Indiana. In another study, ref. [5] found that drain water flow percentages of precipitation ranged from 15% to 22% in a 10-year study in Illinois. In the third year, surface runoff and percolation rates were higher than in other years due to flooding events. There were more flooding events in the third year compared to the other monitoring years. As a result, there was more surface runoff than in the second year, even though the second year had more rainfall than the third. We did not measure the runoff and percolation rates directly, which is a limitation of this research.



Figure 3 shows the total drain water flow observed during all plot monitoring periods. Plot CS-1 had the highest percentage of drain water flow compared to the other plots, followed by plots CS-3, CS-5, CS-4, CS-2, and CS-6. The highest total drain flow of 273.0 cm was recorded in plot CS-1, and the lowest drain flow of 66.8 cm was recorded in plot CS-6 in a 4-year field study. CS-1 and CS-3 had a higher flow rate range than observed in the referenced studies. The higher percentage of drain water flow recorded in plots CS-1 and CS-3, associated with narrow drain spacing, resulted in an accelerated drainage discharge of rainwater compared to the other plots.



Following an analysis of the topographic position index (TPI) results, a comparison of the average and median values across each field reveals that the CS-1 plot is at the lowest elevation, while CS-6 is at the highest elevation. This may contribute to surface runoff from other plots onto plot CS-1 and surface runoff loss from plot CS-6.



CS-2, CS-4, and CS-5 have the same drainage coefficient, resulting in similar tile flow results. Although CS-6 has the same drainage coefficient as these fields, it shows lower tile flow results. This disparity can also be attributed to the topographical characteristics of plot CS-6, situated at the highest elevation within the fields (Figure 2). When segmenting the study fields into the east and west parts, CS-2 is located in the highest position within the west part, whereas CS-6 is situated in the highest position within the east part. Consequently, based on the findings from the surface flow line analysis, even though the elevation of plot CS-2 is lower than that of plots CS-4, CS-5, and CS-6, its total tile flow is slightly lower compared to the tile flow results observed in plots CS-4 and CS-5. Thus, spatial differences in topography and soil types were also reflected in these results through the TPI analysis and surface flow line results.



Throughout the study period, we observed four growing seasons (from mid-May to mid-October) and four non-growing seasons (from mid-October to mid-May). An average annual precipitation of 463.0 mm yr−1 was received during the growing season, whereas, during non-growing seasons, an average annual precipitation of 562.5 mm yr−1 was received. Drain flow occurred sporadically throughout the growing seasons, typically at the beginning or during heavy rainfall events. During the non-growing seasons (mainly between November and January), most plots had very small tile flow due to low precipitation or frozen soil conditions (Figure S2).



The results of the precipitation and drain water flow observed during growing and non-growing seasons are presented in Table 2. During the crop growing season, the percentage of drain flow to precipitation was recorded in the range of 0.5% (CS-6) to 66.8% (CS-1). One reason why the higher percentage of drain water flow during the fourth non-growing season is associated with flooding and the backwater effect is that it causes the percentage of rainwater in the drain flow to exceed 100% (CS-3).



We conducted an ANOVA (analysis of variance) single-factor test to compare the mean daily discharge between the plots. The analysis results showed that one or more plots have a significantly different mean daily discharge, with a p-value of 2 × 10−16 at a 95% confidence interval (p < 0.05). Among the various ANOVA test methods, we used Tukey’s HSD test to identify which plot group has a significantly different mean discharge of daily flow. The Tukey’s test results in Figure 4 indicate that the mean drainage discharge in plots CS-1 and CS-3 significantly differs from that of CS-2, CS-4, CS-5, and CS-6 (p < 0.05).



Additionally, there is no significant difference in flow observed among plots CS-2, CS-4, and CS-5. However, plot CS-6 shows significant differences from all other fields. This result also draws a very similar conclusion to the total flow analysis. The result suggests that plots with narrower drain spacing have higher mean discharge than plots with wider drain spacing.



The daily nitrate-nitrogen (NO3-N) load (kg N ha−1), NO3-N concentration (mg L−1), and mean NO3-N concentration for all six plots from 2018 to 2022 are presented in Figure S3. The NO3-N concentration in subsurface water samples fluctuated from almost zero to 73.6 mg L−1 for sites CS-1 to CS-6. During the study period, the highest mean NO3-N concentration of 20.3 mg L−1 was observed in plot CS-6, and the minimum mean NO3-N concentration of 7.5 mg L−1 was observed in plot CS-2. In CS-1 and CS-2, the daily NO3-N concentration in drainage flows was below USEPA’s drinking water standard of 10 mg L−1 most of the time (Figure S3). However, the NO3-N concentration in drain flow from plots CS-3, CS-4, CS-5, and CS-6 often exceeded the USEPA’s limit (10 mg L−1). The concentration of NO3-N in the drain flow in each plot varied widely from month to month. Peak concentration was observed at the beginning of the corn planting season (mainly in May each year) and late fall after harvesting the crops. This variation in the NO3-N is associated with pre-planting and late fall N applications.



For annual nitrate loss, plot CS-3 had the highest loss compared to other plots (Table 3). Even though CS-1 had higher tile flow compared to CS-3, CS-3 had relatively higher tile flow and nitrate concentration from 2018 to 2020. Another noteworthy observation is that CS-4 shows greater total nitrate loss compared to CS-1. According to Figure S3, CS-4 kept higher levels of NO3-N effluent concentration spanning from 2018 to the middle of 2020. Consequently, despite the comparatively less volume of water flow from the field within the confines of CS-4, in comparison to the drainage plots of CS-1 designed by narrower drain spacing, the amount of nitrate loss, as quantified by the product of water volume and effluent concentration, had a substantial result.



Upon conducting a comparative analysis of the outcomes over various years, it was found that Year 2, characterized by higher precipitation levels (the wettest year), showed the most pronounced NO3-N loss. Year 3, not Year 4, which had the least rainfall, showed the lowest nitrogen loss. This result can be attributed to the fact that, in Year 3, soybeans were cultivated and there was a relatively reduced use of fertilizers. This trend is further supported by the data in Figure S3, which show that the nitrogen effluent concentrations from each plot in Year 3 were lower compared to the years with corn cultivation. Thus, when exclusively considering the variables of rainfall and corn cultivation, it becomes evident that the nitrogen loss during Year 4, which had the least amount of rainfall, was actually the lowest among the corn cultivation years.



We extended the approach to calculating the cumulative NO3-N loads for each plot (Figure 5). Over the study period, we observed total NO3-N losses ranging from 116.0 to 278.3 kg N ha−1 for all plots (CS-1: 164.3, CS-2: 127.0, CS-3: 278.3, CS-4: 242.9, CS-5: 204.6, and CS-6: 116.0 kg N ha−1). We found that plots with wider drain spacing of 18.3 m and 24.4 m (except CS-4) had fewer NO3-N losses (range 116.0 to 204.6 kg N ha−1) compared to plots with 12.2 m drain spacing (164.3 and 278.3 kg N ha−1). The plots with wider drain spacing had less drain flow, due to which soil retained more NO3-N.



In plot CS-4, we observed relatively higher NO3-N losses compared to CS-2 and CS-5, which are set up with the same drainage coefficient, despite showing similar total cumulative tile flow. This is due to the consistently higher nitrate concentrations in CS-4, while CS-2 showed lower concentrations at the beginning of the monitoring years (Figure S3). These differences may be attributed to the complex interaction of nitrate loss with factors such as temperature, soil moisture, soil microbial activity, snowmelt, soil types, etc.



The observation also showed that the NO3-N load was higher in drainage water during the non-growing season compared to the growing season. This is apparently because most tile flow occurs during the non-growing season. The average load during the non-growing season ranged from 16.5 kg N ha−1 to 42.3 kg N ha−1, whereas during the growing season, the average load ranged from 4.8 kg N ha−1 to 20.7 kg N ha−1 (Table 4).



We also performed Tukey’s test to identify whether the plots’ mean NO3-N load in drainage water differs and if the spacing and depth influence the NO3-N load. The mean NO3-N load was non-significantly different between plots CS-1 and CS-3, CS-1 and CS-4, CS-1 and CS-5, CS-2 and CS-5, CS-2 and CS-6, CS-3 and CS-4, and CS-4 and CS-5 (Figure 6). The Tukey’s test showed that the mean NO3-N losses (kg N ha−1) from plots with wider drain spacing significantly differed from plots with narrow drain spacing. The one exception that we observed was between plots CS-2 and CS-4. Both plots had the same drain spacing and depth, but the mean NO3-N load differed significantly. This may be attributed to surface runoff from plot CS-6 to plot CS-4 during peak rainfall events, contributing to higher nutrient deposition.




3.2. Soil Nitrate Concentration for Each Plot


This study was conducted to establish the relationships between subsurface drainage design and the exported water quality from each plot. If there was a significant variation in nitrate concentrations within each plot’s soil due to nitrate treatments, this imbalance could potentially affect the initial research findings we aimed to determine. To resolve this issue, we conducted soil samplings prior to sowing in both 2021 and 2022, following the NRCS soil sampling procedure for nutrient management. For soil sampling, we collected two composite soil samples from each plot at depths of 0–15 cm (shallow soil layer) and 15–30 cm (deep soil layer). This process involved collecting 20 equal-sized soil core samples in a random pattern across each plot for each sampling depth. The 20 soil cores collected for each sampling depth were then thoroughly composited into a single representative sample for each plot. Figure 7 presents the soil nitrate concentrations for each plot in both 2021 and 2022. The findings indicate that nitrate concentrations ranged from 2.9 to 8.8 ppm in the surface layer and from 4.6 to 6.4 ppm in the subsurface layer over the 2-year period. Averaging nitrate concentrations revealed a slightly higher concentration (5.4 ppm) in the shallower depth (0–15 cm) compared to the deeper depth (15–30 cm), with an overall soil concentration of 5.2 ppm across the entire field. Additionally, the observations indicated that nitrate concentration variability in the soil was slightly greater at the shallower depth than at the deeper depth across the plots. As a result, the nitrate concentration in the soil exhibits minimal variation between depths and years across the plots.




3.3. Crop Yield Response


Crop yield in each plot was mapped during harvesting using a yield mapping monitor mounted on the grain combine harvester. The harvester recorded information such as grain flow, moisture, area covered, and location. Crop yield data were recorded in 2018, 2020, 2021, and 2022 for each plot. However, due to technical issues with the combine harvester’s yield mapping system, the crop yield data for 2019 were lost. Table 5 shows the average annual yield for each plot in 2018, 2020, 2021, and 2022. We observed a consistent crop yield pattern across the plots during the recorded years. The soybean yield followed a similar trend to the corn yield in 2021. On average, plots with the same design combination, CS-2 and CS-4, showed a 5.1% to 2.6% higher corn yield (3-year average) compared to CS-1 and CS-3, and CS-5 and CS-6, respectively. Among the individual plots, the highest average corn yield recorded was 11,332 kg ha−1 in CS-2, followed by CS-3, CS-6, CS-4, and CS-5. The lowest average corn yield recorded was 9976 kg ha−1 in CS-1. We observed a substantial difference in corn yield between the plots with different drainage spacing and depth.



Our particular interest lay in the observations regarding drainage design, nitrate losses, and productivity within the CS-2 plot. The results observed in the CS-2 plot showed relatively lower tile flow and nitrate loss while also demonstrating the highest corn productivity, despite having a wider drainage design. These findings differ from those reported in previous research studies [25,34]. Generally, subsurface drainage systems with a narrower design are more effective at controlling excess water than wider systems. Previous research on yield results suggests that narrower subsurface drainage positively affects productivity. From the overall results of our observations, we can infer that corn and soybean plants in CS-2 utilized more water and nitrate from the soil. The higher water retention in the soil also influences longer microbial processes facilitated by saturated water, which may have contributed to the higher crop yield observed in the CS-2 plot compared to other plots. Therefore, we suggest optimizing the drainage design with a correctly wider and deeper system to enhance productivity while pursuing sustainability by reducing nutrient loss for the environment.





4. Conclusions


Subsurface drainage has demonstrated its capacity to enhance the productivity of poorly drained soils; however, it concurrently increases nutrient leaching through the soil profile. Our 4-year investigation indicated that tile drainage configuration significantly influences drain flow and nutrient losses. Comparisons between narrowly spaced and widely spaced tile-drained plots revealed significant variations in drain flow, with tile drains removing an average of 41.6% of rainwater across the six plots. We found that plots with a drain spacing of 24.4 m (CS-2 and CS-4) and a drain spacing of 18.3 m (CS-5 and CS-6) showed 40% and 55% lower drain flows, respectively, compared to plots with a drain spacing of 12.2 m (CS-1 and CS-3). This suggests that the narrower drain spacing in the plots has a significant influence on drain flow. Seasonal tile flow showed that the non-growing season accounted for approximately three times more flow than the crop-growing season across all plots. During the growing season, drainage flow ranged between 32 mm and 201 mm (removing an average of 25.7% of rainwater), while in the non-growing season it ranged from 131 mm to 468 mm (removing an average of 55.7% of rainwater). On average, for each plot, total tile flow over the 4 years during the non-growing season was 94% (CS-2) to 305% (CS-6) higher than during the crop-growing season.



The mean NO3-N concentration in drainage water was higher than 10 mg L−1 in most plots, except for CS-1 and CS-2. Our field records showed that plots with wider drain spacing retained more NO3-N than those with narrower spacing and deeper drains, except for CS-4. The average annual NO3-N losses from all plots over 4 years were around 50 kg N ha−1. Cumulative 4-year NO3-N losses from plots CS-2 and CS-4 (24.4 m drain spacing) and CS-5 and CS-6 (18.3 m drain spacing) were 27% and 37% lower, respectively, compared to CS-1 and CS-3 (12.2 m drain spacing). Plot CS-4 showed NO3-N losses that were 77%, 16%, and 99% higher compared to CS-2, CS-5, and CS-6, respectively, despite four plots having the same drainage coefficient properties. Our observations indicated that tile flow results are highly influenced by physical variables such as drainage design, drainage coefficient, soil types, landscape position, and land slope. However, when considering water quality from agricultural fields, the mechanism is influenced not only by physical variables but also by biochemical effects in the soil. Therefore, it is evident that NO3-N losses are influenced by various factors beyond drainage design alone. Seasonal NO3-N losses showed that the non-growing season accounted for approximately twice the NO3-N losses of the crop-growing season across all plots. On average, for each plot, 4-year NO3-N losses during the non-growing season were 30% (CS-2) to 352% (CS-6) higher than those during the crop-growing season.



Corn yield data from 2018, 2020, and 2022 showed higher yields in plot CS-2, followed by CS-3, CS-6, CS-4, CS-5, and CS-1. CS-2 showed relatively less NO3-N loss with higher tile flow compared to CS-6, resulting in higher productivity than the other fields. Consequently, the comprehensive analysis suggests that a wider drainage system could potentially reduce nitrate losses and promote sustainability for both the environment and agricultural productivity. However, in fields with wider subsurface drainage, there is a risk of temporarily discharging nitrate nitrogen at high concentrations during drainage events due to the accumulation of nitrate nitrogen in the soil that cannot be drained. Therefore, to mitigate the limitations associated with subsurface drainage design, agricultural engineering measures such as actively controlling the subsurface water table or implementing additional facilities (e.g., bioreactors) seem necessary.



This study highlights the substantial influence of subsurface drainage design on drain flow, nutrient losses, and crop yield, with potential for optimization to enhance crop productivity and reduce nutrient losses. However, it is clear that measures to address the inherent field uncertainty in the current research should also be considered. Specifically, further research and extended field observations—such as soil profiling, hydraulic conductivity, soil water retention curves, infiltration rates, water table fluctuations, and changes in soil moisture over time—will provide deeper insights into the outcomes of this field study. We will also consider a modeling study on how the drainage design influences hydrology and crop yield to reach a comprehensive conclusion based on various scenarios using this valuable monitoring study.
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Figure 1. Field layout and drainage system design of CS-field. 
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Figure 2. Field boundaries and surface flow line of CS-field with Lidar DEM (left) and Topographic Position Index (TPI) map (right). 
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Figure 3. Cumulative daily tile flow at each site from 2018 to 2022. 
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Figure 4. Drainage flow differences between plots were analyzed using Tukey’s test (p < 0.05). CS-1 and CS-4, and CS-2, CS-4, and CS-5 showed no significant differences. 
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Figure 5. Cumulative daily nitrate-N loss at each site from 2018 to 2022. 
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Figure 6. NO3-N load differences between plots were analyzed using Tukey’s test (p < 0.05). CS-1, CS-3, and CS-4 and CS-1 and CS-5, CS-2 and CS-5 and CS-2 and CS-6 showed no significant differences. 
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Figure 7. Nitrate concentration of soil below 0–15 cm and 15–30 cm. The nitrate concentration in the soil exhibits variation between depths and years across the plots. 
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Table 1. Summary of water balance according to water year from 2018 to 2022.






Table 1. Summary of water balance according to water year from 2018 to 2022.





	
Water

Year

	
Precipitation (mm)

	
ET

(mm)

	
Surface Runoff

+

Percolation

(mm)

	
Subsurface Drainage Flow

(mm)




	
Ave.

	
CS-1

(12.2 m × 1.1 m)

	
CS-2

(24.4 m × 1.1 m)

	
CS-3

(12.2 m × 1.1 m)

	
CS-4

(24.4 m × 1.1 m)

	
CS-5

(18.3 m × 0.8 m)

	
CS-6

(18.3 m × 0.8 m)






	
Year 1

(October 2018

–September 2019)

	
1077.2

	
575.7

	
93.9

	
408.5

	
697.3

	
366.5

	
607.4

	
358.6

	
274.7

	
146.4




	
(53.4) a

	
(8.7)

	
(37.9)

	
(64.7)

	
(34.0)

	
(56.4)

	
(33.3)

	
(25.5)

	
(13.6)




	
Year 2

(October 2019

–September 2020)

	
1141.5

	
527.7

	
57.4

	
557.6

	
754.3

	
577.3

	
744.8

	
521.6

	
479.2

	
268.2




	
(46.2)

	
(5.0)

	
(48.8)

	
(66.1)

	
(50.6)

	
(65.2)

	
(45.7)

	
(42.0)

	
(23.5)




	
Year 3

(October 2020

–September 2021)

	
1085.3

	
506.4

	
210.0

	
369.6

	
720.3

	
270.6

	
450.5

	
281.6

	
389.0

	
105.5




	
(46.7)

	
(19.4)

	
(34.1)

	
(66.4)

	
(24.9)

	
(41.5)

	
(25.9)

	
(35.8)

	
(9.7)




	
Year 4

(October 2021

–September 2022)

	
930.4

	
474.7

	
28.3

	
427.4

	
557.9

	
264.1

	
626.8

	
474.3

	
493.5

	
147.7




	
(51.0)

	
(3.0)

	
(45.9)

	
(60.0)

	
(28.4)

	
(67.4)

	
(51.0)

	
(53.0)

	
(15.9)




	
Average

(October 2018

–September 2022)

	
1058.6

	
521.1

	
97.4

	
440.1

	
682.5

	
369.6

	
607.4

	
404.9

	
409.1

	
167.0




	
(49.2)

	
(9.2)

	
(41.6)

	
(64.3)

	
(34.5)

	
(57.6)

	
(38.6)

	
(39.1)

	
(15.7)








a: Ratio to precipitation (%). Data sources: Precipitation-Champaign weather station (Illinois Water survey) and observed data (WatchDog); ET-MODIS16A2 (NASA DAAC); Subsurface drainage flow: Observed data; Surface runoff + percolation: Precipitation-ET-Subsurface drainage flow. Water year: from 1 October this year to 30 September next year.













 





Table 2. Summary of precipitation and subsurface flow during growing and non-growing seasons from 2018 to 2022.
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Seasons

	
Rainfall (mm)

	
Subsurface Drainage Flow (mm)

(Subsurface Flow as a Percentage of Rainfall, %)




	
CS-1

(12.2 m

× 1.1 m)

	
CS-2

(24.4 m

× 1.1 m)

	
CS-3

(12.2 m

× 1.1 m)

	
CS-4

(24.4 m

× 1.1 m)

	
CS-5

(18.3 m

× 0.8 m)

	
CS-6

(18.3 m

× 0.8 m)

	
Ave.






	
N-G a Season 1

	
694.9

	
526.6

	
317.5

	
501.1

	
315.3

	
260.5

	
144.7

	
344.3




	

	
(75.8)

	
(45.7)

	
(72.1)

	
(45.4)

	
(37.5)

	
(20.8)

	
(49.5)




	
G b Season 1

	
382.3

	
170.8

	
49.0

	
106.2

	
43.3

	
14.2

	
1.8

	
64.2




	

	
(44.7)

	
(12.8)

	
(27.8)

	
(11.3)

	
(3.7)

	
(0.5)

	
(16.8)




	
N-G Season 2

	
662.9

	
434.7

	
293.2

	
467.5

	
303.3

	
263.6

	
170.7

	
322.2




	

	
(65.6)

	
(44.2)

	
(70.5)

	
(45.8)

	
(39.8)

	
(25.7)

	
(48.6)




	
G Season 2

	
478.5

	
319.6

	
284.2

	
277.3

	
218.3

	
215.6

	
97.5

	
235.4




	

	
(66.8)

	
(59.4)

	
(58.0)

	
(45.6)

	
(45.1)

	
(20.4)

	
(49.2)




	
N-G Season 3

	
468.9

	
461.5

	
143.1

	
276.8

	
160.8

	
241.0

	
77.6

	
226.8




	

	
(98.4)

	
(30.5)

	
(59.0)

	
(34.3)

	
(51.4)

	
(16.5)

	
(48.4)




	
G Season 3

	
616.5

	
258.9

	
127.5

	
173.7

	
120.8

	
147.9

	
27.9

	
142.8




	

	
(42.0)

	
(20.7)

	
(28.2)

	
(19.6)

	
(24.0)

	
(4.5)

	
(23.2)




	
N-G Season 4

	
555.8

	
505.5

	
251.2

	
586.7

	
437.7

	
428.0

	
145.4

	
392.4




	

	
(90.9)

	
(45.2)

	
(105.6)

	
(78.8)

	
(77.0)

	
(26.2)

	
(70.6)




	
G Season 4

	
374.7

	
52.4

	
12.9

	
40.1

	
36.6

	
65.5

	
2.3

	
35.0




	

	
(14.0)

	
(3.4)

	
(10.7)

	
(9.8)

	
(17.5)

	
(0.6)

	
(9.3)




	
N-G Season Ave.

	
562.5

	
467.2

	
229.2

	
443.6

	
298.4

	
310.9

	
131.2

	
313.4




	

	
(83.1)

	
(40.7)

	
(78.9)

	
(53.0)

	
(55.3)

	
(23.3)

	
(55.7)




	
G Season Ave.

	
463.0

	
200.4

	
118.4

	
149.4

	
103.4

	
110.8

	
32.4

	
119.1




	

	
(43.3)

	
(25.6)

	
(32.3)

	
(22.3)

	
(23.9)

	
(7.0)

	
(25.7)








a: non-growing, b: growing.













 





Table 3. Yearly nitrate-N loss (kg/ha) at each site from 2018 to 2022.
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	Year
	CS-1

(12.2 m

× 1.1 m)
	CS-2

(24.4 m

× 1.1 m)
	CS-3

(12.2 m

× 1.1 m)
	CS-4

(24.4 m

× 1.1 m)
	CS-5

(18.3 m

× 0.8 m)
	CS-6

(18.3 m

× 0.8 m)
	Ave.





	Year 1

(October 2018–September 2019)
	67.2
	31.4
	85.4
	82.8
	47.3
	32.0
	57.7



	Year 2

(October 2019–September 2020)
	76.7
	62.7
	98.2
	79.0
	76.8
	45.8
	73.2



	Year 3

(October 2020–September 2021)
	38.6
	15.3
	29.0
	13.6
	38.5
	21.1
	26.0



	Year 4

(October 2021–September 2022)
	49.0
	17.6
	65.7
	67.5
	42.0
	17.1
	43.1



	Ave.

(October 2018–September 2022)
	57.9
	31.7
	69.6
	60.7
	51.1
	29.0
	50.0










 





Table 4. Nitrate-N (kg/ha) load in drain flow during growing and non-growing seasons (2018–2022).
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	Seasons
	CS-1

(12.2 m

× 1.1 m)
	CS-2

(24.4 m

× 1.1 m)
	CS-3

(12.2 m

× 1.1 m)
	CS-4

(24.4 m

× 1.1 m)
	CS-5

(18.3 m

× 0.8 m)
	CS-6

(18.3 m

× 0.8 m)
	Ave.





	N-G Season 1
	45.4
	26.5
	71.1
	73.3
	44.2
	31.5
	292.0



	G Season 1
	21.8
	4.9
	14.3
	9.4
	3.1
	0.5
	54.0



	N-G Season 2
	33.4
	27.9
	48.7
	51.6
	33.6
	35.6
	230.8



	G Season 2
	43.3
	34.7
	49.5
	27.4
	43.2
	10.2
	208.3



	N-G Season 3
	21.5
	4.9
	18.9
	0.0
	28.0
	13.4
	86.8



	G Season 3
	17.2
	10.3
	10.1
	13.6
	10.4
	7.6
	69.2



	N-G Season 4
	48.7
	16.8
	59.3
	63.5
	35.9
	16.1
	240.3



	G Season 4
	0.3
	0.8
	6.4
	4.0
	6.1
	1.0
	18.6



	N-G Season Ave.
	34.5
	16.5
	42.3
	38.4
	32.5
	21.7
	186.0



	G Season Ave.
	20.7
	12.7
	20.1
	13.6
	15.7
	4.8
	87.5










 





Table 5. Crop yield (wet weight, kg/ha) in plots CS-1 to CS-6 (2018, 2020, 2021 and 2022).
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	Year
	Crop
	CS-1

(12.2 m

× 1.1 m)
	CS-2

(24.4 m

× 1.1 m)
	CS-3

(12.2 m

× 1.1 m)
	CS-4

(24.4 m

× 1.1 m)
	CS-5

(18.3 m

× 0.8 m)
	CS-6

(18.3 m

× 0.8 m)
	Ave.





	2018
	Corn
	10,139

± 2565
	10,660

± 2900
	10,825

± 1394
	10,962

± 2020
	10,686

± 2662
	10,892

± 2978
	10,694

± 130



	2020
	Corn
	7904

± 3466
	11,335

± 3354
	10,646

± 898
	10,492

± 1305
	9282

± 3200
	10,816

± 2970
	10,079

± 758



	2021
	Soybean
	4649

± 2114
	5432

± 1302
	4895

± 1419
	4754

± 1181
	4831

± 1628
	4886

± 1275
	4908

± 270



	2022
	Corn
	11,885

± 2657
	12,001

± 2233
	12,416

± 1930
	11,643

± 1653
	11,836

± 2024
	11,903

± 1902
	11,947

± 287



	3 years

Ave.
	Corn
	9976

± 1995
	11,332

± 671
	11,296

± 974
	11,032

± 579
	10,601

± 1279
	11,204

± 607
	10,907

± 952
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