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The two-stage saturated buffer: Integrating the use of cover crops into saturated buffer designs for
nitrogen mitigation
Jon Schoonover, Professor of Physical Hydrology, Southern Illinois University
Karl Williard, Professor of Watershed Management, Southern Illinois University
Dwight Sanders, Professor of Agribusiness Economics, Southern Illinois University
Background and Objectives
The U.S. EPA ranks sediment and nutrient pollution as two of the top three pollutants to inland waters in the
US and identifies agriculture as one of the main contributors. Thus, nutrient and sediment management in row
crop agriculture remains one of the agricultural community’s biggest challenges and concerns. Water quality
impairment from agricultural runoff has received growing attention and requires immediate action to adapt or
develop best management practices (BMPs) to reduce impacts on the environment. It is imperative that the
agricultural community takes a proactive stance in nutrient and sediment management in order to prepare for
potential nutrient regulation. To date, there have been many BMPs proposed to attenuate nutrients and trap
sediments along the field borders and within agricultural fields. This project was designed to blend two proven
BMPs into one design that will focus on nitrogen reduction from tile drained fields. In tile drained systems
nitrogen can easily be lost both to groundwater via leaching and through the tile outlet directly to the stream.
Our design assessed nitrogen export from fields using a new, untested approach. Water quality data from this
project provides additional evidence to the effectiveness of saturated buffers (SB) and cover crop BMPs.
This project quantified nitrate-N leaching from 3 drainage scenarios in a tile-drained system: 1.) a control (i.e.,
a grassed buffer with no tile diversion), 2.) a standard saturated buffer (i.e., a diversion draining through a
grassed buffer), and 3.) a two-stage saturated buffer that drains into both a cover crop strip (stage 1, diversion
1) and a grassed buffer (stage 2, diversion 2) (Figure 1). Data gathered from this unique, and untested, design
can help guide the development of future agricultural BMPs.
Objectives
1.) Evaluate nitrate leaching among drainage tiles managed with a grass strip (control), a saturated buffer with
a grass strip (treatment 1), and a saturated buffer with a grass strip coupled with a cover crop strip (treatment
2).
2.) Estimate runoff volumes reaching the tile outlet among the three aforementioned drainage scenarios.
3.) Quantify the economic costs and benefits associated with the control and two saturated buffer treatments.
Location
Research was performed on a privately owned farm in Union County, IL. The farm is over 5,000 acres, most of
which is currently tile drained. The farmer is a key constituent in the agricultural community and is constantly
striving to improve upon his water and nutrient management. His generous participation and active role in
Illinois agriculture was important for establishing an excellent demonstration site and for providing a catalyst for
the adoption and consideration of saturated buffers by other farmers. Preliminary data were collected on over
20 tile outlets and eventually narrowed down to three tile outlets of similar nutrient export and discharge. The
fields selected were to remain in a corn and soybean rotation throughout the study (Figure 2).
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Project Timeline
The project spanned nearly 5 years. The initial year focused on collecting tile drainage from multiple tile lines
to facilitate site selection by determining similarities in nutrient export and flow rates from the outlets. Once the
3 tile lines were selected, a 50 ft wide strip of a non-leguminous cover crop (Cereal Rye) was planted at the
leading edge of the 50 ft grass strip in the two-stage buffer treatment. The cover crop chosen was a nonlegume species to promote nitrogen scavenging and nutrient retention near the saturated buffer and upslope of
the diverted tile water. Control structures and lateral tile lines were installed February 13, 2017 and the
groundwater monitoring wells were installed shortly thereafter on May 17, 2017. The row crop fields were
rotated between soybeans and corn. Water quality and quantity were monitored from the tile lines as well as in
the monitoring wells during the final two years of the project. Once the water quality and discharge data were
collected an economic analysis was performed to evaluate the cost-effectiveness of the practices.
Water Quality and Discharge
Description of Study Site
The farm is located in Southern Illinois and consists of over 5,000 acres, most of which is currently tile drained.
The two primary soil series found on the sites were Bonnie Silt Loams (fine-silty, mixed, active, acid, mesic
Typic Fluvaquents) and Belknap Silt Loams (coarse-silty, mixed, active, acid, mesic Fluventic Endoaquepts).
Bonnie Silt Loam is characterized by very deep, poorly drained soils formed in silty alluvium. Belknap Silt
Loam is characterized by having very deep, somewhat poorly drained soils formed in silty alluvium. All
saturated buffer sites used in this project were retrofitted to existing tile and buffer systems. At these sites the
field and buffer elevations were similar, requiring that the stop logs in the saturated buffer control structure(s)
be managed at time intervals similar to a Drainage Water Management system (NRCS Practice 554). Overall,
time and management requirements for this practice were minimal, the landowners/operators saw no
noticeable change in how they managed their land, except for being careful not to hit the control structure(s)
and monitoring equipment with a mower or other implement. The producer’s fertilizer application rates can be
found in Table 4 below.
Summary
Semi-monthly water samples were collected since early 2017 from the control structures and monitoring wells
for the three treatments outlined in Figure 1. Prior to installation of the control structures at Outlet 1 (2-stage
buffer) and Outlet 2 (Standard buffer), average flow rates among the 3 tiles outlets were similar and ranged
between 1.9 to 3.3 L s-1 (30-53 gpm). Since their installation in February 2017, the data have shown that the
control structures stabilized outflow variability and reduced outflow volumes (Figure 3). This reduction in
outflow is important to note because although the nutrient concentrations have not been significantly impacted
by the saturated buffers, the outflow volumes have been reduced and will ultimately minimize the nitrogen
loading to the receiving stream. The importance of the reduction of outflow is especially apparent during the
high flows at the control outlet compared to the saturated buffer treatments during the latter part of 2018
through 2019 where we experienced a wetter than average winter. However, an elevated water table in the
two-stage saturated buffer has caused the tile diversion lines to become saturated at times and negatively
affected its performance. For example, there was evidence of an event in late January of 2017 that generated
higher outflow volumes in the two-stage system compared to the standard saturated buffer and the control.
During this snowmelt event, the 1000 ft lateral tile lines appear to have reverse flow and drain the buffer area
which contributed to the high outflow levels. The reverse flows were evident when the water table elevation in
groundwater monitoring well #2 rose above 325 feet.
After the stop logs were installed in the control structures (May 2017) it became evident that tile water was
being effectively dispersed across the vegetated buffers. Nitrate-N concentrations increased in the
groundwater monitoring wells proving that the system functioned properly (Figure 5-7) up until the point where
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the water table raised above the lateral tile lines. Although the increased nitrate-N concentrations coincided
with fertilizer applications, the wells in the cover crop and grass buffers had higher nitrate-N concentrations
than the field wells. This was due to the lateral lines in the saturated buffer systems conveying water towards
the wells in the vegetated buffers (Figure 5-8). The predominate form of nitrogen leaving the fields was
consistently in the nitrate form throughout the study period. Average nitrate-N concentrations in the monitoring
wells during 2018 ranged from < 1 mg L-1 in the grass strip at the control site to over 14 mg L-1 in the grass
buffer and cover crop vegetation in the two-stage buffer. With the Drinking Water Standard being 10 mg L -1 for
nitrate-N it is important that this water was dispersed across the buffer strip to increase retention time and to
promote plant assimilation and/or denitrification. Although plant assimilation rates or denitrification potential
were not measured, the saturated buffers presented an opportunity for either mechanism to occur and
provided a better alternative than a direct discharge to a receiving stream. Nitrate-N concentrations haven’t
changed significantly in the outflow from 2016; however, the reduction in outflow alone will greatly reduce the
load of nitrate-N leaving the field and entering the stream via the tile outlets. Average ammonium-N levels
have been ranging from 0.02-0.19 mg L-1 (Figure 8) and Dissolved Reactive Phosphorus (DRP) average
concentrations from the 3 tile outlets ranged from 0.08-0.27 mg L-1 for 2018 (Figure 9). Monthly nitrate-N and
DRP loads reaching the tile outlets ranged from 0 to 26 lbs/acre/month (Figures 10-11). The loads reaching
the streams in the 2-stage and traditional buffers have been much lower than in the control.
Economic Analysis
Introduction
The economic cost of nutrient pollution includes very direct costs associated with treating drinking water (e.g.,
nitrate removal), tourism losses (e.g., algal blooms), commercial fishing (e.g., fish kills or contaminated
shellfish), and real estate (e.g., value of waterfront properties). There are also large indirect costs associated
with human health impacts (e.g., respiratory disease). Clearly, these costs must be weighed against the
benefit of utilizing nitrogen in an agricultural setting (higher yields and global food supplies).
Measures taken to control nitrogen runoff are economical if the costs of reduction measures are less than the
cost of the nutrient pollution. Or, more simply, if the environmental benefit exceeds the implementation costs,
then there is a net gain. The economic benefits are enjoyed across a wide swath of society while the
implementation costs are borne by the producer directly. Therefore, it is important that nitrogen mitigation
strategies are economically evaluated to find those that are most efficient (lowest cost per pound of nitrogen
reduction).
Structure Cost and Efficiency
Buffer strips and other conservation measures represent a direct impact on a producer’s cost of production. To
put this into perspective for this project, the producer’s budgets are estimated and presented in Tables 1-3.
For those costs not provided by the producer, they are pulled from the Southern Illinois crop budgets compiled
by the University of Illinois (Schnitkey). Input prices are from the USDA’s Illinois Production Cost Report and
prices for the crops are taken during harvest for the “Little Egypt” region of Illinois which includes this particular
farm. The economic returns to row crop production can be very small (see Table 2) and incremental
conservation costs can impact profitability.
As shown in Tables 1-3, the test fields were rotated between soybeans and corn in 2016 and 2017.
Unfortunately, the rotation was broken in 2018 when the control field was replanted in corn. This limits useable
data for economic analysis to the 2016 and 2017 crops for valid comparisons. Nitrogen at the outlets was
measured over the twelve months from February, 2017 through January, 2018 as these were the only
consistent months prior the break in the crop rotation and differing fertilizer applications. The quantity of
fertilizers and resulting nutrient applications are shown in Table 4.
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For a buffer strip system, the cost of the installation is amortized at a 4% interest rate over the 20 year
expected useful life of the system. As shown in Table 5, the installation cost for the traditional buffer is
$4,785.68 which is amortized to an annual expense of $352.14 or $12.14 per acre per year.
The two-stage buffer costs essentially twice as much ($9,289.86) but it also protects 80% more acres (52.4)
than the traditional buffer (29.0). The two-stage buffer is amortized over 20 years at 4% to get to an annual
cost of $683.57 or $14.38 per acre. These calculations highlight one of the key economic considerations in
installing such buffers—field layout and size is important. There is a large fixed cost associated with ordering,
delivery, and basic installation of these structures. Therefore, the larger the field being drained, the lower the
average cost per acre. Producers may be able to lower the economic cost per acre by carefully choosing
fields for buffers.
In the bottom panel of Table 5 are the nitrogen readings at the outlet for the control group, traditional buffer,
and the two-stage buffer. Due to construction and flow issues, the two-stage buffer did not provide a reduction
relative to the traditional buffer. Still, some meaningful comparisons can be made.
The traditional buffer reduced the nitrogen readings by 2.804 pounds per acre per year relative to the control
field. With a cost of $12.14 per acre, that equates to an efficiency of $4.33 per pound of nitrogen saved. This
efficiency rating ($4.33/lb.) is a little higher than some other estimates. Christianson (2018) estimates
structural practices at a cost of $2.20 per pound (bioreactors on 50% of tile land), $4.00 per pound (wetlands
on 35% of land), and $1.60 for traditional buffers.
Clearly, the cost for field-edge practices are impacted by the size of the field drained by the tile and the
traditional buffer field in this research was relatively small (29 acres). If the single stage buffer were draining
the control field (62.2 acres), the efficiency would $2.02 per pound of nitrogen saved. This would be very much
in line with other estimates for buffer efficiency.
Unfortunately, the two-stage buffer experienced a high water table more often than the traditional buffer and
resulted in higher outflows at the outlet than the traditional buffer. Still, we can make some estimates of what
type of measurements would be needed to make the additional stage cost effective relative to a traditional
buffer.
With a cost per acre per year of $14.38, the two-stage buffer would have to show an incremental reduction in
nitrogen (relative to the control) of 3.32 pounds to equal the efficiency of the traditional buffer ($4.33/lb.).
Clearly, an even greater reduction would be needed to economically justify the additional efforts for maintaining
the two-stage structures.
Economic Benefit
The economic return to saving nitrogen is mostly indirect. While there may be some residual nitrogen that
remains in the field to aid crop growth, the majority is retained in the grass buffers with little or no economic
return for the farmer. The environmental benefits accrue to broader society through reductions in nitrogenrelated economic losses (drinking water, property values, fish kills, etc.).
Researchers have estimated that these costs can range from $10.48 per pound for increased incidence of
respiratory disease to $7.30 per pound for algal blooms (Schechinger, 2015). Keeler, et al (2016) estimate the
total social cost of nitrogen in Minnesota to be as high as $22.69 per pound around population centers with
lower values of $2.50/lb. for anhydrous ammonia (NH 3) applications in rural areas. In a comprehensive review,
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Sobota et al. (2015) report freshwater nitrogen loading costs to be as much as $16.10 per pound due to
eutrophication. Losses in coastal fishing areas can be an additional loss of $15.84 per pound.
While the estimated costs of nitrogen in the environment vary widely (based on the type of study, form of
nitrogen, and geography), the estimates are generally large and significantly higher than the efficiency
estimates in this study ($4.33 per pound).
Summary
The traditional buffer had an installation cost of $12.14 per acre per year over a 20 year estimated lifespan.
The reduction in nitrogen at the outlet (relative to the control) was 2.804 pounds per acre per year which
resulted in an efficiency rating of $4.33/lb. of nitrogen retained. The efficiency rating is modestly higher than
other estimates for buffers, but it is impacted by the size of the fields chosen for the study.
The two-stage buffer results were impacted by the erratic flow in response to the elevated water table. A
break-even estimate suggests that the two-stage buffer would need to remove an incremental 3.32 pounds of
nitrogen relative to the control to be as efficient the traditional buffer.
The efficiency estimate for this study ($4.33) is a little higher than other buffer estimates reported in the
literature, but it still compares favorably to most estimates of the societal costs of nitrogen run-off. The
environmental costs generally range from $7.30 for algal blooms up to over $10.00 per pound for human health
impacts. In this light, the buffer systems are likely to provide a positive economic impact.
Challenges
There were two primary challenges in this study. First, miscommunication during 2018 with the producer led to
a field being planted to corn in back to back years. This also altered the fertilization regime and prevented
cross-treatment comparisons. However, data were still analyzed using a “systems” approach comparing the
inflow concentrations to the outflow concentrations for each saturated buffer. The second challenge in this
study was a result of the lateral tile dispersion lines in the two-stage system becoming saturated when the
water table depth increased following rain events. This created a situation where water was being drained
back towards the control structures which resulted in larger discharge volumes at the outlet compared to the
inflows of the overall system.
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Figure 1. Layout of the control and two saturated buffer designs. Palette A: Control, Palette B. standard
saturated buffer, and Palette C. two-stage saturated buffer with cover crops.
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Figure 2. Field tile outlet locations at privately owned Massac county farm in southern Illinois.
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Figure 3. Rainfall and average flow rates for the 3 studied tile outlets at the Massac county farm. Control
structures were installed in February 2017 and were operable in May 2017.

Figure 4. Nitrate-N concentrations for the 3 studied tile outlets at the Massac county farm.
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Figure 5. Nitrate-N concentrations in the groundwater monitoring wells at the 2-stage saturated buffer at the
Massac county farm.

Figure 6. Nitrate-N concentrations in the groundwater monitoring wells at the standard buffer at the Massac
county farm.
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Figure 7. Nitrate-N concentrations in the groundwater monitoring wells at the control site at the Massac county
farm.

Figure 8. Ammonium-N for the 3 studied tile outlets at the Massac county farm.
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Figure 9. Dissolved Reactive Phosphorus (DRP) for the 3 studied tile outlets at the Massac county farm.

Figure 10. Monthly nitrate-N loads for the 3 studied tile outlets at the Massac county farm.
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Figure 11. Monthly DRP loads for the 3 studied tile outlets at the Massac county farm.

Table 1. Estimated Crop Budgets for Trial Fields, ($/acre), 2016 Crop

*Data estimated based on Southern Illinois budgets reported by Schnitkey.
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Table 2. Estimated Crop Budgets for Trial Fields, ($/acre), 2017 Crop

*Data estimated based on Southern Illinois budgets reported by Schnitkey.
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Table 3. Estimated Crop Budgets for Trial Fields, ($/acre), 2018 Crop

*Data estimated based on Southern Illinois budgets reported by Schnitkey.
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Table 4. Fertilizer and Nutrient Inputs

Note, fertilizer application rates provided by the producer. The percent nutrient content are standards as
described by the USDA’s Production Cost Report.

Table 5. Structure Costs and Economic Effectiveness

Note, nitrogen readings reflect the annual rate for the 12 months from February, 2017 through January, 2018.
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