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Introduction

The Minnesota WRRA program is administered by the University of Minnesota Water Resources Center
(WRC), which is jointly supported by two colleges: the College of Food, Agricultural, and Natural Resource
Sciences (CFANS) and University of Minnesota Extension. The WRC employs 14 staff members as of
January 2018. The leadership of the center includes a director, Jeff Peterson, and an associate director, Joel
Larson (beginning Jan. 29, 2018). Peterson reports on behalf of the center to the Dean of CFANS and the
Dean of Extension. Additional administrative staff include an administrative director, a finance professional,
and a communications specialist. WRRA Section 104(b) funds support portions of administrative staff
salaries. The majority of the staff in the WRC work on research, Extension/outreach, and education programs
sponsored by grants and program revenue. WRC staff scientists are involved in research/outreach projects
supported by various sponsors, focusing on agriculture and rural watersheds, urban stormwater, and
small-scale wastewater. The WRC is the administrative home of the interdisciplinary Water Resource
Sciences graduate program, with a graduate faculty of over 100 members spanning over 20 departments on
the Twin Cities and Duluth campuses. Another major activity area is the WRC’s professional training and
certification, including the Onsite Sewage Treatment Program, the Wetland Delineator Certification Program,
and the Watershed Specialist Training Program. The center also sponsors a number of conferences and events,
the largest and most visible of which is the annual Minnesota Water Resources Conference held each October.
Additional information transfer activities include two newsletters: Minnegram, sent quarterly to a statewide
audience, and Confluence, sent weekly to the campus water community.
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Research Program Introduction

In October 2016, the WRC released a Request for Proposals for its fiscal 2017 grant competition supported by
WRRA 104b funds. The WRC received 12 proposals by the November 21 deadline. We then requested 6
external reviews for each proposal, seeking reviewers who were experts on the proposed topics from both
within and outside Minnesota. As in past years, an Advisory Committee was convened to advise the WRC on
funding decisions. Each committee member was provided copies of the proposal and external reviews. The
committee met in December 2015 and selected three proposals to be recommended for funding. Each project
was featured in our quarterly newsletter, the Minnegram.

Research Program Introduction
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Research 
 

Investigation of a novel approach to mitigate nitrogen and phosphorus from tile drainage 
Jeffrey S. Strock and Andry Z. Ranaivoson 

Introduction 

Contemporary end-of-tile bioreactors consist of a water level control structure used to route water into 

the bioreactor. The typical bioreactor consists of a narrow (<1 m wide) trench, 1 to 1.5 m deep and 10’s 

of meters long. Bioreactors may be lined to prevent seepage or unlined. The bioreactors are then filled 

with sources of carbon which may include saw dust, wood chips or corn cobs. These bioreactors are 

solely designed to reduce NO3
− loading to surface water by denitrification. 

We designed a novel bioreactor capable of removing both N and P and also which would be accessible 

to easy maintenance. The prototype design consists of a reinforced tank, porous lava rock, a sheet of 

Brotex, a honeycomb shaped geotextile cellular containment material. These layers encompass the 

hydraulic filtering media and the denitrification media. Three materials were selected for the P removal 

media including sieved steel slag, sieved crushed recycled concrete or limestone. The concept for the 

bioreactor system is a modular system that can be installed in the field for drainage water treatment, 

removed when necessary for maintenance and replaced. Once removed from the field the N and P 

materials could be recycled. The system is designed for installation adjacent to individual tile outlets 

along a drainage ditch in order to remediate dissolved nitrogen and phosphorus. The number of 

modules installed at a particular location would be in part determined by the size of the outlet pipe and 

the desired treatment efficiency (hydraulic residence time and/or nutrient reduction). 

Study Location 

The field location chosen for experimentation was at the Southwest Research and Outreach Center, near 

Lamberton, MN. The site was chosen because of the availability of infrastructure, labor and resources to 

conduct this research.  

The SWROC is located in the Cottonwood River watershed of the Minnesota River Basin, in southwest 

Minnesota (Figure 1.1). The site is located on a lower elevation of glacial till lowland plains. The climate 

is interior continental with cold winters and moderately hot summers with occasional cool periods. Total 

annual precipitation of 670 mm is adequate for row crop production, because 74% of this falls during 

the growing season from April to September. Subsurface drainage from approximately 125 ha, 

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 

soils of the watershed are of the Canisteo−Ves association. Canisteo soils are poorly drained and are 

found on the broad lowland glacial till plain. The Canisteo soils and other poorly drained soils in this 

association require artificial drainage to make them suitable for crop production. Ves soils are well 

drained and occupy convex knolls above the lowland till plain. Erosion is a concern in management of 

this soil. These soils are used mainly for row−crop production. 

 



 

 

Figure 1.1. Location of the project site at the University of Minnesota Southwest Research and Outreach Center 
near Lamberton, MN. 

Research design 

A controlled field experiment consisted of three replications of three experimental treatments. Nine 

modular bioreactor systems or “cubes” were planned and materials previously described were 

purchased for construction. The cubes were built on site and installed adjacent to a tile drain outlet 

along a drainage ditch/waterway. 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 cubes. Instrumenting the site was 

completed with the installation of the monitoring equipment (tipping buckets, data loggers, etc.) (Figure 

1.2).  

 

 

Figure 1.2. From the left: three-way subsurface drain flow splitter to distribute water from the subsurface drain 
outlet to the bioreactors; block of three bioreactors with a set of three solar panels, one paddle wheel, and a 
datalogger in the white enclosure; portable samplers for collecting bioreactor discharge for water quality 
component analysis.  

 

Flow measuring devices and water sampling equipment were installed at the experimental site in order 

to characterize flow rate and volume and to obtain water samples for chemical characterization. 

Subsurface drainage was measured in a flow control structure using a pressure transducer connected to 

a datalogger. The flow control structure was also used to divert water to the modular bioreactors. The 

outlet elevation of the flow control structure was managed at the highest level possible which created a 

column of water on the upstream side of the flow control structure.  



The outlet of the bioreactor consisted of an adjustable standpipe which was used to raise or lower the 

elevation of water in the bioreactor. The stand pipe was also used to divert bioreactor effluent to a flow 

gauge and to collect water samples for chemical characterization. A tipping bucket flow gauge with 

approximately 4 L capacity per tip was used to measure bioreactor discharge volume and rate. Tipping 

buckets were made from stainless steel. The volume of each tip was calibrated in the laboratory at a 

series of known flow rates, ranging from 1.2 to 18.9 liters per minute. The calibration process involved 

applying water to the tipping bucket at a known flow rate for a period of at least 105 tips. During this 

period, a datalogger was used to record the time when the calibration started and stopped as well as 

the exact time for each tip. Tips were counted using magnetic switches located on the tipping bucket. 

Each modular bioreactor had its own dedicated tipping bucket. Fixed-time interval samples were 

collected with automatic water samplers (ISCO, Lincoln, NE). 

Carbon source augmentation 
Denitrification is mainly accomplished by heterotrophic bacteria and is strongly dependent on the 

availability of organic carbon, which serves as an energy source and electron donor of the denitrification 

process. Wood products have been commonly used as a carbon source in bioreactors used to treat 

agriculturally derived nitrate because of its availability, low cost, supports high hydraulic conductivity 

and relatively high C:N ratio (100-300:1). One of the advantages of a relatively high C:N ratio is that 

materials like wood are stable and do not require frequent replenishment unlike relatively low C:N ratio, 

labile carbon sources such as corn cobs which may be depleted more rapidly. One disadvantage of 

having a relatively high C:N ratio is that the availability of labile carbon could limit denitrification. Nitrate 

reduction only requires mildly reducing conditions (Eh
o, -82 to -119 mV), so it is important in maintaining 

redox potential in the optimum range in order to eliminate electron donor scavenging for use in 

supporting Mn(IV), Fe(III) or sulfate reduction. 

In biological treatment processes, which promote denitrification, an external carbon source is frequently 

added as an electron donor in order to stimulate the process of denitrification. In this project, potassium 

acetate (CH3CO2K) was used as the external carbon source. The concentration was based on reducing 

nitrate concentration at 20mg/L for a subsurface drain flow rate of 9.0 gpm in the 2”-PVC water 

mainline; the target stochiometric ratio of C/N was 0.84 as reported by Lew et al. (2012).  The target 

flow rate of subsurface drainage water delivered to each bioreactor was 4 L per minute (1 gpm). 

Injection rates of acetate varied over the course of the experiment as shown in Table 1.1. 

Data collection periods 
Data collection began on March 27, 2017. Water samples were collected, preserved and refrigerated at 

4° C for analysis of nitrate and total phosphorus by flow injection analysis. Oxidation-reduction potential 

and dissolved oxygen levels, as indicators of reducing conditions within the bioreactors, were collected 

through the standpipe of each bioreactor.   

One of the original goals of this project was to evaluate the performance of the bioreactors under 

contrasting temperature conditions (i.e. cool versus warm). It was expected that relatively cold water 

and air temperatures during the early part of the season, between March and May, may reduce the rate 

of denitrification in the bioreactors and thus affect the efficiency of nitrate removal from the subsurface 

drainage water. In contrast, it was expected that relatively warm conditions during the middle to late 

part of the growing season would have little to no effect on denitrification.  



Statistical analysis 

In 2017, another type of statistical test was introduced as some of the data were highly non-normal 

(Shapiro-Wilk test p-values: 4.08 x 10^-6 - 5.99 x 10^-3): Games-Howell post-hoc test handles non-

normal, heteroskedastic (unequal variance), and unbalanced data.  Two sets of data out of six were 

analyzed with ANOVA method, daily flow rate and phosphorus concentration data, as they were normal 

distributed (Shapiro-Wilk test p-values: 0.20 and 0.31). 

Results and Discussion 

Precipitation  

Annual precipitation for 2017 was 765 mm, which was 13% above the 30-year normal average, with low 

amounts during the first three months of the year.  Spring rainfall for 2017 was similar to the pattern of 

2016 with the rainfall amount in May almost double that of April (Figure 1.3).  Summer, July through 

September, rainfall was lower than that in 2016.  Growing season rainfall was 578 mm in 2017 (April to 

September), 25% higher than that of the long-term average at 435 mm. 

 

 

Figure 1.3. Monthly precipitation for 2016 and 2017 

 

Drainage: Cumulative Discharge Volume, Mean Discharge Flow Rate, and Hydraulic Residence Time 

Subsurface drainage started in late March 2017.  Cube discharge volume was statistically analyzed on a 

monthly basis whereas mean cube discharge rate was analyzed on a daily basis.  During 2017, acetate 

was injected uniformly throughout the season, consequently, water quantity and quality results are 

presented as monthly values.  Cube outflow was categorized based on P treatment (Table 1.1).  The data 

show that monthly discharge volumes gradually increased beginning in March, peaked in May, and then 

gradually decreased by the third week of July at which flow ceased for all P treatments.  There were 

small differences in discharge volume between P treatments and months but none of them were 

significant.   

 



Table 1.1. Monthly discharge volume (m3), in chronological order for 2017, from bioreactors grouped by 

P-treatment  

P-treatment March-17 April-17 May-17 June-17 July-17 

crushed concrete (n=3) 15.5 93.8 107 81.4 24.1 
Limestone (n=3) 12.5 96.3 131 98.3 30.0 

steel slag (n=3) 15.7 91.6 119 81.2 35.3 

 

Observed hydraulic residence times (HRT) in 2017 were inversely related to mean daily discharge rate 

with the month of May HRT having the shortest and the month of July having the longest HRTs values 

(Table 1.2).  The mean HRT was 3.4 hours in 2017.  Statistical test for HRT did not yield any significant 

differences across the P-treatments (p-value: 0.128); post-hoc Games-Howell method was used for the 

test since the data was strongly non-normal, unbalanced, and heteroskedastic (unequal variance). 

 

Table 1.2. Hydraulic residence time (hour), in chronological order for 2017, for bioreactors grouped by 
P-treatment. 

P-treatment March-17 April-17 May-17 June-17 July-17 

crushed concrete, n=3 2.39 2.59 2.34 3.08 8.59 

limestone, n=3 2.90 2.45 1.87 2.48 5.28 

steel slag, n=3 3.27 2.71 1.91 2.84 6.29 

 

A classification of hydraulic residence time was produced in Table 1.3.  Based on the current 

configuration of HRT and supplemental carbon addition, an HRT of less than 3 hours may generate very 

little nitrate load reduction.  Under the conditions of 2017, the best HRT category was greater than 4 

hours. 

Table 1.3. Class of hydraulic residence time, nitrate load reduction average, and nitrate load reduction 
range per category of hydraulic residence time from all P-treatment cubes in 2017. 

HRT, 

hour 

Nitrate Load 

Reduction Average 

Range of Nitrate 

Load Reduction 

< 2.0 8% 0% - 19% 
< 3.0 13% 0% - 25% 

<4.0 19% 9% - 24% 

>4.0 27% 13% - 36% 

 

Oxidation-Reduction and pH Values 

The redox potential among the cubes was relatively steady and above the range that would be expected 

to show strong reducing conditions between the end of March and the first few days of June. The 



pattern changed during the second week of June 2017.  The month of June coincided with evidence of 

large nitrate load reduction in 2017.  In July, redox values stayed below 150 mV and, at the same time, 

the HRT values were higher compared to those of previous months.  The combination of low redox 

values and long HRT values resulted in the highest nitrate load reduction for July 2017. Values of pH 

remained stable over the entire period, March to July, staying between 7.0 and 8.0 (Figure 1.4). 

 

 

Figure 1.4. Oxidation-reduction potential and pH of bioreactors during 2017 
 

Air and Water Temperature 

In general, both air and water temperatures tracked each other closely according to natural daily 

fluctuations of air temperature.  There was an increasing pattern of water temperature when 

considering the successive average monthly values of water temperature: April 8.5 oC, May 14.7 oC, June 

22.2 oC, and July 24.9 oC (Figure 1.5).  The largest jump in temperature was that from May to June (+7.6 
oC). 

 

Figure 1.5. Air and bioreactor water temperature from April until October 2017. 
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