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Land drainage to support agricul-
tural production can be traced back 
thousands of years to the ancient civ-

ilization of Mesopotamia along the banks 
of the Euphrates and Tigris. A ubiquitous 
drainage need in the Great Lakes region 
and parts of the Mississippi Basin is sub-
surface drainage (generally called tile 
drainage) to remove excess water from 
fields and improve trafficability. How-
ever, it has long been recognized that tile 
drainage is a main contributor of nitrate-
nitrogen (NO3-N) to water resources in 
these regions (Kladivko et al. 2004), and 
more recently studies have shown that 
tile drainage exports large amounts of 
phosphorus (P) (King et al. 2015). Nitro-
gen discharges from subsurface drainage 
systems are a common contributor to 
hypoxic zones in saltwater bodies, and 
dissolved P discharges are the primary 
cause of harmful algal blooms in fresh-
water bodies. 

Here we review in-field best manage-
ment practices (BMPs) to reduce nutrient 
losses from fields with subsurface drain-
age (USDA NRCS 2016). These USDA 
Natural Resources Conservation Service 
(NRCS) practice standards can vary from 
state to state to account for specific con-
ditions that occur in a state. 
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CONSERVATION PRACTICE STANDARD 
CODE 322: VEGETATED FIELD DITCHES

Agricultural drainage ditches (figure 1) 
can mitigate N and P losses (Moore et 
al. 2010). Typically, the larger the ditch, 
the greater its nutrient mitigation and 
sediment retention capabilities due to an 
increased volume of water exposure to 
vegetation in larger ditches (Bouldin et 
al. 2004). Conversely, both Moore et al. 
(2010) and Shipitalo et al. (2010) found 
that there was no significant difference 
between the nutrient mitigation abili-
ties of vegetated and unvegetated ditches. 
Here, a reduction in flow rate of ditches 
can aid sediment and associated nutrient 
deposition and chemical and biological 
uptake of N and P from ditch water. 

A consideration for ditch-nutrient reduc-
tion efficiency is that ditches are designed 
to rapidly remove water from the landscape 
to allow for farming operations. However, 
this has exacerbated nutrient discharge and 
reduced nutrient retention capabilities. Two-
stage ditches (Powell et al. 2007; Roley et al. 
2012), and in some cases an increase in the 
meandering of beyond-the-field ditch sys-
tems, have possibilities to enhance nutrient 
and sediment retention capacity.

CONSERVATION PRACTICE  
STANDARD CODES 329, 345, 346:  

TILLAGE PRACTICES
Conservation tillage practices, including 
reduced tillage and no-till (figure 2), leave 
more crop residue on the soil surface after 
planting and reduce root zone disturbance, 
resulting in reduced erosion and improved 
soil tilth. Water infiltration and structure 
is improved by preservation of natural 
channels formed by cracks, fissures, and 
biopores. In a long-term study in Ohio 
on two different soils, Kumar et al. (2012a) 
found that infiltration rates were at least 
1.9 to 4.2 times greater under no-till when 
compared to those under minimum till-
age and conventional moldboard plowing 
to 25 cm (10 in) followed by secondary 
tillage to 10 cm (4 in). Reduced-till was 
comprised of chisel plowing, without soil 
inversion, to 25 cm followed by cultiva-
tion to 10 cm before planting. They also 
found that soils in the no-till system had 
higher soil organic carbon (C), improved 
or maintained soil tilth, enhanced aggre-
gate stability, and higher available water 
content (Kumar et al. 2012b).

A consequence of preferential flow paths is 
the channeling of surface water to subsurface 

Figure 1
A vegetated ditch in a field with senescing soybeans. 
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drainage, providing a direct linkage between 
the soil surface and tile drains, which pro-
mote P movement (King et al. 2015). Over 
an eight year watershed study, P transported 
in tile drains represented less than 2% of 
typical application rates in this watershed, 
but greater than 90% of all measured con-
centrations exceeded recommended levels 
(0.03 mg L–1) for minimizing harmful algal 
blooms and nuisance algae (King et al. 2015). 
When associated with higher soil test P lev-
els at the soil surface (or surface applications 
of nutrient), water flow through preferential 
paths could result in increased dissolved P 
levels through tiles (Jarvie et al. 2017). 

In Oklahoma, following conversion of 
two conventionally tilled watersheds to 
no-till wheat (Triticum aestivum L.), erosion 
and total P loss in runoff declined 95% 
and 70%, respectively (Sharpley and Smith 
1994). However, both dissolved P loss in 
runoff, as well as NO3-N in groundwa-
ter, increased following the conversion to 
no-till wheat (Sharpley and Smith 1994). 
In conservation tillage systems, alterna-
tives to surface placement of nutrients can 
have crop and water quality benefits. King 
et al. (2015) reported that tillage imple-
ments that impose minimal disturbance to 
the soil profile but place fertilizer below 
the surface have been found to be ben-
eficial to water quality. Banded placement 
of fertilizer can also be beneficial in crop 
production (Randall and Hoeft 1998). To 

move away from surface applications of 
nutrients, practitioners of no-till systems 
have the opportunity to deliver nutrients 
through the planters, with high-speed 
equipment that minimally disturbs the 
soil surface, or use vertical tillage systems. 
In reduced tillage systems, the timing of 
fertilizer application prior to tillage or 
implementation of strip-tillage with fer-
tilizer placement may offer improvements 
to tile losses of P. However, Hoorman and 
Shipatalo (2006), in a study of 98 animal 
waste spill records and fish kills in Ohio, 
determined that most occurred in areas 
with tile drainage and the most common 
contributing factor was application to sat-
urated soils or rain after land application. 
They also noted that, while incorporation 
of liquid manure might reduce the poten-
tial for nutrient movement to tile drains in 
soil macropores, violations occurred even 
when wastes were applied to tilled soil.

CONSERVATION PRACTICE STANDARD 
CODE 333: SOIL AMENDMENTS

There has been a recent focus on the poten-
tial of soil amendments, such as alum sludge, 
steel slag, and fluidized gas desulfurization 
(FGD) gypsum to reduce the export of dis-
solved P from fields (Bryant et al. 2012). 
Application of gypsum can also promote 
flocculation of soils, which promotes the 
formation and stabilization of soil structure. 
This increases water infiltration, thereby 

decreasing soil erosion and nutrient runoff 
potential. A useful account of FGD gypsum 
applications in agricultural systems is pro-
vided in a series of manuscripts specific to 
this topic (Watts and Dick 2014).

In the midwestern United States, King 
et al. (2016) reported that FGD gypsum 
applied twice at a rate of 2.24 Mg ha–1 (1 
tn ac–1), significantly decreased event mean 
dissolved and total P concentrations in the 
tile drainage after the first application of 
FGD gypsum. After the second application, 
significant reductions in dissolved P (36%) 
and total P (38%) in surface runoff and tile 
discharge combined were measured. 

CONSERVATION PRACTICE STANDARD 
CODE 340: COVER CROPS 

Cover crops (figure 3) protect the soil from 
erosion, improve soil tilth, and promote a 
healthy soil by increasing the number and 
species of beneficial microorganisms to com-
pete with harmful species (Islam and Reeder 
2014). Further, increased crop residue and 
soil C at the soil surface may increase soil 
infiltration and soil water holding capacity 
(Islam and Reeder 2014). As a result, cover 
crops have been shown to reduce NO3-N 
losses 13% to 94% (Strock et al. 2004; Kaspar 
et al. 2012). Cover crops may be grown to 
increase C sequestration and to increase 
soil N and P nutrient retention in a stable 
organic form that is plant available. Cover 
crops protect the soil by reducing the ero-
sive energy of water and wind, conserving 
soil resources, and protecting water resources 
(Hoorman 2008; Islam and Reeder 2014).

The newly created USDA NRCS Soil 
Health Division promotes four major prin-
ciples to improve water quality and improve 
soil health. These principles include (1) dis-
turbing the soil less or as little as possible, 
(2) increasing soil biota and plant diversity 
to keep nutrients and water recycling effi-
ciently, (3) keeping a living root growing 
throughout the year to increase nutrient 
recycling and the uptake of N and P during 
dormant periods (typically winter months), 
and (4) keeping the soil covered as much 
as possible with live plants to reduce soil 
and wind erosion and to lessen raindrop 
impact on the soil surface (USDA NRCS 
2017). These soil health principles decrease 
problems associated with excess tillage (soil 
compaction, poor soil structure, reduced 

Figure 2
Soybeans planted into no-till corn. Photo courtesy of Randall Reeder.  
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water infiltration, and excessive nutrient 
runoff), while increasing soil productivity, 
diversity, and resiliency. 

While there are many benefits to cover 
crops, they add complexity to farming prac-
tices, require additional time and energy 
inputs, have the potential to introduce 
unwanted plants and pests into a field, and 
may have to be killed prior to planting of the 
cash crop. Planting a diversity of cover crop 
species and promoting beneficial micro- and 
macroorganisms may overcome many of 
these problems. Killing a crop may release N 
and P to drainage water, and this is especially 
critical if killing is done before or during the 
rainy season. To minimize problems with this 
“ecological farming” system, farmers need 
additional education on soil ecology and soil 
biology to promote a more natural farming 
system that mimics Mother Nature. 

CONSERVATION PRACTICE STANDARD 
CODES 393 AND 412: VEGETATED FILTER 

STRIPS AND GRASSED WATERWAYS
Generally, grassed waterways (figure 4) are 
established on areas with up to 5% slope 
due to their primary purpose of stabilizing 
soil from erosion in natural drainage ways. 
However, grassed waterways have begun to 
appear in areas that are relatively flat with 
clayey soils and poor drainage abilities. Areas 
that combine both subsurface drainage and 

grassed waterways are in the Netherlands and 
in the Lake Erie watershed of the United 
States (Schoumans et al. 2014). While grassed 
waterways and conservation buffers in their 
traditional sloping and well-drained soil loca-
tions have been proven to reduce sediment 
and contaminant transport (Shipitalo et al. 
2010), highest efficiency occurs when surface 
runoff is uniformly distributed and shal-

low over flattened regions with tile drainage 
(Noij et al. 2013). However, some research 
has indicated that vegetation might increase 
dissolved P concentrations during high flow 
events (Smith et al. 2015a). This release can 
also be exacerbated after freeze-thawing 
cycles that can rupture vegetative cells and 
release N and P (Bechmann et al. 2005).

CONSERVATION PRACTICE STANDARD 
CODE 606: SUBSURFACE  

DRAINAGE SYSTEMS
Subsurface drainage (figure 5) removes excess 
water from a soil profile by ditching or instal-
lation of buried “tile” constructed of clay; 
concrete; or perforated, corrugated poly-
ethylene pipe. Conventional free-drainage 
systems are passively managed so that the 
shallow root-zone water table is effectively 
lowered to the depth of the drainage system 
outlet. This level of management permits 
farming under conditions where soils have 
poor natural drainage and are sufficient to sat-
isfy agricultural production goals. However, 
tile drainage systems are one of the primary 
sources of NO3-N entering surface water 
and have been associated with the delivery 
of sediment, P, and dissolved P, pesticides, and 
coliform bacteria. Some research has shown 
that biofilters or slags might be used at the 
end of tiles to reduce N and P discharge 
(McDowell et al. 2008). Also, controlled 

Figure 3
Corn following Austrian winter pea cover crop. Photo courtesy of Randall Reeder.

Figure 4
A grassed waterway between a corn and soybean field.
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efficiency of fertilizer use. Difficulties with 
the approach are inadequate knowledge 
and tools to identify the best combination 
of field specific practices that will achieve 
production and profitability goals while 
reducing nutrient losses to levels that do 
not impair receiving water resources. A 
difficulty with cropping system practices 
is making or adjusting the management 
of inputs site-specifically based on actual 
weather and field conditions over the 
growing season. The complexity of the 
problem is discussed in a quantitative anal-
ysis by Christianson and Harmel (2015) of 
about 1,000 site-years of tile drainage N 
load data. They found that there was not 
a significant statistical difference in tile 
drainage exports of N between N applica-
tion timing or application method.

Consistent with the 4Rs approach, 
precision agriculture and variable-rate appli-
cations of N and P (NRCS Conservation 
Practice Standard Code 590) have a potential 
to reduce exports of N and P from agricul-
tural production systems. However, much 
of the focus of these technologies has been 
on improving yields while reducing inputs, 
but a lack of data on water quality benefits 
persists—particularly in fields with tile drain-
age. Precision agriculture technologies have 
afforded the ability to improve operation 
efficiency and timeliness especially related to 
nutrient management. Price (2011) estimated 
close to 10% reduced overlap with the use of 
GPS-based guidance technology. Automatic 
section control on application equipment 
has provided an average of 4.3% reduction 
of overlap of inputs (Runge et al. 2014), but 
in some fields the reduction can be as high 
as 30% depending on size and shape (Luck 
et al. 2011). Site-specific management of 
nutrients has the ability to improve fertilizer 
use efficiency while improving yields and 
reducing loss to the environment (Khosla et 
al. 2002). Most recently, efforts have focused 
on site-specific conservation management 
(e.g. precision conservation) that lend well to 
addressing the spatial and temporal variabil-
ity of erosion and soil productivity (Delgado 
et al. 2011). 

A practice that straddles being an in-
field and edge-of-field practice is drainage 
water management (NRCS Conservation 
Practice Standard Code 554)—often 
called controlled drainage. The purpose 

drainage of tiles can decrease water discharge 
during times when receiving waters might 
be more sensitive to receiving nutrients and 
retain water in the soil profile when dry soils 
may otherwise limit crop growth.

CONSERVATION PRACTICE STANDARD 
CODE 620: BLIND INLETS

Blind inlets are structures that are engi-
neered to decrease the amount of sediment 
and nutrients in field runoff. Blind inlets 
provide a direct connection from surface 
water to a tile drainage system (Feyereisen 
et al. 2015). NRCS engineers established 
the practice of lining the pit with a geotex-
tile to extend sustainability and longevity 
of the blind inlet. 

Blind inlets have been studied extensively 
in Indiana and Minnesota, where Smith and 
Livingston (2013) found that replacing two 
tile risers with blind inlets resulted in 68% 
and 65% reductions in dissolved and total P 
loss, respectively. On the same field, Smith et 
al. (2015b) calculated a significant decrease 
in median flow-weighted mean dissolved 
P surface runoff concentration but no sig-
nificant difference in median flow-weighted 

mean total P surface runoff when compar-
ing the blind inlets to the regular tile risers. 
In Minnesota, Feyereisen et al. (2015) moni-
tored 24 open inlets converted to gravel inlets 
on an alfalfa (Medicago sativa L.) crop rotation 
and concluded gravel inlets are able to reduce 
total suspended solids and dissolved P.

OTHER IN-FIELD  
MANAGEMENT PRACTICES

Strategies to reduce nutrient inputs and 
improve the efficiencies of nutrient use 
in production systems have perhaps the 
greatest potential to reduce high exports 
of nutrients to water resources. In the 
United States, the “4R” nutrient stew-
ardship approach was developed by the 
fertilizer industry to provide a frame-
work to achieve various goals, such as 
increased production, increased profitabil-
ity, enhanced environmental protection, 
and improved sustainability (Christianson 
and Harmel 2015). The 4R approach 
advocates using the right fertilizer source, 
at the right rate, at the right time, and 
in the right place. It requires the imple-
mentation of practices that optimize the 

Figure 5
Fields with subsurface drainage with a 12 m spacing. The lighter color stripes illus-
trate drier soil above the drains (Google Earth Image USDA Farm Service Agency. 
December 31, 2009). 
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of the practice is to reduce tile drainage 
during times of the year when drainage 
requirements are reduced (Skaggs et al. 
2012a). Ross et al. (2016) in a review of 
the literature determined that on aver-
age drainage water management reduced 
exports of NO3-N by 48%, total P by 55%, 
and dissolved reactive P by 57%. A disad-
vantage of drainage water management is 
that it might impact the establishment of a 
cover crop and without care can adversely 
impact field operations prior to planting at 
the beginning of the growing season.

MODELING NUTRIENT TRANSPORT  
VIA DRAINAGE SYSTEMS

The most widely tested and used simu-
lation model to account for nutrient 
transport from poorly drained fields is 
DRAINMOD (Skaggs et al. 2012b). There 
are a plethora of simulation models, such 
as the Soil and Water Assessment Tool 
(SWAT) (Green et al. 2006) and Spatially 
Referenced Regressions on Watershed attri-
butes model (SPARROW) (McLellan et al. 
2015), that make water quality estimations 
at watershed scales. For example, Kalcic 
et al. (2015b) used SWAT to evaluate no-
till, cereal rye (Secale cereale L.) cover crops, 
filter strips, grassed waterways, created wet-
lands, and restored prairie habitats in two 
west-central Indiana watersheds with tile 
drainage. Using spatial optimization tech-
niques, they demonstrated a potential to 
reduce total pollutant loads by about 60%. 
McLellan et al. (2015), in a study that used 
SPARROW in the Upper Mississippi–
Ohio River basin concluded that efforts 
to reduce N exports would benefit by (1) 
expanding their focus to include activities 
that restore and enhance nutrient process-
ing in these highly altered landscapes; and 
(2) targeting specific types of BMPs to 
watersheds where they will be most valu-
able. Other models include the Agricultural 
Policy/Environmental eXtender (APEX) 
model that simulates a wide array of man-
agement practices, cropping systems, and 
other land uses for whole farms and small 
watersheds (Gassman et al. 2010). 

ADOPTION PERSPECTIVES
We have refrained from attempting to 
document publications on in-field costs 
and benefits because they are site-specific 

and unlikely to be widely transferable. 
However, farmers who are more likely to 
adopt BMPs are generally one or a com-
bination of the following: the landowner, 
young, more educated, already partaking 
in one or more BMPs, or hold leadership 
roles within the local agricultural com-
munity (Prokopy et al. 2008; Wilson et al. 
2014). Kalcic et al. (2015a) investigated 
farmers’ perceptions of conservation ben-
efits by interviewing 14 farmers from 
Indiana. They found that farmers focused 
their conservation efforts on practices 
that retained or improved soil health, and 
increased crop yields. Few farmers consid-
ered water quality and nutrient runoff in 
making management decisions. In another 
study of the adoption of BMPs influenc-
ing tile drainage, Smith and Livingston 
(2013) reported that farmers preferred 
blind inlets over tile risers, because they are 
able to drive equipment across the surface 
of the inlet once backfilled. 

CONCLUSIONS
Important issues for practice use are (1) 
where different BMPs should be applied, 
(2) the availability of tools to assist produc-
ers in implementing BMPs, (3) how to best 
bundle different BMPs together, and (4) 
the transferability of research knowledge 
to commercial farms. The answers to these 
questions often cannot be found in peer-
reviewed literature but in BMP guidance 
materials; reports and fact sheets; and at the 
agency, university, and stakeholder websites. 

A common problem is an inadequate 
consideration of the hydrology of the sys-
tem. This aspect is an important deficiency 
as dissolved nutrient exports are largely 
a function of hydrology. Adequately 
accounting for the hydrology of fields with 
tile drainage systems remains a challenge as 
these fields often exhibit macropores, such 
as cracks, that cause upwards wetting from 
an impeding layer below the drains as well 
as wetting downwards, through the soil 
matrix from the ground surface. 

Each BMP discussed in this paper has 
advantages and disadvantages with regard 
to mitigating N, P, and sediment loading 
and improving water quality in surface 
waters across the world. Optimum BMP 
conditions and collaboration between 
stakeholders (government and university 

agencies and farmers) about BMP imple-
mentation would ensure the highest level 
of success for both agronomic productivity 
and nutrient and sediment mitigation. Of 
in-the-field, edge-of-field, and beyond-
the-field BMPs, in-the-field practices are 
the most likely to produce visible short-
term agronomic benefits for the individual 
farmer. Due to this, agronomic benefits 
should be emphasized when presenting 
in-field BMPs to potential adopters. 
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