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FORWARD 

The year 2020 will be remembered for many reasons: civil and political unrest and a global 

pandemic among others.  Many were impacted one or more of these challenges.  The global 

pandemic forced a change in the delivery of the 7th Soil and Water Management Field Day from 

an actual field event to a virtual meeting.  Although it was disappointing not to be able to meet in 

person, the virtual delivery did enable a larger, broader audience to participate in the event.  For 

this, we are grateful.  

 

The 7th Soil and Water Management Field Day was an event to bring producers, researchers, 

contractors, State and Federal agency staff, policy makers, and conservation groups together 

around a common issue: soil and water management for productivity, profitability and 

environmental benefit.  The over arching objectives of the 7th Soil and Water Management Field 

Day were to (1) provide a forum for researchers to share the results of on-going research with 

stakeholders, (2) provide an opportunity for stakeholders to participate in educational activities, 

and (3) provide stakeholders an opportunity to provide input into efforts addressing soil, water, 

and nutrient management issues. 

 

The 7th Soil and Water Management Field Day was designed to highlight progress on soil and 

water management research and is an example of inter-institutional collaboration. The focus of 

this year’s event was primarily on research being conducted as part of small watershed project 

evaluating in-field, edge-of-field, and beyond-the-field/in-stream practices for mitigating 

agricultural water quality.  This year’s program featured a variety of presentations including 

fertilizer, nitrogen and phosphorus, management impacts on water quality, bioreactors for 

mitigating nitrogen and phosphorus from tile drainage, managing water and nutrients using cover 

cropping, drainage ditches and constructed wetlands for water quality protection, and watershed 

scale modeling. 

 

A recently funded project supported some of the fore mentioned research.  The project titled 

“Integrated landscape management for agricultural production and water quality” was 

supported by the State of Minnesota Clean Water Land and Legacy Fund contract number 

123945.  This project included research on in-field, edge-of-field and in-stream practices for 

mitigating nitrogen and phosphorus from agricultural runoff and subsurface drainage.  

 

The proceedings and presentations from the Field Day include seven papers and eight 

presentations, which discuss research projects conducted by scientists from the University of 

Minnesota and USDA ARS. 

 

 

Jeffrey S. Strock, University of Minnesota – Southwest Research and Outreach Center 
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EXECUTIVE SUMMARY 

The cold climate of the Red River Basin of the North (RRB) poses unique challenges for 

implementing new agricultural practices. The promise of cover cropping for improved soil health 

in the north central US has been well-documented. Cover crops have been shown to both stabilize 

soils against erosion and absorb excess nutrients. These benefits can help keep nutrients in the field 

and out of rivers and lakes. Nevertheless, several recent studies have found evidence that cover 

cropping can increase phosphorus losses. This increase could potentially undo the water quality 

benefits that farmers hope to achieve by planting cover crops. 

The overall goal of this study was to explore the potential for phosphorus release from cover 

crop residue for the unique weather and soils of the RRB. To meet this objective, a laboratory 

study was conducted to quantify how much P was release from various species of cover crops 

when seeded following fall P fertilizer application. Samples of cover crop residue were frozen then 

submerged in water over four 24-hour time periods. Samples of the water were taken after each 

24-hour period for laboratory testing of the concentration of P in the water during each 24-hour 

period. 

Cover crop species, rate of P fertilizer, and number of submergence events all significantly 

affected the amount of P released by frozen cover crop residue. In the context of real-world weather 

and soil temperature observations, it is plausible that weather conditions would result in rates of P 

release from cover crop residue that are above the International Red River Board’s recommended 

P concentration threshold during the period from April 1 to October 31.  

This study showed that the level of P concentration released by the freezing and thawing of 

cover crop residue can release P levels exceeding recommended thresholds regardless of species, 

P application, and the amount of time submerged in water. Therefore, it is critical to anticipate this 

P release in order to ensure that soils have the capacity to absorb the released phosphorus. Potential 

strategies that RRB farmers can use when integrating cover crops into their rotations include 

careful balancing of P fertilizer application with crop needs, and installing P filters to trap P in 

runoff. 
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INTRODUCTION 

Interest in soil health and cover cropping is growing in the Red River Basin of the North 

(RRB)—one of the coldest agricultural cropping regions of the United States (Gunderson 2018). 

The promise of cover cropping for improved soil health in the north central US has been well-

documented (e.g., Dabney et al. 2001; Cates et al. 2018). While cover crops are often successful 

at scavenging nutrients, the ultimate fate of these nutrients is less certain. Literature reviews 

conducted by Duncan et al. (2019) and Liu et al. (2019) both reported finding evidence that suggest 

cover crops exacerbate phosphorus losses, potentially off-setting the water quality improvement 

that farmers hope to achieve by implementing them. 

The timing of nutrient release by cover crop residue varies by cover crop species, weather 

conditions, and soil microbial activity (Clark 2012). In Southern Manitoba, for example, Cicek et 

al. (2015) noted that the timing of nitrogen release from cover crop residues was too late in the 

growing season to benefit the following wheat crop. Similarly, Liu et al. (2013) suggested that the 

potential for growing season use of cover crop scavenged phosphorus (P) was limited finding that 

the timing of phosphorus (P) release was primarily during winter freeze-thaw cycles. 

At the same time that agriculture in the Red River Basin is increasingly experimenting with new 

cropping practices, it is also facing increased pressure from Canada to reduce phosphorus losses 

due to deteriorating water quality in Lake Winnipeg (Schindler et al. 2012). To better meet our 

binational goals for improved water quality, the International Red River Board (IRRB) 

recommended a seasonal total phosphorus (TP) concentration goal for the Red River of 0.15 mg 

L-1 between April 1 and October 31 (IRRB 2019). Thus, it is critical to both acknowledge and 

understand the benefits and tradeoffs of agricultural best management practices for phosphorus 

loss.  

The overall goal of this study was to explore the potential for phosphorus release from cover 

crop residue in the RRB. This work enables improved assessment of the potential water quality 

tradeoffs for phosphorus loss in the RRB. To meet this objective, a laboratory study was conducted 

to quantify the magnitude of P release from various species of cover crops when seeded following 

fall P fertilizer application. Samples of cover crop residue were frozen then submerged in water 

over four 24-hour time periods, and the concentrations of TP and soluble reactive P (SRP) were 

measured. 

The results of this laboratory study were interpreted in the context of observed weather and soil 

temperature to assess the plausibility of seeing conditions that would result in high rates of P 

release from cover crop residue during the IRRB’s critical April 1 to October 31 window for P 

loss to Lake Winnipeg. 

 

METHODS 

All data used for this analysis was collected at the University of Minnesota Northwest Research 

and Outreach Center (NWROC) in Crookston, MN (47.80142, -96.60585) between December 

2015 and April 2018.  

 

Cover Crop Experiments 

The potential for phosphorus uptake and release by cover crop residue was evaluated by 

sampling living green tissue from field plots. Field plots were established in Fall 2017 on a 

Wheatville very fine sandy loam soil (Coarse-silty over clayey, mixed over smectitic, superactive, 

frigid Aeric Calciaquolls). The field experiment evaluated three cover crop species (cereal rye, 

buckwheat, and forage radish) and three levels of fall fertilizer application (0, 75, and 150 kg P2O5 

ha-1).  
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About 200 g of living plant tissue was taken from each sub-plot, divided into nylon bags, and 

frozen at -18 C. Additional samples of fresh material were used to measured moisture and total P. 

The bags of frozen cover crop residue were placed them in jars suspended from the jar bottom by 

a perforated board. About one liter of distilled water was added to each jar to submerge the frozen 

cover crop residue. After standing for 24 hours, water was drained from the jar and a water sample 

was collected for P analysis. This process was repeated every 24 hours for 96 hours. These runs 

were replicated four times for each P rate and cover crop species.  

Concentrations of TP and SRP were determined using persulfate digestion followed by analysis 

on a Lachat Flow Injection Autoanalyzer (Hach, Loveland, CO). TP concentrations were 

determined from unfiltered samples, while SRP concentrations were determined from samples 

passed through a 0.45 µm filter prior to digestion. 

 

Assessment of Weather and Soil Conditions 

Hourly weather records collected at NWROC from January 2016 through October 2018 were 

used in the weather analysis. Records used included rainfall amount, air temperature, and soil 

temperature at four depths (10 cm, 20 cm, 50 cm, and 100 cm).  

 

Statistical Analysis 

All statistical analyses were performed in JMP Pro 14.0.0 (SAS Institute 2018) at α < 0.05. 

Concentration data were evaluated following a multiple linear regression approach using the ‘Fit 

Model’ platform in JMP. Response variables were SRP and TP concentration. Predictive variables 

were cover crop species (buckwheat, rye, radish), fertilizer application rate (0, 75, 150), and timing 

within submergence sequence (first, second, third, fourth submergence). All interaction effects 

were included in initial model set up. Prior to analysis, concentration data were transformed using 

cube root to be approximately normally distributed.  

 

RESULTS AND DISCUSSION 

P Release by Frozen Cover Crop Residue 

The concentration of TP released from frozen cover crop residue ranged from 0.065 mg L-1 to 

14.25 mg L-1 with a median concentration of 2.25 mg L-1. SRP concentrations ranged from <0.005 

mg L-1 (detection limit) to 12.97 mg L-1 with a median concentration of 1.30 mg L-1.  

Cover crop species, rate of P2O5 fertilizer, and number of submergence events all significantly 

affected the amount of water extractable SRP and TP released by frozen cover crop residue (Table 

1). Frozen cover crop residue released the greatest amount of water extractable SRP and TP during 

the first 24-hour submergence event (Figure 1). These concentrations significantly decreased with 

each successive submergence. Greater P2O5 fertilizer applications also resulted in significantly 

greater SRP and TP release than the lesser rates. Cereal rye residue released significantly greater 

SRP and TP than either radish or buckwheat residue. Forage radish residue released significantly 

greater SRP and TP than buckwheat residue. This finding is consistent with previous work that 

found freeze-thaw cycles will affect cover crop species differently (Liu et al. 2013; Cober et al. 

2019). 

The significant interaction effects suggest that P2O5 rates affected the three cover crop species 

differently, and that it had the strongest effect on buckwheat (Figure 1). The sequence of 

submergence events also affected cover crop residue differently. For example, by the fourth 

submergence, radish residue was releasing significantly less SRP than the other cover crop 

residues. The interaction between P2O5 rate and sequence of submergence events suggests that 

higher rates of P2O5 application resulted in a greater amount of SRP and TP released from all cover 
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crop residues during the initial submergence event, but the rate of P release in successive events 

dropped more quickly as well. 

Laboratory measurements of median TP concentration were nearly two orders of magnitude 

higher than IRRB goal of 0.15 mg L-1. Nevertheless, it is probable that actual P release will be 

lower under real-world conditions. Cober et al. (2019) found that the amount of P release observed 

during field experiments were three times less than what had been released in their prior laboratory 

study (Cober et al. 2018). Still, even at three times lower levels, P release from cover crop residue 

could pose a water quality risk. 

 

Relating Weather and Soil Conditions to P release 

Weather data from NWROC between 2016 and 2018 show that air temperatures typically drop 

below freezing for the first time in October. Average air temperatures then fluctuate above and 

below freezing until generally remaining below freezing between November and March. In 2018, 

temperatures remained below freezing until April. The weather observed conditions in this study 

were similar to those reported by Kokulan et al. (2019) for Southern Manitoba during the same 

period, with air temperatures remaining below freezing from mid-November to March.  

Soil temperatures lag behind air temperatures, dropping below freezing four inches deep 

beginning between late November and December. Deeper depths lag further behind, and may not 

freeze below 20 inches until February or March. This also means that the deeper depths remain 

frozen longer than shallower depths (Figure 2). Slightly warmer winters—such as that observed 

during the winter of 2016 to 2017—may result in multiple freeze thaw cycles (Figure 2). Several 

discontinuous freeze thaw events have been noted result in greater phosphorus release from cover 

crop residues than in winters where crop residue freezes and thaws only once (Liu et al. 2013). 

The drop of air temperature below freezing in October represents the first opportunity for a 

freeze thaw cycle. This first freeze thaw cycle would likely release the greatest pulse of phosphorus 

during the IRRB’s critical April 1 to October 31 window for P loss. However, the P released during 

this first freeze-thaw cycle is less likely to be carried off-site by surface runoff due to the seasonally 

low antecedent moisture conditions observed during this time period (Kokulan et al. 2019).  

In the spring, soils tended to thaw more rapidly than they freeze, usually only taking a few days 

to thaw down to deeper soil layers when compared with the weeks or months it takes to freeze the 

profile at the beginning of the winter season (Figure 2). Although this time period is shorter, it 

could pose a greater risk of P movement in surface runoff. Kokulan et al. (2019) observed a 

disconnection between shallower soil depths and deeper soil layers due to a frozen intermediate 

soil layer. Ice formation in frozen soils restricts available pore space, slowing downward 

infiltration in the soil profile (Kahimba et al. 2009). Thus, rainfall or snowmelt events occurring 

at the same time the soil is thawing will have an increased chance to generate surface runoff. In 

March 2016, this scenario occurred, with 0.84 cm of rain falling when the top layers of the soil 

profile were thawed, but deeper layers remained frozen (Figure 3). 

 

Implications for Cover Crops and P Management 

P release by frozen cover crop residue has the potential to be environmentally significant. 

Nevertheless, cover crops can remain a viable strategy for reducing agricultural nutrient loss by 

managing the potential risk posed by cover crop residue in cold climates. Whether the P released 

during the freezing and thawing process is ultimately adsorbed into the soil or desorbed and enters 

waterways is likely a function of the degree of saturation already present in the soil profile 

(Satchithanantham et al. 2019). This is reflected in the study results, which show that lower P2O5 

applications resulted in lower P release.  
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Preventing build-up of phosphorus in upper soil levels on cover-cropped ground is one potential 

strategy for managing the water quality risk posed by cover crop residue. Additionally, sites that 

already have high levels of soil phosphorus may need an alternate mitigation strategy to draw down 

phosphorus levels, or to trap the soluble phosphorus released by cover crop residue. Due to the 

timing of the thaw event that is most likely to generate off-site P movement, the presence or 

absence of subsurface drainage in the field is unlikely to be a mitigating (or contributing) factor to 

this water quality risk.  

 

SUMMARY 

The magnitude of P release from frozen cover crop residue can pose a water quality risk in the 

Red River Basin of the North. This study revealed that the concentrations of TP released by cover 

crop residue during March and April could both exceed the concentration thresholds recommended 

by the International Red River Board, and be carried into waterways via surface runoff. Because 

environmentally risk levels of phosphorus can be released by any cover crop species, with or 

without P application, and after several submergence events, it is critical to ensure that soils have 

the capacity to absorb the phosphorus that is released by the cover crop residue. RRB farmers 

integrating cover crops into their rotations should apply phosphorus fertilizer using a sufficiency 

approach, and may need to implement additional mitigation strategies to trap P from cover crop 

residue if soil P levels are already high.  
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TABLES & FIGURES 

 

Table 1.  Overall ANOVA and Effects Tests for response of Water Extractable Soluble Reactive 

Phosphorus concentrations and Water Extractable Total Phosphorus concentrations to main and 

interaction effects.  

 

  Source DF 

Sum of 

Squares 

Mean 

Square F Ratio Prob > F 

             

 Soluble reactive phosphorus concentration 

Overall Model 23 46.7408 2.0322 57.2724 <.0001 

 Error 120 4.2580 0.0355   

 Combined total 143 50.9988    

       

Effect tests CC1 2 1.9543 0.9771 27.5379 <.0001 

 P2O5 1 1.1537 1.1537 32.5135 <.0001 

 CC*P2O5 2 0.8991 0.4496 12.6696 <.0001 

 Event 3 41.5810 13.8603 390.6162 <.0001 

 CC*Event 6 0.4824 0.0804 2.2660 0.0416 

 P2O5*Event 3 0.6199 0.2067 5.8238 0.0009 

 CC*P2O5*Event 6 0.0504 0.0084 0.2368 0.9636 

       

 Total phosphorus concentration 

Overall Model 23 31.0087 1.3482 95.7935 <.0001 

 Error 120 1.6889 0.0141   

 Combined total 143 32.6971    

       

Effect tests CC 2 2.5943 1.2972 92.1661 <.0001 

 P2O5 1 1.1641 1.1641 82.7091 <.0001 

 CC*P2O5 2 0.2993 0.1496 10.6330 <.0001 

 Event 3 26.1148 8.7049 618.5085 <.0001 

 CC*Event 6 0.3194 0.0532 3.7822 0.0017 

 P2O5*Event 3 0.4504 0.1501 10.6673 <.0001 

  CC*P2O5*Event 6 0.0665 0.0111 0.7870 0.5818 
1 CC: cover crop species; P2O5: Amount of P2O5 fertilizer applied; Event: the order of 

the submergence event. 
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Figure 1.  Water extractable soluble reactive phosphorus (SRP) and total phosphorus (TP) released 

from frozen cover crop residue when planted following three P fertilizer application rates and after 

four 24-hour submergence events in succession. 

 

 

 
Figure 2.  Daily average soil temperature at the Northwest Research & Outreach Center in 

Crookston, MN between January 2016 and December 2018. 
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Figure 3.  Daily average soil and air temperatures and total daily rainfall observed at the Northwest 

Research & Outreach Center in Crookston, MN during March 2016. 
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APPLICATION TIMING AND NITROGEN SOURCES TO MITIGATE SUBSURFACE 

NITRATE LEACHING, AND NITROUS OXIDE AND AMMONIA GAS EMISSIONS 

 

Sonia T. Menegaz and Fabián G. Fernández 

 

Department of Soil, Water, and Climate, University of Minnesota, St. Paul, MN 

 

Keywords: Nitrate Leaching, Nitrous Oxide Emissions, Ammonia Volatilization, polymer 

coated urea, split-nitrogen applications 

 

EXECUTIVE SUMMARY 

The use of synthetic fertilizers such as nitrogen (N) is imperative for food production. However, 

the use of inorganic sources of nutrients can cause negative environmental impacts. A study was 

conducted from 2014 through 2020 on a tile-drained clay loam soil to quantify the effects of two 

different N sources and application timings on nitrate (NO3-N) leaching, nitrous oxide (N2O-N) 

emissions, and ammonia (NH3-N) volatilization. A second objective of this study was to quantify 

the effects of those two different N management practices on corn yield. This study was conducted 

in Lamberton, MN, in a continuous corn system. Four treatments were replicated four times. Pre-

plant treatments consisted of urea and ESN applied as a single source at 180 lb a-1 rate, and side-

dress treatments included ESN and urea at 60 lb a-1 applied at pre-plant, and the remaining 120 lb 

a-1 of Agrotain applied at V4/V6. Treatments were broadcast-applied and the pre-plant treatments 

were also incorporated. Flow-weighted NO3-N concentration losses, which is the nitrate loss (lb a-

1) divided by the annual flow (in a-1), was not statistically different between treatments. The 5-year 

average nitrate-N load showed the lowest load with pre-plant ESN while no differences existed 

among the other three treatments. Cumulative N2O-N emissions were greater for pre-plant urea (5 

lb N2O-N a-1) compared to pre-plant ESN (1 lb N2O-N a-1) and split-applications had intermediate 

emissions. Ammonia volatilization losses ranged from 0 to 5.8% of the total N applied, with pre-

plant treatments accounting for the lowest emissions and the side-dress treatments the greatest 

emissions, though there was substantial variability in the measurements. Corn grain yield had no 

response to treatment. The lack of yield differences between treatments could be associated with 

the rate of N fertilizer applied, which was slightly above the University of Minnesota guidelines. 

However, a fairly consistent trend across years for greater yields for treatments with ESN was 

observed. This study suggests that controlled release N fertilizer (ESN) has the most potential to 

reduce N losses whereas time of application made little difference. 

 

INTRODUCTION 

Synthetic sources of nitrogen (N) fertilizer have been broadly used in agriculture to enhance 

crop production, which has allowed farmers to produce more per unit of land. Among other 

nutrients, N is considered vital because of the functions it carries in plants, accounting for 3 to 5% 

of the total biomass in healthy plants. Without N fertilizer, it would be impossible to produce high 

yields for many crops. Thus, N fertilizer has an important role in food production, and will continue 

as the expected world population rises to near 10 billion by 2050 (FAO, 2017). Even though N is 

essential for food production, the use of inorganic N has caused undesirable environmental 

impacts. The N applied on soils and not used by plants can be lost through different pathways such 

as nitrate leaching that causes water contamination, and ammonia (NH3) and nitrous oxide (N2O) 

emission that can cause air pollution and contribute to global warming and climate change. 
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Water contamination by N has resulted in algae blooms and hypoxia zones that are detrimental 

to marine life. The largest hypoxia zone in the US is located in the Gulf of Mexico and it occurs 

every summer as nutrient loading from Midwest agriculture lands occurs, especially during the 

spring when excess precipitation leads to N leaching. Similarly, groundwater contamination with 

nitrate is a serious threat to the drinking water supply. Besides water contamination, N fertilizer 

can contribute to N2O and NH3 gas emissions. Nitrous oxide is 300 times more potent than carbon 

dioxide, contributing to atmospheric warming. In 2018, N2O accounted for approximately 7% of 

the total US greenhouse gas emissions, where 78% of that came from agriculture (EPA, 2018). 

Ammonia can cause significant impacts on the environment, such as nutrient imbalances and 

eutrophication, and it can also cause human health problems. Studies have shown that considerable 

amounts of synthetic N fertilizer can be lost via volatilization as ammonia. Hence, it is imperative 

to improve N management practices to enhance corn N use efficiency and minimize environmental 

degradation.  

It is a common practice in Minnesota to apply most of the N at or before planting corn. 

However, the amount of N required by corn plants during early developmental stages is low, and 

N loss is considerably high due to excess precipitation that normally occurs at this time of the 

growing season. Applying N later in the season when corn N requirements are high is a practice 

that could reduce N losses. Along with application time, the use of controlled release fertilizers 

that make N available later in the season may reduce N environmental pollution. These possibilities 

need further investigation. Thus, the objectives of this study were: i) to quantify the effects of urea 

and polymer coated urea (ESN) and pre-plant and split-N application timings on NO3 leaching, 

N2O emissions, and NH3 volatilization emissions; and ii) to quantify the effects of those N 

management practices on corn yield. 

 

METHODS 

Field site and experimental design 

This ongoing field study started in 2014 at the Southwest Research and Outreach Center 

(SWROC) in Lamberton, MN ( 44° 14’ 11.0” N; 95° 18’ 41.4”W) on a poorly drained Webster 

clay loam soil (fine-loamy, mixed, mesic Typic Haplaquoll). The study was established on a 

continuous corn system.  

A randomized complete-block design with four replications was used for this study. The four 

treatments consisted of two different N sources and different timing of application. The single pre-

plant treatments included urea and ESN applied at the rate of 180 lb N a-1 and the split treatments 

consisted of urea and a polymer coated urea (ESN) applied at pre-plant at the rate of 60 lb N a-1 

and urea with Agrotain (Urea+) applied at the development stage V4/V6 at the rate of 120 lb N a-

1. The pre-plant treatments were broadcast applied by hand and incorporated by a field cultivator 

at a depth of 4 in. The side-dress application was done by hand without incorporation.  

The field has tile drainage that was established in 1994 and consists of 16 plots (30 ft (12 rows) 

wide by 60 ft long) that drain into separate culverts. To prevent lateral flow, each plot was isolated 

with a 12-mil plastic sheet to a depth of 6 ft by trenching around plot borders. The details of the 

experiment setup are given in Zhao (1998). Subsurface perforated plastic tile lines with 4 in of 

diameter were installed at 3.3 ft depth and 5 ft away from the plot width boundaries, simulating a 

tile line spacing of 108 ft. The tile lines were connected to non-perforated PVC pipes which allow 

them to drain into monitoring wells. Weather data was obtained from a station located at 0.6 miles 

from the experimental site. 
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Drainage and NO3-N losses 

Composite water samples were measured using tipping bucket devices and Isco 3700 water 

samplers from 2014 to 2017 (Zhao, 2001). In 2018, a new water sampling system was installed. 

The water drained from the subsurface tile lines emptied into a sump within the culvert and then, 

water was pumped through a DLJ100C, 1” cold water with 1-gallon output flow meter (Lawlor et 

al., 2018). Controlled by flow patterns composite water samples were collected on a flow-

proportional basis. Flow was recorded using a HOBO UX90-001x data logger at 5-min intervals.  

Nitrate-N loss (lb/a) was estimated by multiplying parts per million (ppm) nitrate-N concentration 

in the drainage water with drainage volume (L/a) which was measured between sampling dates. 

This loss was then divided by annual flow (in a-1) to obtain average flow-weighted NO3-N. 

 

N2O emissions 

Nitrous oxide emissions measurements started in 2018. Soil surface N2O fluxes were measured 

using a static chamber (11.5 in wide by 19.6 in long) method (Parkin and Venterea, 2010). Samples 

were typically collected 2 to 3 times per week for a few weeks after fertilizer application and less 

frequently thereafter. In 2018 a total of 27 samples were collected. In 2019, a total 37 samples 

were collected. One chamber was installed in each plot, centered between two rows of corn, with 

the short side parallel to the row. The chambers remained in the same place throughout the season. 

Sampling was generally made during the morning when the soil temperature in the upper 4 in was 

close to its daily mean value. At each sampling, tops were secured to anchors with binder clips, 

and samples were collected at 0, 0.5, 1, and 1.5 h using a polypropylene syringe. The samples were 

immediately transferred to glass vials sealed with rubber septa and analyzed within 2 weeks using 

a headspace autosampler connected to a gas chromatograph equipped with an electron capture 

detector. 

Air temperature measurements were obtained from a weather station 0.6 miles from the site. 

Soil temperature measurements were collected using a temperature probe at each sampling day. 

Soil samples were collected at 6 in depth to determine water content by drying at 220oF. Soil bulk 

density was determined with the soil weight before and after the oven dried at 220oF. Soil bulk 

density and water content were used to determine water-filled pore space (WFPS). 

 

Ammonia volatilization 

The NH3 volatilized was captured using a modified static ammonia sorber technique of 

Nommik (1973). Two semi-open static collection chambers were installed in the middle of two 

rows after fertilization. The chamber consisted of a PVC cylinder (18 in high and 8 in diameter), 

which was pressed into the soil to a depth of 2.5 in and capped to protect the inside from 

precipitation but allow air movement. Polyurethane plastic foam sorbers were washed with 0.73 

M phosphoric acid (H3PO4), rinsed two times with double deionized water, and soaked in a 

solution with 1.2 oz of 0.73 M H3PO4 / 5% glycerol (v/v) solution. Two treated sorbers were 

installed in each chamber, 0 and 5.9 in from the top of the chamber. The sorber on the bottom 

captured NH3 from the soil and the top sorber captured ambient NH3. The bottom foam was 

collected and replaced 2, 4, 7, 14, 21, and 28 days after pre-plant and side-dress fertilization. After 

collection, the sorbers were soaked overnight with 9.5 oz 2 M potassium chloride (KCl) solution 

and poured into 1 oz container vials for storage in the refrigerator and later analyzed for ammonium 

(NH4-N) concentrations. 
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Plant Nitrogen Content and Corn Yield 

Six whole plants were collected at development stage V6, V10, R1, and R6 between rows 3-4 

and 9-10.  Corn ears were also collected with the R6 samples.  Corn harvest was done in the four 

middle rows of the plots with a combine. Plants and grains were oven dried at 145oF and weighed. 

Grain and stover samples were further ground and analyzed for total N.  

 

Soil Nitrogen Content 

Two soil cores were collected before planting and post-harvest from the 0-12, 12-24, and 24-

36 in depth increments using a probe truck. Four soil cores samples were collected at development 

stage V6, V10, and R1 from the 0-12 and 12-24 in depth increments. Soil samples were oven dried 

at 95oF, ground, and analyzed for ammonium and nitrate content. 

 

Data Analysis and Statistics 

Analysis of variance was performed using linear mixed-effects models and the restricted 

maximum likelihood method in the lme4 package in R (version 4.0.2). Treatments were considered 

as fixed effects and block as a random effect. Response variables analyzed in this study were the 

following: cumulative drainage; flow-weighted nitrate-N concentration; cumulative nitrous oxide 

emissions and crop yield. Other measurements that were collected but not presented here are 

currently being analyzed and interpreted.   

 

RESULTS AND DISCUSSION 

Drainage, flow-weighted NO3-N concentrations and load 

Overall, this study highlights that precipitation amount, intensity and frequency along with soil 

water content at the time of the precipitation can have a profound impact on drainage. For example 

while annual precipitation was similar in 2016, 2018, and 2019 (Table 1), in 2018 large amounts 

of precipitation in June, July, and September caused flooding and resulted in greater amount of 

water drained in the site (Table 2). On the other hand compared to 2018, 2019 had fewer days (or 

days in a continuous sequence) with high precipitation resulting in about half the amount of 

drainage, and 2016 had a fairly good distribution of precipitation without excessive amounts on a 

single event and resulted in approximately a fourth of the drainage.  Averaged across treatments, 

subsurface drainage volume across all the years as percent of the total annual precipitation ranged 

from 16.2% in 2015 to 80.6% in 2018. Drainage was not influenced by treatments (Table 2) but 

year had a significant effect with 2018 having the largest amount of drainage (31 in) followed by 

2019 (16 in) but the first three years had low drainage amounts ≤ 7 in.  

Flow-weighted concentration was not different between treatments (Table 3). The overall 

yearly average flow-weighted concentration were significant different, with the highest values in 

2017 followed by 2016. Nitrate-N loading was consistently lower for the pre-plant ESN treatment 

relative to the other treatments (Table 4), but this trend became statistically different only when 

evaluated across all years. While intuitively a split application close to the time of rapid N uptake 

by corn would suggest less potential for N loss, our study does not show it. This is because of large 

rain events happening soon after the split application and illustrates that the timing of application 

is not as important as the timing of application in relation to precipitation events that result in 

drainage. As explained earlier precipitation variables influence drainage, which in turn can 

influence nitrate-N load. In 2018, the year with greatest drainage (Table 2), there was greater 

loading. However, 2017 and 2019 had similar nitrate-N loading with substantially different 

drainage.  
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N2O emissions 

In 2018 the pre-plant urea treatment had higher cumulative growing season N2O emissions 

than the pre-plant ESN treatment, but no differences existed between these treatments and the split-

application treatments (Table 5). In 2019, the pre-plant urea treatment had the highest cumulative 

N2O emissions of all treatments. Overall, our results indicate that for pre-plant applications the use 

of controlled release fertilizers (ESN) holds promise to lower emissions compared to urea. The 

split application overall had intermediate values compared to the highest and lowest values 

observed with the pre-plant treatments, but statistically were not different when averaged across 

the two years.   

 

NH3-N volatilization emissions 

For pre-plant treatments urea had the greatest NH3-N emissions (Table 6). Split application 

treatments had the lowest emissions after pre-plant fertilizer application, probably because of the 

low amount of fertilizer applied at this time, but the split application had overall greater emissions 

than any of the pre-plant applications even though the split application was treated with Agrotain 

(Table 6). This shows that ESN and/or incorporation by tillage (ESN was incorporated by tillage 

so the individual effect of tillage and ESN cannot be evaluated) are effective ways to reduce 

volatilization. While Agrotain has been shown to be an effective urease inhibitor in other studies, 

the reality is that if urea does not get incorporated by rain before the effectiveness of the inhibitor 

declines, volatilization losses will occur. While these results are preliminary (analysis is not 

completed yet), overall ESN as a pre-plant application showed the most consistency with the 

lowest amounts of ammonia emissions.  

 

Corn Yield 

Overall, no statistical differences were found between treatments for corn grain yields (Table 

7). However, there was a trend for treatments containing ESN yielding more. The N rate applied 

in this study was determined based on what farmers from the region usually apply, which is likely 

slighlty greater than the guidelines from the University of Minnesota. This could explain the 

observed lack of differences between treatments. Pre-plant urea is in general the least ideal 

application while pre-plant ESN or a split application tended to have numerically greater yield.  

 

SUMMARY 

Using different N sources and application timings has been suggested as potential N 

management practices to reduce N losses. In this study pre-plant ESN shows a potential benefit 

when compared with pre-plant urea to reduce N losses (especially during wet springs) and a fairly 

consistent trend for better grain yield. This study also shows that side-dress treatments did not 

decrease N losses when compared with pre-plant treatments. While N loss can be mitigated 

through N management, it is important to recognize that improvements obtained even with the best 

treatment, remained marginal. Further, the study highlights the importance of precipitation and 

drainage in relation to the time of fertilizer application. These uncontrollable variables can 

overshadow potential benefits we are trying to obtain through best N management practices. This 

is especially important as we evaluate progress towards N management improvements. It has been 

documented that the intensity and frequency of record-setting rain events is increasing for our 

region. This can create a difficult “moving target” to truly determine the amount of improvement 

made through management, and illustrates the need to take a multi-prong approach to effectively 

reduce N losses to the environment. This study also highlights the substantial amount of variability 
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present in environmental and agronomic measurements and the need for long-term studies that 

capture the different growing season conditions.  

 

TABLES 

 

Table 1. Precipitation during growing season at the research site 

Year April May June July Aug Sept Annual 

 inches  

2015 1.23 5.48 5.05 3.78 4.46 3.43 30.70 

2016 3.36 5.56 2.59 6.92 5.3 5.26 37.79 

2017 3.02 5.98 2.70 4.01 4.92 2.12 30.05 

2018 1.77 4.53 7.18 6.17 3.64 6.59 38.46 

2019 5.91 4.80 2.35 6.86 2.22 6.02 39.77 

30-yr 

normal 

2.99 3.42 4.13 3.89 4.01 3.03 27.08 

 

 

Table 2. Average annual subsurface drainage by treatment from 2015-19 and 5-year 

average  

Treatment 
2015 2016 2017 2018 2019 

5-year 

average 

 inches 

Urea 7 9 9 30 22 15 

ESN 4 5 6 22 12 10 

Urea/Urea+ 6 7 7 34 14 14 

ESN/Urea+ 4 7 7 38 18 15 

Average 5c† 7c 7c 31a 16b  
† Numbers within a row with a different lowercase letter are significantly different (P < 

0.05)  

 

 

Table 3. Average annual flow-weighted nitrate-N concentration by treatment from 2015-

19 and 5-year average  

Treatment 
2015 2016 2017 2018 2019 

5-year 

average 

 mg L-1 

Urea 5 11 14 6 6 8 

ESN 4 12 11 7 6 8 

Urea/Urea+ 6 11 15 7 7 9 

ESN/Urea+ 8 11 15 6 7 9 

Average 6b† 11a 14a 7b 7b  

† Numbers within a row with a different lowercase letter are significantly different (P < 

0.05)  
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Table 4. Annual nitrate-N load by treatment from 2015-19 and 5-year average  

Treatment 2015 2016 2017 2018 2019 5-year 

average 

  lb a-1 

Urea 6 19 30 45 32 27a† 

ESN 4 12 15 29 15 15b 

Urea/Urea+ 12 17 24 50 26 26a 

ESN/Urea+ 5 15 23 51 28 25a 

Average 7D‡ 15C 23BC 44A 25B   

† Numbers within a column with a different lowercase letter are significantly different (P < 

0.05) 

‡ Numbers within a row with different uppercase letter are significantly different (P < 0.05) 

 

 

Table 5. Cumulative growing season N2O emissions 

Treatment 2018 2019 2-year average 

 lb N2O-N a-1 

Urea 

ESN 

Urea/Urea+ 

ESN/Urea+ 

Average 

4 a† 

1 b 

3 ab 

3 ab 

3 

5 a 

2 b 

2 b 

2 b 

3 

5 a 

1 b 

3 ab 

3 ab 

† Numbers within a column with a different lowercase letter are significantly different (P 

< 0.05) 

 

 

Table 6. Cumulative NH3-N loss from 2019 and 2020 (Preliminary results) 

  Fertilizer application time 

  2019 2020 

Treatment PP† SD‡ PP+SD PP SD PP+SD 

  NH3-N cumulative loss (% applied N) 

Urea 5.8 0.0 5.8 4.1 0.0 4.1 

ESN 1.6 0.1 1.7 0.0 0.0 0.0 

Urea/Urea+ 0.7 13 14 0.2 4.3 4.5 

ESN/Urea+ 0.7 19 20 0.7 19 20 

Average 2.2 8.0  10 1.25 5.8 7.1 

†Pre-plant (PP); ‡ Side-dress (SD) 
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Table 7. Corn yield from 2014 to 2019 and 7-year average 

Treatment 2014 2015 2016 2017 2018 2019 Average 

 bu a-1 

Urea 148 164 158 193 152 163 163 

ESN 164 157 170 219 172 167 175 

Urea/Urea+ 145 163 170 191 162 176 168 

ESN/Urea+ 166 171 177 198 168 177 176 

Average 156 164 169 200 163 171  
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EXECUTIVE SUMMARY 

In the Midwest Corn Belt region, annual precipitation is roughly in balance with crop water 

use, but rainfall does not always occur with the timing or amount needed by crops resulting in 

water deficits during summer months when crop water demand is highest. In addition, much of the 

region consists of fertile yet poorly drained soils that require drainage systems to remove excess 

water. Therefore, artificial drainage has become an essential part of agricultural water management 

in the upper Midwest region where shallow water tables and poorly drained soil limit agricultural 

activities. Having a strategy to store drained water on the landscape can potentially benefit and 

enhance crop production by adding supplemental irrigation during the summer months.  

The current study was conducted at the Southwest Outreach and Research Center (SWROC), 

Lamberton, MN, during the 2016 through 2019 growing seasons. A strategy to use supplemental 

irrigation with an on-surface drip system was implemented in order to evaluate the systems 

capacity overcome potential drought conditions on fine-textured soil. Recycled surface and 

subsurface drainage water was collected and stored from a 146-ha (360 ac) agricultural area. The 

experimental field consisted of 24 plots each surrounded to a depth of 1.8 m (5.9 ft)with a plastic 

barrier to hydrologically isolate them from any lateral seepage. Each plot was equipped with an 

artificial drainage system installed at 1.2 m depth with an effective drain spacing of 27 m (90 ft.) 

The response of two different irrigation treatments, full and limited, were assessed using soil 

water content (SWC) measurements on a biweekly interval. Water quantity (applied irrigation and 

drain flow) was analyzed to understand the impact of various irrigation treatments on the soil water 

balance. Corn and soybean were grown with the corn fertilized in subplots plots at six nitrogen 

rates 0-269 kg N/ha (0-240 lbs N/ac). Yield data were obtained from each subplot and analyzed to 

reveal the impact of irrigation treatments on yield. During the 2018 and 2019 growing seasons the 

amount of precipitation was above the regional average, so no soil water deficit was observed and 

thus, no supplemental irrigation was applied.  

The application of supplemental irrigation showed a significant impact on SWC. In 2016, on 

average, full irrigation increased SWC in the top 20 cm (8 in.) and within the 30-60 cm (12-24 in.) 

depth of the soil profile in early August by 34% and 18% compared to the rainfed condition, 

respectively. For the treatments with limited irrigation, the average increase of SWC within the 

top 20 cm (8 in.) and 30-60 (12-24 in.) cm depth of the soil profile in early August was 4 and 

15.5%, respectively. Aside from differences in the amount of in-season precipitation, although the 

average of obtained yield for 2016 and 2017 had no significant difference, supplemental irrigation 

prevented any probable yield reduction in 2017. In the 2018 and 2019 study years, limited aeration, 

despite being drained likely limited crop yield. 
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INTRODUCTION 

In the Midwest Corn Belt region, annual precipitation is roughly in balance with crop water 

use, but rainfall does not always occur with the timing or amount needed by crops. Seasonal 

variation in rainfall requires drainage of excess water in the spring and during seasonally heavy 

rainfall events, while a water deficit often exists during summer months when crop water demand 

is highest. The amount of annual rainfall has been increasing across many areas of the country, 

including the Midwest. However, precipitation variability is also increasing, leading to more 

extreme events (Hatfield & Prueger, 2015). Longer dry spells and sustained droughts combined 

with heavier spring storms have significantly impacted the productivity of corn and soybean 

through increased crop water stress and reduced number of working days (Walthall et al., 2013; 

Ort and Long, 2014). 

Increasing demand for agricultural production has led corn and soybean producers in the 

Midwest to seek options for managing climate variability and unpredictable weather conditions 

during the growing season through managing available water. Seasonal excess water can 

contribute to crop damage and considerable portions of water are lost through runoff and 

subsurface drainage from the field reducing the potential for being beneficially used by the crop 

and contributing to downstream damage from peak flows and water quality degradation from 

increased nutrient transport.  

The high-water holding capacity of many of the fine-textured soils of the Midwest introduces 

an additional option to rainfed producers to improve agricultural production while adjusting to 

climate change and precipitation trends. Using the water storage capacity of fine-textured soil and 

maintaining an adequate level of soil moisture can significantly improve crop production. Soil 

properties such as texture, fertility, organic matter, and available water can have a significant effect 

on corn yield (Wright et al., 1990). Soil temperature, water holding capacity, and stability of 

aggregates are the principal determinants of grain yield (Blanco-Canqui et al., 2006). 

Adaptation to climate change will not be easy or inexpensive and will require significant 

improvement in water conservation as well as investment in strategies aimed at overcoming water 

deficits during the growing season. Options for producers to manage the risk associated with 

climate change include flexibility on planting date, drought tolerance hybrid selection, reduced 

tillage, or supplemental irrigation to satisfy crop water requirements. Research analysis reveals 

that the drought sensitivity of corn has increased along with increasing corn yield (Lobell et al., 

2014). Increasing demand and higher plant populations will result in less available soil water per 

plant (Lobell et al., 2014). While the concept of drainage water storage and reuse has been 

proposed as a crop production and water conservation strategy within the region, few systems have 

been installed to allow for detailed monitoring and evaluation. Global-scale analyses revealed that 

the use of captured and stored water for supplemental irrigation can result in food production gains 

of 19% to 35% (Rost et al., 2009; Wisser et al., 2010). However, limited research has been 

conducted in the Midwest region and, especially in Minnesota, regarding storage and recycling 

drainage and surface runoff as a water source for supplemental irrigation to enhance soil water 

content and crop productivity. Most of the irrigation areas in Minnesota have expanded on sandy 

soils with low water holding capacity. As water resources come under higher demand to support 

municipal and industrial use, there will be increasingly limited capacity to support fully irrigated 

crop production.  

Periods of water deficit cause crop yield loss and can leave pools of unused nutrients for 

subsequent leaching. Climate change within the region is expected to affect the frequency and 

severity of these extremes. Actions are needed to reduce drainage losses and encourage watershed 
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conservation practices that retain water on the landscape to improve crop production and 

environmental quality and reduce negative impacts from peak flows. The objectives of this study 

were to evaluate the hypothesis that supplemental irrigation of fine-textured soil (i) can overcome 

soil water deficit during the growing season and recharge the soil profile, and (ii) can either prevent 

yield reduction or enhance production during seasonal, moderate drought conditions.  

 

METHODS 

Study Site Description  

The experiment was conducted at the University of Minnesota Southwest Research and 

Outreach Center (Figure 1). The soil type within the experimental field was Normania loam (Fine-

loamy, mixed, superactive, mesic Aquic Hapludolls). Primary tillage was in-line ripping in the fall 

and field cultivation for seedbed preparation in spring. Table 1 illustrates the cropping system 

management information during the study years. The experimental site consisted of 24 individually 

drained plots [(13.7m x 15m; (45 x 50 ft.)] and each was surrounded to a depth of 1.8 m (5.9 

ft.)with a plastic barrier to hydrologically isolate them from any seepage and lateral flow. Each 

plots contained a subsurface drainage system that was installed 1.2 m (4 ft.) deep with about 27 m 

(90 ft.) spacing. Meteorological data were collected from an automated weather station installed 

at the SWROC. The agronomic experimental design was a Randomized Complete Block Design 

with two crops (corn and soybean) and three water management treatments: rainfed, limited, and 

full irrigation. 

 

Measurements 

Sub-plots had six nitrogen application rates for corn (0-90-134-179-224-269 Kg N/ha) and 

soybean plots were treated as scavengers of any residual nitrogen with no nitrogen fertilizer 

applied. Corn grain was harvested from the middle two rows of each subplot using a two-row plot 

combine with yield results reported on a 15.5% water content basis. Soybean also was harvested, 

and the yield is reported on a 13% moisture level.  

Soil water content was determined in each plot to a depth of 1 m (10, 20, 30, 40, 60, and 100 

cm; 4, 8, 12, 16, 24, and 39 in.) using a PR2 probe (Dynamax, Inc., Houston, TX) on a weekly 

basis. Single PVC access tubes were installed in each plot using a hydraulic probe. The amount of 

drainage outflow was monitored from individual plots and measured manually during the growing 

season. 

 

Supplemental Irrigation Setup 

A drainage pond, located about 457 m (500 yd) away from the research plot, was utilized as a 

water source for supplemental irrigation. The goal of the full irrigation treatment was to receive 

100% of crop evapotranspiration. The limited irrigation treatment received the same amount of 

water as full irrigation, but it was applied between V14 to the end of R2 (blister) phenological 

growth phases for corn as that was the most water-sensitive period for yield losses. Soybean limited 

irrigation occurred between the R3 - R6 (beginning pod – full seed) phenological growth phases. 

Irrigation water was delivered by an on-surface drip irrigation system with about 1.5m (4.9 ft) 

spacing because of the high application efficiency (92%+) and uniformity. Considering the soil 

infiltration rate, irrigation application rate was 2.8 mm/hr (0.11 in/hr).  
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Statistical Analysis 

An analysis of variance was performed for the replicated measurements using R statistical 

software and agricolae packages (De et al., 2017). Significant differences among treatments were 

identified at p<0.10. For a condition where the dataset did not follow a normal distribution, the 

data were transformed, and a normality test was performed using the Shapiro-Wilk test of 

residuals. The relationship between crop yield and irrigation, nitrogen levels, and soil water 

content were developed to estimate the final effect on corn grain yield. The Tukey’s HSD test was 

used to compare and rank mean differences at P = 0.10 level. 

 

RESULTS AND DISCUSSION 

Weather Condition 

The weather in 2016 and 2017 was warmer and drier than the 2018 and 2019 study years. The 

total amount of precipitation in 2017 was 10% lower than the total long-term mean that caused 

drier conditions compared to the other study years. The precipitation distribution among the study 

years was not similar in which the lowest cumulative precipitation was recorded for June and July 

of 2017 in comparison with the other study years. The pattern of precipitation distribution among 

four study years illustrated the trend of a wet early growing season and with a drier summer. 

Considering the soil water content, supplemental irrigation was applied to meet the crop water 

requirement during the 2016 and 2017 growing season. Table 2 summarizes the monthly and 

cumulative rainfall for four study years.  

 

Soil Water Content 

The result of supplemental irrigation showed a significant impact on soil water content during 

the 2016 and 2017 study years. According to the statistical analysis and prevailing weather 

conditions during the 2016 and 2017 study years, the main effect of irrigation on soil water content 

was more significant than nitrate rate and month of the year in 2017 compared to the 2016 study 

year. Supplemental irrigation had a positive impact soil water content and helped overcome 

growing season precipitation deficits. Due to the wet conditions in 2018 and 2019, no irrigation 

was applied and data from all plots were analyzed as rainfed treatments.  

A total of 132mm (5.2 in)more precipitation was measured in 2016 compared to 2017, of which 

58% was received in July. The monitored 1m soil profile had 8.5% and 11.5% higher water content 

for corn and soybean in 2016 compared to 2017, respectively. The SWC of top 20 cm (8 in) and 

30-60 cm (12-24 in) soil profile for the corn rainfed condition in July was about 63% (0.07 m3/m3) 

and 29.6% (0.08 m3/m3) higher in 2016 compared to 2017, respectively. Also, SWC for plots with 

a rainfed soybean treatment were 29.5% (0.05 m3/m3) and 20% (0.07 m3/m3) higher in 2016 

compared to 2017 for top 20 cm (8 in) and 30-60 cm (12-24 in) of the soil profile, respectively.  

 

Supplemental Irrigation Impact 

Our results indicated that nearly 70% of crop water uptake occurred from the top 60 cm (24 

in) of the soil profile. Other researchers have observed that the 30-60 cm (12-24 in) soil depth 

provided the highest percentage of crop water requirement (Irmak and Rudnick, 2014). Therefore, 

considering the average soil profile water content could mislead the true impact of supplemental 

irrigation. Figure 4 shows the monthly boxplot of SWC for 30-60 cm (12-24 in) depth for rainfed, 

limited, and full irrigation treatments of corn and soybean for the 2016 and 2017 growing season. 

Results of measured SWC for 30-60 cm (12-24 in) depth illustrated the significant effect of 

supplemental irrigation either as limited or full during July and August in which irrigation was 
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applied to both corn and soybean plots. Considering that field capacity was 0.3 m3/m3 for this soil, 

the mean recorded SWC was below field capacity for rainfed corn and soybean plots in July. 

However, soybean plots had slightly higher SWC compare to the corn plots due to lower water 

requirement and uptake. Soil water content became recharged up to field capacity under limited 

irrigation of corn and soybean, in 2017 and with an application of full irrigation, the SWC 

increased above field capacity for corn and remained near field capacity for soybean.  

The application of supplemental irrigation showed a significant impact on SWC for both full 

and limited irrigation treatments compare to the rainfed treatment (Figure 2). The amount of SWC 

increase due to the irrigation was greater for the plots with soybean compared to the corn. In 2016, 

on average, full irrigation increased SWC of top 20 cm (8 in) and 30-60 cm (12-24 in) of the soil 

profile in early August by 34% (0.04 m3/m3) and 18% (0.06 m3/m3) compare to the rainfed 

condition, respectively. For the treatments with limited irrigation, the average increase of SWC for 

top 20 cm (8 in) and 30-60 cm (12-24 in) of the soil profile in early August was 4% (0.04 m3/m3) 

and 15.5% (0.04 m3/m3), respectively. The impact of supplemental irrigation was more obvious in 

July 2017 due to the drier conditions and the low amount of rainfall received during this period. 

In comparison with the rainfed condition in July 2017, the SWC of top 20 cm (8 in) and 30-60 cm 

(12-24 in) of the soil profile was increased by 41% (0.04 m3/m3) and 21% (0.05 m3/m3) for 

treatments with full irrigation and ~0 and 10% for treatments with limited irrigation, respectively. 

Hence, the irrigated treatment showed a significantly higher SWC compared to the rainfed 

treatment and results indicated that supplemental irrigation significantly increased SWC compared 

to the rainfed condition. The range of variation for the average of SWC in soybean plots did not 

exceed 0.01 m3/m3. In contrast, SWC variability for the corn plots was much greater. 

 

Crop Yield 

The mean yields obtained in 2016 and 2017 were not significantly different, although the 

amount of in-season precipitation received during 2016 was 132 mm more than in 2017. On the 

other hand, the amount of precipitation that occurred during July 2017 was 77 mm less than that 

for 2016, and most of the irrigation was applied during July 2017. Therefore, supplemental 

irrigation could have had a significant effect on the final yield by preventing further yield reduction 

which resulted in a lower standard deviation compared to the yield obtained from the rainfed 

condition. Due to wet soil conditions and above normal precipitation, yields obtained during the 

2018 and 2019 were lower than the previous two years. Limited aeration, despite being drained 

likely limited crop yield. It is possible that the crops experienced excess water stress during 2018 

and 2019. 

Yield increases have been reported resulting from mid-season supplemental irrigation of corn 

in fine-textured soil (Niaghi et al., 2019) and there have been some economic feasibility analyses 

for irrigation profitability (Baker et al., 2012). Results of detail comparison (Table 3) showed a 

non-linear relationship between supplemental irrigation impact on crop yield for various N rates. 

However, for treatments without any applied N fertilizer, obtained yield from treatments with 

supplemental irrigation was higher than the rainfed condition except limited soybean in 2017. 

 

SUMMARY 

As a result of delivering water from stored drainage and runoff to the experimental field with 

an on-surface drip system and subsurface artificial drainage system, SWC was increased compared 

to the rainfed condition. The amount of SWC increase for irrigated treatments was greater for the 

plots with soybean compared to the corn due to the lower water uptake of soybean. Among the 
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four study years, supplemental irrigation was only applied in 2016 and 2017. Considering the full 

irrigation treatment, SWC was increased by 34% (0.04 m3/m3) and 18% (0.06 m3/m3) for the top 

20 cm (8 in) and 30-60 cm (12-24 in) of the soil profile on early August compared to the rainfed 

condition, respectively. For the treatments with limited irrigation, the average increase of SWC for 

top 20 cm (8 in) and 30-60 cm (12-24 in) of the soil profile in early August was 4 (0.04 m3/m3) 

and 15.5% (0.04 m3/m3), respectively. Monitoring crop canopy temperature (data not shown) 

showed that the treatment with full irrigation in 2016 and 2017 experienced lower crop canopy 

temperature than the rainfed treatment which resulted in less crop stress compared to the rainfed 

condition. The application of supplemental irrigation during dry summer condtions showed no 

significant impact on drainage flow between with and without irrigation treatments (data not 

shown).  

The application of supplemental irrigation showed a significant increase in soil water content 

on Normania clay loam soil with relatively small midseason additions of water. Aside from 

differences in the amount of in-season precipitation, although the average of obtained yield for 

2016 and 2017 had no significant difference, supplemental irrigation prevented any probable yield 

reduction in 2017. Limited aeration, despite being drained likely harmed crop yield in 2018 and 

2019.  

 

TABLES & FIGURES 

 

Figure 1. a) Geographical location of the experimental site, and b) plots and sub-plots design. 
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Figure 2. Average monthly soil water content (SWC) in 30-60 cm depth for the full, limited, and 

rainfed condition during the 2016 and 2017 growing season. 

 

 

Table 1. Summary of cropping system information for supplemental irrigation study between 

2016 and 2019 at the Southwest Research and Outreach Center, near Lamberton, MN. 

Info./Year 
Corn  Soybean 

2016 2017 2018 2019  2016 2017 2018 2019 

Planting Date 5/5 5/8 5/18 5/16  5/5 5/8 5/18 5/16 

Harvest Date 10/24 10/26 10/22 10/29  10/13 10/17 10/18 10/17 

Seeding Rate 

(seeds/ha) 
86,000 

 
400,000 

Hybrid Dekalb 52-84  Asgrow 2035 

Tillage Type Field Cultivate  Field Cultivate 

Tillage Date 5/4 5/8 5/18 5/15  5/4 5/8 5/18 5/15 

Fertilizer Application 5/4 5/7 5/18 5/15  - - - - 

Fertilizer Form Urea/solid, incorporated  - 
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Table 2. Monthly and cumulative precipitation for the four studied years at Lamberton, MN. 

Year/Month May June Jul. Aug. Sep.  May-Sept. Oct.-Apr. 

2016 128  65  170  120  127  610 225 

2017 136 71 93 124 54  478 241 

2018 108 183 149 90 171  701 288 

2019 123 60 160 57 150  551 450 

Long-term mean 100 105 93 91 77  467 327 

 

Table 3. Yield difference (in percentage) from the rainfed condition for full and limited irrigation 

treatments for each nitrogen level rate (kg/ha). 

Crop/Irrigation 
Yield difference from rainfed treatment for each N rate 

0 90 134 179 224 269 

2016       

Corn: Full 7.1% -6.9% -13.6% -3.6% 0.6% -5.5% 

Corn: Limited 7.8% -5.9% -10.4% 0.3% -3.8% -0.6% 

Soybean: Full 4.9% - - - - - 

Soybean: Limited 4.4% - - - - - 

2017       

Corn: Full 5.3% 4.6% -6.1% -0.4% -0.8% 1.9% 

Corn: Limited 4.1% -4.5% -4.9% 1.6% -1.2% 7.7% 

Soybean: Full 3.5% -1.5% -6.8% 1.8% 0.7% -6.7% 

Soybean: Limited -7.3% 3.1% 1.1% 4.1% -9.6% 0.9% 
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EXECUTIVE SUMMARY 

The Minnesota Department of Agriculture administers the Minnesota Agricultural Water 

Quality Certification Program (MAWQCP) to encourage farmers to adopt a suite of management 

practices for the purpose of improving water quality. Farmers who enroll in the program are 

granted reprieve from uncertainty that may arise from new regulatory actions for a period of 10-

years. We are using a watershed-scale model (SWAT) to estimate the water quality benefits of the 

Certification Program by simulating farm-specific practices on farms enrolled in the Cottonwood 

River watershed and comparing those results against baseline values that represent typical 

management scenarios. 

Model-simulated values for average annual export of sediment, phosphorus, and NO3- were 

compared to evaluate outcomes of the MAWQCP against: (1) farm management prior to program 

enrollment and (2) a general baseline scenario that is typical of broader watershed conditions. 

Results from this study indicate that farmers enrolled in the Certification Program are already 

conservation minded and applying conservation practices on their farms prior to enrollment. 

Following management changes made in response to program enrollment, certified farms achieved 

further reductions in export of sediment (51.2%) and phosphorus (55.0%). Overall NO3
- export 

increased slightly (8.5%) as a result of increased infiltration simulated with WASCOBs that 

resulted in increased subsurface tile drainage. The conservation practice evaluated that achieved 

the greatest overall water quality benefits for sediment, phosphorus, and NO3
- was cover crops. 

Fields with cover crops present exported an average of 69% less NO3
- than the baseline 

management scenario. In the farms with cover crops, this practice was present prior to enrollment 

in the Certification Program.  

For farms in the Cottonwood River Basin, the MAWQCP is improving water quality. 

Additional benefits would be achieved by encouraging greater adoption of winter cover crops to 

satisfy farm enrollment in the Certification Program.  
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INTRODUCTION 

The Minnesota Agricultural Water Quality Certification Program (hereafter referred to as the 

MAWQCP or the Certification Program) aims to improve Minnesota’s water quality by providing 

farmers with incentives and technical support to adopt improved management practices on their 

farms. More specifically, farmers who enroll in the program gain some freedom from potential 

legislative uncertainty; they are deemed to be in compliance with environmental laws for a period 

of 10 years (even if environmental laws change during that time).  Farmers in the Certification 

Program also get priority for technical assistance and cost sharing programs to help achieve 

improved management practices on their farms. At the time of writing, the program has over 850 

producers in Minnesota enrolled. 

While there have been over 580,000 acres of farmland successfully enrolled in the Certification 

Program, it is difficult to quantify the water quality benefits of these changes in farm management 

because the program does not include an on-site monitoring component. The diffuse nature of 

nonpoint source pollution and Minnesota’s weather variability make it difficult to detect water 

quality benefits that may arise from changes made to a single farm. That does not necessarily mean 

that these conservation practices do not work, however, and it is important to develop methods to 

estimate the environmental benefits that may accumulate from the actions of individual farmers. 

In order to quantify the water quality benefits of the MAWQCP, we employed a modeling 

approach to estimate water quality outcomes for a suite of Certified Farms located in the 

Cottonwood River Basin.  

 

APPROACH 

A watershed scale model was constructed for the Cottonwood River Basin in order to track 

water, sediment, and nutrient export under varying conditions of weather and farm management. 

The SWAT model (Soil and Water Assessment Tool) operates on a daily time-step and relies on a 

mixture of empirical and process-based approaches to determine farm management impacts on 

water quality under varying environmental conditions (Neitsch et al., 2011; Arnold et al. 1998; 

Arnold and Fohrer 2005; Gassman et al. 2010).   

The SWAT model also requires daily weather inputs of precipitation, temperature, relative 

humidity, wind speed, and solar radiation.  Weather input data were gathered and applied to the 

model following methods described in Antolini et al., (2019) and Dalzell and Mulla, (2018).  

Briefly, NEXRAD data were used for precipitation and the Climate Forecast System Reanalysis 

dataset (CFSR) (Fuka, et al. 2014) was used for remaining weather data. The spatial weather data 

(NEXRAD and CSFR) are represented in the model as a synthetic network arranged on a grid 

(NEXRAD: 4km spacing; CSFR: roughly 30km spacing). SWAT operates at a daily time step and 

key model outputs are stream flow as well as sediment and nutrient export.  For this study of the 

MAWQCP, we focus on farm-scale outputs of sediment, phosphorus and nitrogen (as NO3
-).  

We began with a baseline scenario to simulate current conventional agricultural practices, in 

which corn and soybean crops are grown in a two-year rotation typical for the Upper Midwest. 

Tillage, fertilizer application, and planting/harvest dates are based on farmer surveys (Minnesota 

Department of Agriculture 2007) and feedback from local stakeholders and commodity groups 

and from prior modeling work in the Minnesota River Basin (Dalzell et al. 2012; Pennington et al. 

2017; Dalzell and Mulla 2018). Following model calibration and validation, we applied alternative 

management practices based on information about farm-specific practices before and after 

Certification Program enrollment. Evaluation of alternative management scenarios to achieve 

water quality goals are typically based on relative differences in nutrient export compared to the 

baseline management scenario. In the case of this study, we have the benefit of additional farm-
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specific management that was in-place both before and after enrollment in the Certification 

Program. As such, differences in SWAT outputs across farms result from both the nature of 

Certification Program practices as well as the physical differences in HRU characteristics, namely: 

soils, land cover, and topography. While the agricultural landscape of the Cottonwood River Basin 

seems homogenous, minor differences in soils and topography can influence the initial 

environmental footprint of a field as well as the relative changes in water quality outputs that are 

achieved through enrollment in the Certification Program. Results presented here reflect average 

annual values based on 10 years’ worth of model outputs from 1, Jan 2004 through 31, Dec 2013). 

Conservation practices evaluated as part of this study included:  

 Water and Sediment Containment Basins (WASCOBs) 

 Grassed Waterways 

 Reduced Tillage 

 Cover Crops 

 Fertilizer Management 

 Blind Tile Inlets for Subsurface Tile Drainage.  

 

CAVEATS ABOUT INTERPRETING MODEL RESULTS 

Results presented here reflect estimated annual average export of sediment, phosphorus, and 

nitrogen from selected farm fields in the Cottonwood River Basin for the 10-year period from 1 

Jan, 2004 through 31, Dec 2013. There are also important non-field sources of sediment and 

phosphorus that originate from failing streambanks and eroding river bluffs. While these non-field 

sediment and phosphorus sources can be linked to field-scale processes because of farm 

management impacts on water yield, those non-field sources of sediment and phosphorus are not 

tracked in this study of export from MAWQCP farms. Simulated values are dependent upon 

accurate input data about soils, land use, daily weather, and farm management. Model-simulated 

sediment and nutrient export values fall within in the range of what has been observed in plot- and 

field-scale studies and these results are helpful for characterizing farm-level responses to changes 

in management. While farm-level results from this study reflect a greater level of specificity about 

farm-level management than is typical for most watershed scale studies, they are not an absolute 

measure of actual export from farms in the Cottonwood River Basin. Nevertheless, results 

presented here provide insight into the expected water quality outcomes from varying farm 

management practices and they also provide a more direct measure of water quality changes that 

result from enrollment in the MAWQCP. For purposes of representing results from Certification 

Program farms in this study, farms were assigned arbitrary ID numbers to keep data organized but 

no additional personal identifying information is included here. 

 

RESULTS AND DISCUSSION 

For each farm, we compare estimated Certification Program water quality outcomes against 

both baseline conditions and conditions prior to enrollment in the MAWQCP. This allows us to 

quantify direct water quality benefits of the Certification Program as well as provide a more 

general comparison of participating farmers against more typical watershed conditions. These 

results are summarized in Figures 1-3 for sediment, phosphorus, and NO3
-, respectively.  

The farmers who enrolled in the MAWQCP were already employing a variety of conservation 

practices on their farms before certification. These included: fertilizer management, reduced 

tillage, grassed waterways, edge of field filter strips and cover crops. In comparison to the general 

baseline management scenario, MAWQCP farmers in the Cottonwood River Basin were exporting 

less sediment (27.5%), less phosphorus (16.1%) and less NO3
- (19.9%) from their fields. 
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Following changes made for enrollment into or technical assistance that resulted from the 

Certification Program, enrolled farmers were still exporting less sediment (78.7%), less 

phosphorus (71.8%) and less NO3
- (9.2%) from their fields in comparison to the baseline scenario 

(Figure). Additional changes in water quality outcomes resulting from enrollment in the 

Certification Program were mixed. Model results indicate additional increases in water quality 

benefits from reductions in sediment (51.2%) and phosphorus (55.0%), but a slight increase in 

export of NO3- (8.5% increase) relative to the pre-certification conditions (Figures 1-3).  

These water quality outcomes reflect the nature of the practices adopted by farmers in this 

study and they highlight the challenges of improving water quality in agricultural landscapes. In 

general, the practices added were effective at reducing overland flow, which was most effective in 

reducing sediment and phosphorus loss. However, decreased overland flow often translated into 

increases in tile drainage (and, to a lesser extent, lateral soil water flow) which is responsible for 

small increases in NO3
- loss from farm fields. Fertilizer management was effective for reducing P 

and NO3
- loss from farm fields. But overall NO3

- export increased slightly as fertilizer management 

was often implemented in coordination with WASCOBs which increased infiltration of surface 

water (resulting in increased tile drainage) 

The farms that showed the greatest improvements in NO3
- (relative to the baseline) were those 

who had adopted cover crops – which were mostly in place prior to enrollment to the Certification 

Program. These farms with cover crops in place were exporting an average of 69% less NO3
- from 

their farm fields (as well as 55% less sediment and 41% less phosphorus) relative to the baseline 

management scenario. 

 

CONCLUSIONS 

Farmers enrolled in the Certification Program are already conservation minded and applying 

conservation practices on their farms prior to enrollment. Following management changes made 

in response to program enrollment, certified farms achieved further reductions in export of 

sediment (51.2%) and phosphorus (55.0%). Overall NO3
- export increased slightly (8.5%) as a 

result of simulated WASCOBs. This occurred because WASCOBs increase infiltration of water, 

which results in greater simulated subsurface tile drainage, the primary pathway for NO3
- loss from 

these fields. 

The conservation practice evaluated that achieved the greatest overall water quality benefits 

for sediment, phosphorus, and NO3
- was cover crops. Fields with cover crops present exported an 

average of 69% less NO3
- than the baseline management scenario. In the farms with cover crops, 

this practice was present prior to enrollment in the Certification Program.  

For farms in the Cottonwood River Basin, the MAWQCP is improving water quality. Additional 

benefits would be achieved by encouraging greater adoption of winter cover crops to satisfy farm 

enrollment in the Certification Program.  
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TABLES & FIGURES 

 

 
Figure 1. Average annual sediment export simulated for nine MAWQCP farms in the Cottonwood 

River Basin. Model results reflect the average value from 10 years of simulation outputs (2004 

through 2013, inclusive). Water quality outcomes from MAWQCP farms (green circles) are 

compared against a general baseline management scenario (black diamonds) as well as farm 

management prior to Certification Program enrollment (orange triangles). Prior conservation 

practices are indicated along the right-hand column while new Certification Program changes are 

labeled near the data points.  
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Figure 2. Average annual phosphorus export simulated for nine MAWQCP farms in the 

Cottonwood River Basin. Model results reflect the average value from 10 years of simulation 

outputs (2004 through 2013, inclusive). Water quality outcomes from MAWQCP farms (green 

circles) are compared against a general baseline management scenario (black diamonds) as well 

as farm management prior to Certification Program enrollment (orange triangles). Prior 

conservation practices are in dicated along the right-hand column while new Certification Program 

changes are labeled near the data points.  
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Figure 3. Average annual NO3

- export simulated for nine MAWQCP farms in the Cottonwood 

River Basin. Model results reflect the average value from 10 years of simulation outputs (2004 

through 2013, inclusive). Water quality outcomes from MAWQCP farms (green circles) are 

compared against a general baseline management scenario (black diamonds) as well as farm 

management prior to Certification Program enrollment (orange triangles). Prior conservation 

practices are indicated along the right-hand column while new Certification Program changes are 

labeled near the data points. 
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INTRODUCTION 

Artificial subsurface drainage enhancement improves crop yields, but provides a direct route 

for discharge of nitrate- and phosphorus-rich water to water bodies like ditches and streams. There 

is increased interest in developing Best Management Practices (BMPs) for treating subsurface 

drainage water. Ideal BMPs would be low-cost and simple to mitigate the negative effect of 

artificial drainage to the environment while at the same time limiting potential negative effects on 

crops productivity.  

A potential BMP for treating subsurface drainage water before it enters a ditch or stream is a 

bioreactor. While there are different types of bioreactors, the most efficient designs rapidly remove 

N and P, require minimal management and maintenance, and do not take land out of production. 

Bioreactors are a treatment approach where solid carbon (C) substrates are added into the flow 

path of contaminated water. These C substrates, often corncobs or fragmented wood-products (e.g. 

woodchips) provide the habitat and energy source to support biological denitrification: the 

conversion of nitrate (NO3-) to nitrogen gases. Denitrification in bioreactors has been observed to 

be limited by the rate of C supply from degrading substrates. There have been several design 

variations of denitrifying bioreactors including, in-field denitrification walls (Jaynes et al., 2008), 

edge-of-field bioreactors (Woli et al., 2010), and stream-bed bioreactors (Robertson and Merkley, 

2009). The development of new prototypes, like the modular bioreactor, is relatively recent, and 

so is research assessing their potential.  Research is needed on the effectiveness of alternative 

designs and materials as potential BMPs for treating agricultural drainage water. 

Booth and Campbell (2007) reported on the influence of spring nitrate flux from the 

Mississippi River Basin (MRB) on the Gulf hypoxia; they found that fertilizer runoff, atmospheric 

deposition, animal waste, and municipal waste contribute 59%, 17%, 13%, and 11% of nitrate 

loading into the MRB watersheds, respectively. A study by the Minnesota Pollution Control 

Agency conducted during the period of 2000-2010 reported that 41% of streams and rivers 

exceeded 5 mg/L of maximum nitrite-nitrate (N) levels and 27% exceeded 10 mg/L (MPCA, 

2013). Minnesota watersheds contribute about 6% of nitrogen into the Gulf of Mexico.  

The early spring period of the growing season (April and May) in northern latitudes presents a 

serious challenge for water quality mitigation during which water is abundant and cold. It is well 

known that denitrification depends on temperature, with higher temperature (15oC and above) 

producing higher rates (Welander and Mattiasson, 2003). The addition of a C source will further 

increase the performance of the bioreactor even under conditions of short hydraulic residence time 

(HRT) (Roser et al., 2018).  These authors showed that woodchips with the addition of acetate 
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resulted in the highest nitrate load reduction under warm (80%, 15 oC), cold (80%, 5 oC), and re-

warm (97%, 15 oC) conditions. 

We report here on a new treatment technique applied to modular bioreactors switching from 

the two-phase/dual treatment for both nitrate and phosphorus (2016-2017) to nitrate treatment only 

with heat treatment (2018-2019). This change in treatment was triggered by field observations of 

the impact of a natural increase in temperature on the denitrification rate in June of 2017. Results 

from heat treatment and its effects on denitrification are presented in this paper.  

 

MATERIALS AND METHODS 

The Southwest Research and Outreach Center is located in the Cottonwood River watershed 

of the Minnesota River Basin, in southwest Minnesota. The site is located on a lower elevation of 

glacial till lowland plains. The climate is continental with cold winters and moderately hot 

summers with occasional cool periods. The 30-year precipitation average of 679 mm (26.7 in) is 

adequate for row crop production, because 74% of this total amount falls during the growing 

season from April to September. Subsurface drainage from approximately 125 ha (309 ac) 

discharges into a channel adjacent to the bioreactors. Subsurface drainage discharge is seasonal, 

with higher flows from April through June when spring snowmelt combines with spring rainfall. 

The contributing watershed area comprises 74% cropland (row crops), 20% pasture, and 6% 

farmstead.  

The field experiment consisted of nine modular bioreactors built on site and installed adjacent 

to a tile drain outlet. The experiment design was a randomized complete block design and the 

treatments were control, acetate, and acetate + heat, each with three replicates. A water distribution 

system was constructed at the field site in order to divert water from the tile drain outlet to each of 

the nine bioreactors. The study site was instrumented with the installation of monitoring equipment 

(tipping buckets, data loggers, and associated accessories). During 2016-2017, each bioreactor 

contained various layers of materials; from top to bottom: phosphorus-absorbing materials 

(crushed concrete, limestone, and steel slag), corncobs, woodchips, Brotex (geo-fabric material), 

and porous lava rock. For the period of 2018-2019, layers of materials inside the modular 

bioreactors were re-arranged by eliminating the phosphorus-absorbing layer and by adding to the 

thickness of the corncob layer. The delivery system for the acetate was also modified by 

distributing directly to each bioreactor while the rate of delivery was kept the same (ratio C/N ~ 

0.82). The heat energy came from an LP-fueled electric generator (Winco air-cooled, 60/120/240 

volts) and heating coils located between the woodchip and the corncob layers. This 7.6-meter long 

(25 ft) heating coil delivered 5 watts per 30 cm (1 ft) and was installed at three bioreactors. The 

heat energy input was kept constant throughout the whole season (June – October) in 2018 and 

was intermittently turned on for 2019 (April-May and September-October).  Three thermocouple 

probes were installed in each of six bioreactors (3 with acetate treatment and 3 with acetate + heat 

treatment) for monitoring the heat treatment: one at the top, another in the middle (corncob and 

woodchip interface), and the last one at the outlet of the bioreactor. Each bioreactor in the heat 

treatment group was sprayed with an isolating foam layer to help maintain temperature.  Only 

thermocouple data from the middle cube location was analyzed in this text. 

 

RESULTS AND DISCUSSION 

The field observation that brought about the change in treatment for the cube bioreactor system 

occurred in early June of 2017. Ambient air temperature increased by approximately 7oC and the 

oxidation-reduction potential values (ORP) decreased by 80% on average (from 200 to 0 to -75 
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millivolts) (Figure 1).  This results suggested that temperature change could trigger a 

denitrification rate increase based on the ORP record.  Denitrification usually occurs under low 

oxygen conditions, which is also reflected in a decrease of ORP values; under such conditions, the 

environment becomes more reducing. 

The hydraulic residence time of drain water in the bioreactor ranged from 2.1 to 2.3 hours in 

2018 and from 2.4 hours to 3.3 hours in 2019 (Table 1). Average HRT in 2019 was slightly higher 

than that of 2018 (2.2 vs. 2.8 hours). Despite the continuous application of heat to the bioreactors 

in 2018 (Figure 2), the monthly nitrate load reduction remained moderate for the acetate + heat 

treatment (annual average 35%) with a peak in July at 55% (Table 2). By contrast, nitrate load 

reduction in 2019 was larger compared to that of 2018; the annual average nitrate load reduction 

rose from 35% to 49% for the acetate + heat treatment and the peak value occurred in May (Table 

3 and Figure 3). The May 2019 nitrate load reduction reached 75%, which is an unusually high 

denitrification rate for that month. All things being equal, the temperature applied to the bioreactor 

was the largest contributor to this nitrate load reduction. To a certain extent, a larger HRT in 2019 

(average HRT 22% longer compared to that of 2018) also contributed to the nitrate load reduction. 

The contrast of nitrate load reduction between 2018 and 2019 under the heat treatment could 

be partially explained by thermal acclimation of the denitrification bacterial community.  

Acclimation refers to the adaptation of microorganisms to a change in environment (temperature 

in this case) (Crowther and Bradford, 2013). Such bacterial adjustment may take some amount of 

time to take effect. With the first generation of horizontal bed bioreactors in Minnesota, it took 2 

years for the bioreactor systems located in Rice and Dodge County to observe a noticeable nitrate 

load reduction from the drain tile. 

 

CONCLUSION 

With the addition of a C source and heat treatment, the modular bioreactor experiment 

established that the large nitrate load reduction can be achieved during the challenging months of 

April and May in northern latitudes like Minnesota. By comparing nitrate load reductions between 

2018 and 2019, a period of thermal acclimation for the denitrifier community seems to have 

delayed the effect of heat treatment for the bioreactor system.  
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TABLES & FIGURES 

 

Table 1. Comparative Hydraulic Residence Time (HRT) between Year 2018 and 2019 

Treatment 

2018 

HRT, 

hr 

2019 

HRT, 

hr 

%Diff. 

Control       2.1       2.4  12.4% 

Acetate      2.2       3.3  32.0% 

Acetate + Heat      2.3       2.8  17.7% 

Average      2.2       2.8  19.7% 

    

 

Table 2. Average Monthly Nitrate Load Reduction in 2018.  Annual nitrate 

load is as follows: control (8.85kg), acetate (6.42kg), and acetate+heat (5.74kg) 

Month Control Acetate 

Acetate 

+ Heat 

May* 5.2% 0.8% 18.0% 

June 22.6% 27.4% 34.1% 

July 15.5% 42.1% 55.0% 

August 20.2% 29.0% 31.3% 

September 21.3% 23.8% 32.3% 

October 4.5% 14.1% 21.8% 

November+ 2.0% 14.5% 15.2% 

Average 15.5% 26.6% 35.1% 

Heat was applied during the entire year; *: 1 day in May; +: 5 days in November 

 

Table 3. Average Monthly Nitrate Load Reduction in 2019. Nitrate load 

reduction in May was highlighted as it reached 75%. Annual nitrate load 

is as follows: control (6.96kg), acetate (4.16kg), and acetate+heat (3.19kg) 

Month Control Acetate 

Acetate 

+ Heat 

April -2.3% 10.9% 28.6% 

May 22.2% 62.6% 74.9% 

June 17.1% 35.3% 48.9% 

July 24.4% 60.9% 70.5% 

August 23.5% 53.0% 51.4% 

September 16.5% 38.3% 56.6% 

October 9.7% 23.2% 40.2% 

November* 3.7% 4.7% 19.3% 

Average 14.3% 36.1% 48.8% 
Heat was applied from April to May and from September to October; *: 5 days in November 
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Figure 1. Temperature increase and drop in oxido-redox potential (ORP) at the cube 

element in early June 2017. The drops in ORP values at the three-replication cubes are 

large from an average of 200 down to 0 - 75 millivolts. 

 

 
Figure 2. Middle cube position temperature averaged record for 2018 and 2019 for the 

3 treatments: control, acetate, and acetate + heat. Heat was applied continuously in 2018 

while it was applied during April - May and September - October in 2019. 
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Figure 3. Nitrate load for the control, acetate, and acetate + heat treatments during May 2019 

and temperature record from the middle cube position of the thermocouples. Heat was applied 

to the cubes during April and May in 2019.  
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EXECUTIVE SUMMARY 

The research described in this report summarizes some of the findings of a three-year field 

research project on constructed wetlands as an agricultural drainage water management strategy.  

This research is part of a larger on-going project where our team set out to quantify the individual 

and cumulative impacts of select in-field, edge-of-field and beyond-the-field/in-stream 

management practices on water quantity and water quality for a small watershed and upscale these 

results to the watershed scale (HUC 8).  Contributions from in-field (cover cropping), edge-of-

field (bioreactors), beyond-the-field/in-stream (ditch) and watershed modeling can be found 

elsewhere in this Proceedings. 

INTRODUCTION 

The Corn Belt, stretching from Minnesota to Ohio, is one of the most productive agricultural 

regions in the U.S., accounting for 50% of the nation’s corn production (Power et al. 1998), as 

well as extensive production of soybeans, wheat, and other grains.  Many of the soils in the Corn 

Belt are poorly drained and require artificial drainage in order to optimize productivity.  The 

increasing demand for agricultural products and food security has expanded the use of fertilizers 

and crop protection products.  Excessive or poorly timed fertilization can result in nutrient runoff 

from fields to surface waters which can result in accelerated growth of nuisance and harmful algae, 

oxygen depletion and other problems (Dodds & Smith, 2016; Smith, 2003).  Diffuse pollution is 

transferred from drained agricultural land to drainage ditches and larger water bodies, which can 

cause significant degradation of water quality in rivers and lakes (Blankenberg et al., 2008).  

Complementary actions to nutrient management planning (i.e. 4Rs) may be necessary to mitigate 

agricultural nutrient losses including establishing buffers and wetlands between the output of 

agricultural fields and the receiving environments (Correll, 2005). 

The Corn Belt encompasses a broad variety of landscapes and associated wetlands.  Wetlands 

are transition zones between terrestrial and aquatic ecosystems.  Wetlands provide many 

ecosystem services such as water quality maintenance, hydrologic function, carbon storage, and 

biodiversity support.  Constructed wetlands (CWs) are man-made systems which mimic processes 

occurring in natural wetlands by modulating fluxes of constituents to receiving waters (Forbes et 

al., 2004; Maynard et al., 2014; Vymazal, 2007).  Modulation occurs through retention or 

transformation of constituents in sediments, by plants or microbes before a portion are delivered 

to the atmosphere or downstream water bodies. 

 

Hydrology 

Regional and local climate patterns are intensifying the hydrological cycle and modifying 

landscape hydrologic attributes including timing, location and quantity of flows (Brauman, 2007).  
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Wetlands are known to regulate the movement of water through watersheds via a combination of 

processes including water storage (surface and ground water), evapotranspiration, and gradual 

release that augments stream base flow in dry seasons (Brauman et al. 2007).  Increasing wetland 

area in a watershed will almost always decrease its surface water discharge due to the effects of 

vegetation alone, particularly forests (Brauman et al. 2007).  Research from the northeastern U.S. 

found that peak flows were an average of 50% lower in watersheds with 4% or greater wetland 

area compared to those with less wetland coverage (Novitski, 1985). 

 

Water Quality 

Agricultural inputs (fertilizer, pesticides) have been linked to the chronic degradation of water 

quality, particularly in the upper Mississippi River Basin, which ultimately contributes to hypoxia 

in the Gulf of Mexico.  Wetlands can provide important locations for biogeochemical cycling of 

nutrients  and are a focus of accumulation of legacy nutrients within watersheds (Cheng & Basu, 

2017; Land et al., 2019; Chen et al., 2018; Sharpley et al., 2013).  Constructed wetlands act as 

biofilters through a combination of physical, chemical and biological factors and are capable of 

removing a wide variety of contaminants including sediment, nutrients, pesticides and bacterial 

pollutants from water (Kadlec and Knight, 1996; Braskerud, 2002b; Vymazal, 2005b; Scholz and 

Hedmark, 2010).  

 

Nitrogen 

Constructed wetlands have been used for removal of nitrogen from agricultural drainage since the 

early 1990s (Misch, 1992; Van der Valk and Jolly, 1992)  The most prevalent form of nitrogen in 

subsurface drainage is nitrate-N as a result of either hydrolysis and nitrification of fertilizers 

applied on agricultural fields or due to accelerated mineralization of soil organic matter in aerobic 

conditions of tiled arable soils (Fučík et al., 2015; Gramlich et al., 2018; Powlson and Addiscott, 

2005).  Nitrogen can be removed from waters in wetlands by bacterial denitrification and by plant 

accumulation (Knight, 1990; Rogers et al., 1993).  Denitrification rates found in CW studies 

reported in the literature range from 0.7 to 11.8 mg N m-2 h-1 (Poe et al., 2003, Xue et al., 1999).  

The wide range in denitrification rates has been attributed to dependence on input loads and 

wetland/catchment ratios (Land et al., 2016).  The principal advantage of denitrification is that it 

can be considered a ‘permanent’ sink because the N is lost permanently from the wetland as 

gaseous forms of N.  Nitrate uptake by aquatic plants, can be considered a ‘temporary’ sinks, may 

be important in young marshes or trivial in mature vegetation stands (Rogers et al., 1993). 

 

Phosphorus 

Phosphorus in agricultural drainage discharge exists as total P (TP), dissolved reactive P (DRP), 

and particulate P (PP).  Phosphorus retention in CWs receiving drainage water include biomass 

accumulation, mainly mediated by plant uptake, and sorption of P in the sediments, representing 

long-term storage (Reddy and DeLaune, 2008; Richardson and Craft, 1993).  Particulate P can be 

effectively retained through sedimentation, but may be transformed into dissolved forms by 

biogeochemical cycles (James et al., 2002; Uusitalo et al., 2003).  Phosphorus load reduction rates 

found for natural and CW’s reported in the literature range from 0.05 to 10.10 g P m-2 yr-1 (Kadlec, 

2016; Kovacic et al., 2000, Vymazal, 2004).  The wide range in phosphorus load reduction rates 

was attributed to dependence on input loads, wetland area, wetland design, and years of operation.  

Some studies reported CWs as efficient P sinks (Braskerud, 2002a; Johannesson et al., 2011, 2015; 

Kynkäänniemi et al., 2013; Maynard et al., 2009; Tonderski et al., 2005), while other studies 
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demonstrated that CWs may vary from P sinks to net P sources (Kovacic et al., 2000; Tanner et 

al., 2005; Tanner and Sukias, 2011). 

 

Carbon 

Carbon entering wetlands from runoff or subsurface drainage as dissolved organic carbon (DOC) 

is an essential component for the process of denitrification.  Due to their high productivity wetlands 

are also recognized as an important source of DOC (Mladenov et al., 2007).  Kovacic et al., (2000) 

reported that DOC loading and export from CWs in Illinois, where inflow was subsurface drainage, 

were similar on an annual basis.  However, on a seasonal basis, spring resulted in a net export of 

DOC from the CWs whereas the other three seasons resulted in overall retention of DOC Kovacic 

et al., 2000).  In contrast, Davis et al. (1981) reported that a natural wetland (prairie pothole) 

receiving surface runoff and subsurface drainage exported 1.7 times more C than it received.  Net 

export of DOC is of particular concern when wetlands are located on organic-rich soils (Fleck et 

al., 2004).   

 

Biodiversity 

Wetlands are notable for providing a complex suite of ecosystem services, including flood 

abatement and water quality maintenance through nutrient and sediment storage, while also 

supporting valuable animal and plant habitat (Zedler, 2003).  Constructed wetlands have been 

shown to be successful in restoring local and regional biodiversity (Galatowitsch and van der Valk, 

1996; Seablom and van der Valk, 2003). 

 

METHODS 

This section describes the main experimental components of this research project.  The project 

was designed around infrastructure developed between fall 2007 and fall 2008 at the University of 

Minnesota Southwest Research and Outreach Center (SWROC) near Lamberton, MN.  

Replicated experimental units included pairs of surface-flow (SF), horizontal-flow (HF), and 

vertical-flow (VF) constructed wetland designs.  The surface-flow basins were designed so that 

incoming water principally flowed above the ground surface, as shallow sheetflow, through a 

dense growth of terrestrial and emergent aquatic plants.  This system also included a 60 cm deep 

permanent pool.  Horizontal flow wetlands treat water by passing it horizontally through 

permeable media planted with terrestrial and aquatic vegetation.  Vertical flow wetlands were 

similar to HF wetlands except that these systems are designed to treat water by passing it vertically 

through soil planted with terrestrial and aquatic vegetation.  Each individual wetland occupied an 

area equal to approximately one-half acre (2023 m2).  Nitrogen and phosphorus were the main 

nutrients of concern from agricultural runoff. 

Each pair of SF and VF wetlands shared an equalization basin for distributing water into the 

individual wetlands through H-flumes.  The HF wetlands also shared an equalization basin 

however; water was distributed to the individual wetlands through two Hickenbottom inlets.  

Water level and outflow from each basin were controlled by an in-line water level control structure.  

Instrument shelters located near the outlet water level control structures contained equipment for 

measuring water level and for water sample collection.  Each shelter contained an ISCO water 

sampler and a Campbell Scientific Inc. CR1000 data logger used to collect and store stage height 

(water level) data.  Each water level control structure was equipped with a pressure transducer to 

record changes in stage height. 
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The entire wetland complex received a combination of agricultural surface runoff and 

subsurface drainage.  An H-flume and accompanying wing-walls for measuring snowmelt runoff 

and surface water runoff from a 71 acre (28.7 ha) contributing watershed were installed in a grassed 

waterway leading to the site in late autumn 2010.  In March 2011, the flume was equipped with a 

data logger, bubbler, and ISCO sampler.  A water level control structure was installed at the end 

of a subsurface drainage system that collected water from a 114 (46.1 ha) acre contributing area.  

The water level control structure was instrumented in a similar manner as the surface runoff H-

flume. 

A combination of grab and storm activated discrete samples were be collected for each 

constructed wetland experimental unit.  Water outflow from the wetlands was monitored in order 

to quantify hydrologic and nutrient retention for each of the three wetland types.  Water samples 

were analyzed at the University of Minnesota SWROC analytical lab for total nitrogen, nitrate-

nitrogen, ammonium-nitrogen, total phosphorus, and dissolved reactive phosphorus (DRP). 

 

RESULTS AND DISCUSSION 

Precipitation 

Overall, the study period was characterized by above average precipitation, especially during the 

growing season.  Precipitation data show that 2017 was the driest year in the study with annual 

precipitation of 763 mm (30.0 in.).  Although 2017 was the driest of the three years, it had 

approximately 68 mm (2.7 in.) more in total annual precipitation than the long-term mean (695 

mm, 1994 to 2019) at the SWROC near Lamberton, MN.  Precipitation in 2018 was 977 mm (38.5 

in.), which was the next wettest year in the study, while 2019 had total annual precipitation, just 

over 1010 mm (39.8 in.). 

 

Water Quantity and Quality 

The data in Table 1 summarizes the three-year mean annual discharge, nitrate-nitrogen and 

dissolved reactive phosphorus load and flow weighted concentrations for the three pairs of 

constructed wetlands.  The data are presented by the constructed wetland design and treatment 

type.  Two water management treatments were compared: a control with no water management 

treatment and a treatment which consisted of a weir in the outlet flow control structure that was 

elevated in order to reduce discharged from the system and result in more water storage within a 

wetland.  The three-year summary indicated that there were no statistically significant differences 

among any parameters for the surface or vertical flow constructed wetlands.  The horizontal flow 

constructed wetlands showed statistically significant differences in mean annual discharge, nitrate-

nitrogen load and dissolved reactive phosphorus load between the treatment and control wetlands 

(Table 1).  The data indicated that flow and nutrient loads from the treatment were statistically 

lower than the control. 

The cumulative annual discharge, nitrate-nitrogen and dissolved reactive phosphorus loads 

were variable from year-to-year.  This is attributed to year-to-year differences in annual 

precipitation.  Other potential factors that could influence nutrient fluxes, particularly for N-

cycling, include soil temperature and growing season length.  Despite a lack of statistical 

differences for some water quality parameters it was evident regardless of the type of constructed 

wetland that they were all effective in mitigating water and nutrient loss from this agricultural 

landscape as evidenced by the percent reductions loads (Table 2).  In almost every case, the 

wetlands in this study nearly met or exceed the target 45% reduction allocation in the Minnesota 

Nutrient Reduction Strategy (MPCA, 2012). 
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SUMMARY 

Constructed wetlands represent a potentially promising practice for treating agricultural 

drainage whether the influent consists of surface water runoff, subsurface drainage, or a 

combination of both.  Our data support that structural practices like constructed wetlands can have 

a positive effect on water quality and can impact water storage and export from a watershed.  Our 

data support that implementation of a constructed wetlands resulted in nitrate-nitrogen and DRP 

load reductions leaving our small watershed. 

The effectiveness of wetlands depends on several factors including: climate, temperature, 

hydraulic loading and residence time, wetland to watershed area ratio, type and density of 

vegetation, the characteristics of the microbial communities, and the distribution and 

characteristics (concentration) of the influent water.  Optimal reduction in nutrients occurs when 

hydraulic residence time is long and hydraulic loading rate is low.  One disadvantage of wetland 

restoration is that the wetlands often disrupt the continuity of farming practices because of their 

location, thus the targeted positioning of constructed wetlands to treat agricultural drainage is 

promising.  This practice, under the limited extent of study (scale and replication), appears to 

indicate that this practice has the potential to contribute to reaching the 45% reduction in nitrogen 

and phosphorus leaving our agricultural landscapes.   

 

TABLES & FIGURES 

 
Table 1. Summary of constructed wetland combined mean annual discharge, load and flow weighted 

concentrations for nitrate-nitrogen and dissolved reactive phosphorus between 2017 and 2019 near 

Lamberton, MN. 

  Nitrate-nitrogen Dissolved reactive phosphorus 

 Discharge Load Flow Weighted 

Concentration 

Load Flow Weighted 

Concentration 

 m3 kg mg L-1 g ug L-1 

 Surface flow 

Control 7,816a 27a 4.2a 1,950a 269a 

Treatment 4,152a 16a 3.3a 903a 181a 

 Vertical flow 

Control 20,641a 135a 7.5a 1,219a 80a 

Treatment 17,590a 133a 7.6a 1,328a 70a 

 Horizontal flow 

Control 34,256a 407a 11.2a 2,328a 59a 

Treatment 9,999b 95b 10.2a 616b 59a 

Means within a column heading pair and constructed wetland type followed by the same lower-case 

letter are not statistically significant at the P ≤ 0.1 level of significance. 
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Table 2. Constructed wetland percent annual load reductions 

comparing control and treatment wetlands for nitrogen and 

phosphorus. 

 Cumulative 

Discharge 

Nitrate-N 

load 

Dissolved 

reactive 

phosphorus load 

  %  

Surface flow    

2017 46 92 31 

2018 88 95 81 

2019 23 -7.6 39 

3-yr mean 52 60 50 

    

Vertical flow    

2017 48 56 55 

2018 49 60 44 

2019 46 60 32 

3-yr mean 48 59 43 

    

Horizontal flow    

2017 30 30 7.4 

2018 78 82 80 

2019 39 50 45 

3-yr mean 49 54 44 
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EXECUTIVE SUMMARY 

The research described in this report summarizes some of the findings of a three-year field 

research project on implementing low-grade weirs as a drainage ditch management strategy.  This 

research is part of a larger on-going project where our team set out to quantify the individual and 

cumulative impacts of select in-field, edge-of-field and beyond-the-field/in-stream management 

practices on water quantity and water quality for a small watershed and upscale these results to the 

watershed scale (HUC 8).  Contributions from in-field (cover cropping), edge-of-field (bioreactors 

and constructed wetlands) and watershed modeling can be found elsewhere in this Proceedings. 

 

INTRODUCTION 

According to EPA, nitrogen (N) and phosphorus (P) pollution is one of the most serious and 

pervasive water quality problems in the United States (EPA, 2015).  Agricultural drainage 

ditches are integral components of the agricultural landscape.  In Minnesota, there are an 

estimated 27,000 miles of drainage ditch (Helland, 1999).  Currently, the primary function of 

drainage ditches is to remove excess water quickly without any treatment, and thus large 

quantities of N and P are discharged into creeks, streams and rivers that often become impaired. 

A commonly used practice in drained agricultural landscapes is known as controlled drainage 

which involves the use of a variable height riser in the outlet of a drainage system to conserve 

water and nutrients in the soil profile (Strock et al., 2011).  Extending the concept of controlled 

drainage to ditch channels involves the installation of adjustable low-grade weirs (aka risers), in 

a strategically arranged pattern within a drainage ditch.  Adjustable low-grade weirs act as 

impedance structures that function like check dams within drainage ditches (Figure 1).  They 

reduce the effective slope of the channel, thereby reducing the velocity of flowing water and 

create pools of water which in turn creates multiple, enhanced “wetland” systems within the 

larger drainage ditch. 

Natural attenuation of N by denitrification is dependent upon the amount of nitrate-nitrogen 

(NO3
-N) and organic carbon available as well as environmental conditions such as pH, surface 

area for microbial attachment, dissolved oxygen concentration and temperature (Kozub and 

Liehr, 1999).  In ditches receiving nutrients from adjacent fields, NO3
--N is unlikely to limit 

denitrification with concentrations frequently ranging from 11 to 22 mg L-1.  With the presence 

of weirs, hydraulic residence times within the ditch system are longer, and thus are hypothesized 

to create conditions conducive for denitrification to occur. 

While the anaerobic conditions that characterize ditches controlled by low-grade weirs 

promote denitrification and reduce losses of NO3 to downstream waters, over time they may also 

promote the release of dissolved phosphorus from redox-sensitive bonds with iron oxides and 

hydroxides in sediments (Withers & Jarvie, 2008), increasing P bioavailability.  Low-grade weirs 
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have been demonstrated to be effective at trapping sediment and phosphorus in the short term 

(Kroger et al., 2013), however less information is available describing the long term potential for 

release of P from sediments in these settings.  Internal loading of dissolved phosphorus from 

sediments to the overlying water column has long been recognized as a problem in eutrophic 

lake settings (Sondergaard et al., 2003; Pettersson, 1998; Jacoby, 1982), and more recently in 

engineered settings such as stormwater detention ponds (Song et al., 2016).  Thus, understanding 

the mechanisms for cycling of P between dissolved and particulate forms is an important 

component of ensuring that these management strategies are effective for both reduction of 

nitrate and for controlling loss of bioavailable dissolved P. 

Our approach is to mimic natural processes through ditch management to reduce nutrient losses 

from agricultural watersheds.  Results from this work will provide important information that will 

allow farmers and land managers to design water management infrastructure in a way that is both 

effective for production and environmentally responsible and sustainable.  Further, results from 

this work will also help to provide more detail and insight into the strength of the linkage between 

field-scale management, ditch hydrologic responses and nutrient mitigation. 

 

METHODS 

This section describes the main experimental components of this research project. The project 

was designed around infrastructure developed during 2002 at the University of Minnesota 

Southwest Research and Outreach Center (SWROC) near Lamberton, MN.  

A drainage channel research facility incorporating a paired study approach in the design was 

constructed in 2002 (Strock et al., 2005).  Two side-by-side, 200 m (656 ft) long, experimental 

vegetated ditch channels receive surface runoff and subsurface drain flow from 113 ha (280 ac).  

These experimental channels discharge into the Cottonwood River.  This experimental site was 

established to identify the effectiveness of ditch management strategies to increase water storage 

and decrease nutrient discharge from an agricultural landscape.  Water flow in the channels is 

seasonal, with higher flows from April through June when spring snowmelt combines with spring 

rainfall and seasonally high subsurface drainage flow.  The contributing watershed comprises 74% 

cropland (row crops), 20% pasture, and 6% farmstead. 

The ditch system consists of four key components: water collection area, ditch channels, flow 

control structures, and flow measurement structures.  The water collection area was designed to 

allow mixing of surface and subsurface runoff before entering the two experimental ditch channels.  

The collection area accumulates water from three pre- existing subsurface drainage lines and two 

pre-existing grassed waterways.  Approximately 40.5 ha (100 acres) of land drain by subsurface 

drainage and contribute to the total flow of the ditch system.  Potentially 111.3 ha (275 acres) of 

land contribute surface runoff to the ditch system through surface runoff.  The experimental design 

consisted of paired-analysis approach, which included conventional (status quo) and improved 

management (low-grade weir) treatments.  The conventionally managed ditch serves as a control 

for climatic and other variations. 

Water is delivered from the collection area to the experimental ditch channels and flows 

through 0.76 m (2.5 foot) H-flumes at the outlets of the experimental channels.  Water level in the 

treatment ditch is regulated using PVC low-grade weirs.  Weirs measure a minimum of 0.15 m (6 

inches) in height.  Multiple weirs may be stacked to achieve the desired water level control height, 

0.3 m (12 inches) in this experiment.  Daily mean values of drainage volume were calculated from 

continuously recorded stage data using stage-discharge relationships for the H-flumes.  Each H-

flume was instrumented with an OTT bubble level sensor (OTT Hydromet, Germany).  An ISCO 
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3700C compact portable sampler (ISCO, Inc., Lincoln, NE) was installed after each water metering 

H-flume and used to collect water samples from each experimental ditch based on base flow or 

storm flow hydrograph conditions.  A Campbell Scientific CR1000 data logger (Campbell 

Scientific, Logan UT) was used to control the portable sampler and to collect the water level data.  

The combination of water flow measurement and nutrient concentration allows for estimation of 

constituent loading to surface water.  The arrangement of this drainage system allowed for 

monitoring and evaluation of changes in water quantity and quality as a result of ditch 

management.  Discharge was continuously measured and water samples collected between ice-

free periods in order to minimize potential damage to instrumentation.   

Water samples were collected using an equal flow increment strategy and analyzed for nitrate-

nitrogen and dissolved reactive phosphorus concentration.  Equal flow increment sampling allows 

for water sample collection during rapidly changing stages and shorter sample timing.  All 

chemical analyses were completed using Lachat 8500 Flow Injection Analyzer (Hach, Loveland, 

CO).  Samples were typically collected within 24 h of a storm event and stored at 4o C until 

analysis.  A well-mixed sample was filtered through a standard glass fiber filter and the filtered 

sample was analyzed for nitrate-nitrogen and dissolved reactive phosphorus.  Dissolved reactive 

P was analyzed using colorimetric analysis by the molybdate-blue/ascorbic acid method (10-115-

01-1-Q) at 880 nm.  Nitrate-nitrogen was analyzed using colorimetric analysis by the cadmium 

reduction method (10-107-04-1-A) at 520 nm. 

 

RESULTS AND DISCUSSION 

Overall, the study period was characterized by above average precipitation.  Precipitation data 

showed that 2017 was the driest year during the study with annual precipitation of 763 mm (30.0 

in.).  Although 2017 was the driest of the three years, it had approximately 68 mm (2.7 in.) more 

in total annual precipitation than the long-term mean (695 mm, 1994 to 2019).  Precipitation in 

2018 was 977 mm (38.5 in.), which was the next wettest year in the study, while 2019 had total 

annual precipitation, just over 1010 mm (39.8 in.).   

On an annual basis, flow was 1,014 m3 for the treatment channel compared to 2,401 m3 for the 

control channel during 2017 resulting in an overall reduction in discharge of 58% for the treatment 

channel compared to the control channel (Table 1).  The low-grade weir could partition water into 

storage, seepage to shallow groundwater or seepage from shallow groundwater, uptake into ditch 

vegetation and/or loss to evaporation.  On an annual basis, flow was 51,577 m3 for the treatment 

channel compared to 132,106 m3 for the control channel during 2018 resulting in an overall 

reduction in discharge of 61% for the treatment channel compared to the control channel (Table 

1).  Consistently wetter conditions during 2019 resulted in greater flows from both the treatment 

and control channels during 2019.  During 2019, above average temperatures in late February and 

early March resulted in rapid snowmelt that caused surface runoff. 

On an annual basis, nitrate-N load was 6.3 kg for the treatment channel compared to 25 kg for 

the control channel during 2017 resulting in an overall reduction in discharge of 76% for the 

treatment channel compared to the control channel (Table 1).  Data indicated that the annual flow 

weight nitrate-N concentration from the control channel was 10.8 mg L-1 whereas it was 4.5 mg L-

1 from the treatment channel during 2017 (Table 1).  The 58% reduction in nitrate-N concentration 

indicated that the increased residence time in the treatment channel coupled with a larger wetted 

perimeter and deeper channel behind the low-grade weirs likely resulted in denitrification.  

Biological denitrification is expected to be the main driver of nitrate-N reduction in the treatment 

channel although uptake into emergent vegetation also likely occurred as air temperatures 



54 

 

increased and vegetation matured.  Another possible explanation for nitrate-N differences would 

be that the treatment channel was influenced by shallow groundwater – ditch channel interactions 

in which the ditch channel was gaining water from shallow groundwater that was lower in nitrate-

N than the drainage water in the ditch resulting in a dilution effect. 

Increased monthly and annual precipitation resulted in greater nitrate-N loads during 2018 

compared to 2017.  On an annual basis, nitrate-N load was 354 kg for the treatment channel 

compared to 997 kg for the control channel during 2018 resulting in an overall reduction in 

discharge of 65% for the treatment channel compared to the control channel.  Data from 2018 

indicated that the annual flow weighted nitrate-N concentration from the control channel was 7.6 

mg L-1 whereas it was 2.7 mg L-1 from the treatment channel (Table 1).  This is a 64% reduction 

in flow weighted nitrate-N concentration from the control to the treatment channel.  It is assumed 

that similar processes were involved in nitrate-N load reductions in 2018 as were in 2017. 

As previously reported, 2019 was the wettest of the three years of the project and the second 

wettest on record for the SWROC.  It was also a very active year for surface runoff resulting in 16 

runoff events between April 1st and October 30th.  On an annual basis, nitrate-N load was 958 kg 

for the treatment channel compared to 2,451 kg for the control channel during 2019 resulting in an 

overall reduction in discharge of 61% for the treatment channel compared to the control channel.  

Data from 2019 indicated that the annual flow weighted nitrate-N concentration from the control 

channel was 6.4 mg L-1 whereas it was 5.0 mg L-1 from the treatment channel (Table 1).  This is a 

22% reduction in flow weighted nitrate-N concentration from the control to the treatment channel.  

Although about 40% lower than the previous two years, this is not a surprising result due to the 

consistently high flows through the channels during 2019. 

On an annual basis, the magnitude in the load of dissolved reactive P (DRP) exported through 

the ditches showed an increasing trend by year with the smallest export amounts in 2017 and the 

largest in 2019 (Table 1).  Dissolve reactive-P load was 286 g for the treatment channel compared 

to 194 g for the control channel during 2017 resulting in an overall increase in discharge of 47% 

for the treatment channel compared to the control channel (Table 1).  Increased monthly and annual 

precipitation resulted in greater DRP loads during 2018 and 2019 compared to 2017.  On an annual 

basis, DRP load was 5,642 g for the treatment channel compared to 17,041 g for the control channel 

during 2018 resulting in an overall reduction in discharge of 67% for the treatment channel 

compared to the control channel.  Data from 2018 indicated that the annual flow weighted DRP 

concentration from the control channel was 43 ug L-1 whereas it was 129 ug L-1 from the treatment 

channel (Table 1).  This is a 67% reduction in flow weighted DRP concentration from the control 

to the treatment channel.  Annual, DRP load was 15,327 g for the treatment channel compared to 

39,733 g for the control channel during 2019 resulting in an overall reduction in discharge of 61% 

for the treatment channel compared to the control channel.  Data from 2019 indicated that the 

annual flow weighted DRP concentration from the control channel was 78 ug L-1 whereas it was 

96 ug L-1 from the treatment channel (Table 1).  This is a 19% reduction in flow weighted DRP 

concentration from the control to the treatment channel. 

 

SUMMARY 

Our data support that structural practices like managed ditches can have a positive effect on 

water quality and can impact water storage and export from a watershed.  Our data support that 

implementation of a low-grade weir in a drainage ditch resulted in the reduction in flow-

weighted nitrate-nitrogen and DRP concentrations and loads leaving our small watershed.  This 

practice, under the limited extent of study (scale and replication), appears to indicate that this 
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practice has the potential to contribute to reaching the 45% reduction in nitrogen and phosphorus 

leaving our agricultural landscapes.   

Although we have shown positive impacts from implementing low-grade weir in a drainage 

ditch to mitigate agricultures impact on water quantity and water quality we realize that the scale 

that this research has been conducted at is a relatively small scale.  One question that still 

remains to be answered is what impact will this and other mitigation practices have at larger 

watershed scales?  Another question is what are the mechanism controlling nitrogen and 

phosphorus loss in a cold climate?  Are there ways that nutrient reductions could be further 

augmented? Additional research is needed to answer these and other questions. 

 

TABLES 

 
Table 1. Summary of annual ditch discharge, load and flow weighted concentration nitrogen and dissolved 

reactive phosphorus between 2017 and 2019 near Lamberton, MN. 

  Nitrate-N Dissolved reactive phosphorus 

 Cumulative 

Discharge 
Load 

Flow Weighted 

Concentration 
Load 

Flow Weighted 

Concentration 

 m3 kg mg L-1 g ug L-1g 

 Treatment Control Treatment Control Treatment Control Treatment Control Treatment Control 

2017 1,014 2,401 6.3 25.8 4.5 10.8 286 194 176 90 

2018 51,577 132,106 354 997 2.7 7.6 5,642 17,041 43 129 

2019 189,249 401,979 958 2,451 5.0 6.4 15,327 39,733 78 96 

mean 80,613 178,829 439 1,158 4.1 8.3 7,085 18,989 99 105 
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