Iowa Nutrient Research Center Publications and
Presentations

Iowa Nutrient Research Center

9-13-2019

Managing crop nutrients to achieve water quality goals
Andrew Sharpley
University of Alabama

Matthew J. Helmers
Iowa State University, mhelmers@iastate.edu

Peter Kleinman
United States Department of Agriculture

Kevin King
United States Department of Agriculture

April B. Leytem
United States Department of Agriculture

See next page for additional authors

Follow this and additional works at: https://lib.dr.iastate.edu/inrc_pubs
Part of the Environmental Indicators and Impact Assessment Commons, and the Environmental
Monitoring Commons

Recommended Citation
Sharpley, Andrew; Helmers, Matthew J.; Kleinman, Peter; King, Kevin; Leytem, April B.; and Nelson, Nathan,
"Managing crop nutrients to achieve water quality goals" (2019). Iowa Nutrient Research Center
Publications and Presentations. 5.
https://lib.dr.iastate.edu/inrc_pubs/5

This Article is brought to you for free and open access by the Iowa Nutrient Research Center at Iowa State
University Digital Repository. It has been accepted for inclusion in Iowa Nutrient Research Center Publications and
Presentations by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.

Authors
Andrew Sharpley, Matthew J. Helmers, Peter Kleinman, Kevin King, April B. Leytem, and Nathan Nelson

This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/inrc_pubs/5

doi:10.2489/jswc.74.5.91A

FEATURE

Managing crop nutrients to achieve water quality goals
Andrew Sharpley, Matthew J. Helmers, Peter Kleinman, Kevin King, April Leytem, and Nathan Nelson

M

Andrew Sharpley is a distinguished professor
in the Department of Crop, Soil and Environmental Sciences, Division of Agriculture, University of Arkansas, Fayetteville, Arkansas.
Matthew J. Helmers is dean’s professor in the
Department of Agricultural and Biosystems
Engineering, Iowa State University, Ames,
Iowa. Peter Kleinman is a soil scientist and
Research Leader, USDA Agricultural Research
Service (ARS), Pasture Systems and Watershed Management Research Unit, University
Park, Pennsylvania. Kevin King is an agricultural engineer and research leader, USDA ARS,
Soil Drainage Research Unit, Columbus, Ohio.
April Leytem is a research soil scientist, USDA
ARS, Northwest Irrigation and Soils Research
Laboratory, Kimberly, Idaho. Nathan Nelson
is a professor in the Department of Agronomy,
Kansas State University, Manhattan, Kansas.

JOURNAL OF SOIL AND WATER CONSERVATION

led to a reduction in nutrient loss. While
adoption of these practices to address socalled “low hanging fruit” can be relatively
easy and cost-effective, what comes next to
extend nutrient loss reductions continues
to be an economic and logistical challenge to the agricultural community. This
challenge is heightened by the fact that
we know that loss of agricultural nutrients in edge-of-field runoff, albeit small
(especially for P) can, in aggregate, accelerate eutrophication of receiving waters
(Daniels et al. 2018; Smith et al. 2016).
NUTRIENT SOURCES
Nonpoint sources of agricultural nutrients vary widely and are dependent upon
many factors, from native soil properties,
to land use, to management intensity. Over
the last several decades, advances in plant
genetics/genomics and crop management
have increased crop yields and improved
NUE, which can decrease the nutrient
quantity remaining in the soil following
crop harvest. Additionally, implementation
of nutrient management practices, such
as following the 4R principles of applying nutrients at the right rate, in the right
place, at the right time, and with the right
source, has played a major role in reducing nutrient loss, and is based on a large
amount of research to address N and P
loss. However, a significant portion of that
research was focused on a single nutrient rather than investigating collectively.
Unintended consequences have resulted,
as addressing one issue can directly or
indirectly exacerbate a second.
Nutrient Use Efficiency. Nutrient use
efficiency can be defined in different ways
and applied at various scales, from field to
farm to commodity production system
(Fixen et al. 2015; Moll et al. 1982). In
general, NUE is calculated as the amount
of nutrient taken up by the crop divided
by the amount of nutrient available to be
taken up. Often the numerator is simply a
fraction of the nutrient taken up (e.g., that
taken up in grain, the increased uptake due
to fertilization, etc.), and the denominator
is simply a fraction of the total quantity

available for uptake (e.g., nutrient supplied
by fertilization). Although NUE is useful
for comparing the agronomic efficiency
of cropping systems and management, it is
less useful for comparing the risk of water
quality degradation resulting from changes
in management. This is because NUE is
focused on assessing the amount of nutrient in the crop, not the amount of nutrient
lost to water.
Nutrients that are not taken up by the
crop are subject to a wide range of potential fates and transformations including
incorporation into soil organic matter
(immobilization), reaction with soil surfaces (adsorption), reaction with other
cations or anions (precipitation), or gaseous
losses (e.g., denitrification or volatilization
in the case of N). Each of these processes
could decrease NUE while simultaneously
decreasing the amount of nutrient available
for loss to water. Furthermore, management
practices could increase NUE by increasing the fraction of available nutrient taken
up by the crop, but leave the amount available for loss to water unchanged or even
increased. For example, decreasing N volatilization could increase NUE by increasing
the amount of N available in the soil for
plant uptake, but this could also increase
the amount that could potentially be lost to
water through leaching.
Currently it is estimated that 47% of
added reactive N remains present in harvested products globally (Lassaletta et al.
2014). While crop yield per unit of N has
been increasing since 1960 in the United
States, N removal per unit of N applied has
remained relatively unchanged since 1980
(Lassaletta et al. 2014). Nitrogen that is not
removed in the harvested crop may remain
in the soil with nonharvested crop portions
(roots and residue), remain in soil as nitrate
(NO3–) or ammonium (NH4+), become
immobilized by soil microorganisms, move
to the atmosphere through volatilization or
denitrification, or move to ground or surface water through leaching. Because crops
are not 100% efficient at taking up nutrients from soil, there will always be some
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anaging agricultural nutrients
to achieve water quality goals
involves complexities best
organized around source and transport
processes, as captured in site assessment
tools used for nutrient management
decision support. Source is governed by
nutrient use efficiency (NUE) by crops
and land management, while transport
is governed by landscape and hydrologic
controls. These concepts are useful for
strategic and operational decisions around
nutrient management in the field. However, experience shows us that nutrient
management outcomes are influenced by
several factors across many scales, most
uncontrollable, which must be considered
when transferring science into policy and
when establishing realistic public expectations. Key factors influencing these
nutrient management concepts, complexities, inherent tradeoffs, and outcomes are
summarized in table 1 and are discussed in
more detail in this article.
Nutrient use efficiency for both nitrogen (N) and phosphorus (P) has increased
steadily over the last two decades, with
advances in crop breeding, soil and crop
tissue testing, variable rate application of
fertilizer, precise fertilizer applications, and
precision conservation. The increase in
NUE and adoption of nutrient management and conservation practices (CPs) has
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Table 1
Glossary of key nutrient management concepts, related considerations, inherent tradeoffs, and outcomes.
Concept
Nutrient use efficiency (NUE)

Key considerations and complexities
A useful concept for comparing agronomic efficiency of production systems, but is not the end all for water quality.
Education and support for nutrient users is highly variable from state to state.
Despite the significant gains in NUE (i.e., the amount of nutrient utilized by a crop per unit of nutrient input into the
system), farmers face considerable challenges with monitoring, measuring, and otherwise demonstrating progress
and the effectiveness of nutrient management measures.
Inherent vulnerability of a site to nutrient loss is based upon site properties (proximity/connectivity to receiving
water, vulnerability to runoff/erosion).
Not all sites have an equal propensity to contribute nutrients to receiving waters (especially over the short term).
The more connected the system is to water, the greater the risks to have transport.
Nutrient transport from tile-drained fields present unique challenges and, thus, solutions.
The concept of “bypass” or rapidly moving drainage water through a network of underground pipes is equally
important for nitrogen (N) and for phosphorus (P; and part of connectivity).
Artificial drainage systems introduce features that may seem minor through the perspective of a water balance,
but bypass the buffers that exist naturally along flow paths.
Connectivity includes a temporal dimension. Quick flows for P decrease the ability for it to be retained within the
soil profile, along riparian areas, and within stream networks.
Losses of P in tile drainage, albeit small compared with other pathways, can be sufficient to accelerate
eutrophication of receiving water.
Hydrology is governed by weather.
Weather/climate is an unmanageable, yet major driver of nutrient losses.
On a short time scale, weather is the main driver of NUE and nutrient runoff (i.e., surface and subsurface). As time
scales get longer, management becomes the primary driver.
Largest percentage of transport occurs with largest precipitation events.
Seasonality determines the importance of snowmelt in northern latitudes; this also may apply to expectation of
downstream impact.
Conservation practices that decrease the loss of N can increase the loss of P and vice-versa.
Flexibility in nutrient management, as well as adaptive, targeted, and precision conservation are essential to
minimizing tradeoffs.
Attention and effort must be given to these unintended consequences to avoid such losses and tradeoffs, and, if
possible, find synergies.
Lag times for nutrient fate and transport range from annual to decadal time scales.
Lag times for N tend to be controlled by diverse landscape and watershed hydrologic pathways; while P lags are
influenced by management factors that result in rapid build-up countered by appreciably longer declines via plant
offtake of soil P.
Lag times must be taken into consideration both in setting expectations for measuring the performance of nutrient
management practices and on policy outcomes.
In northern regions, where ground freezes, snowmelt plays a significant role in dissolved P loss from
agricultural landscapes.
More effort is needed to quantify snowmelt-driven losses and identify nutrient and conservation management
strategies that mitigate impairment.
There is no “one-size-fits-all” approach to nutrient management.
Retaining flexibility and adaptability is critical.
Continued assessment of effectiveness via soil testing and edge-of-field runoff monitoring is essential.
The most important measures are going to be site-specific and should include the 4Rs of fertilizer management.
Additional measures include, but are not limited to, conservation tillage, cover crops, managed flows from
artificially drained landscapes, edge-of-field bioreactors, and strategic use of natural and constructed wetlands.
“Hotspots” of nutrient loss from landscapes need additional attention.
Critical source areas of N tend to be watershed based as related to hydrology and nutrient management. For P,
these areas tend to be at the confluence of high source and transport across landscapes.
For instance, most states have developed, adopted, and require P Indexing risk assessment to identify, quantify,
and target nutrient management and other conservation practices to mitigate critical source area losses of P.
Focused rather than broad watershed based nutrient management and conservation strategies are needed to
address critical source areas.

nutrient remaining in soil following crop
harvest or lost to the environment.
It is estimated that only 15% to 30%
of applied fertilizer P is taken up by crops
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in the year of its application (Syers et al.
2008). Phosphorus use efficiency within a
year can be very low due to a variety of
reactions that occur in soils that may limit

its solubility. Phosphorus remaining in the
soil may be recovered in future years or
may be subject to loss to the environment.
Although P recovery may be low when
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•
•
•
		
		
Inherent vulnerability of
•
landscapes to nutrient loss		
•
Tile drainage and nutrient flux •
•
•
		
•
		
•
		
•
		
Weather as a nutrient
•
loss driver
•
•
		
•
•
		
Conservation tradeoffs in
•
nutrient loss
•
		
•
		
Legacies of prior nutrient
•
management
•
		
		
•
		
Snowmelt runoff as a
•
source of nutrient loss		
•
		
Nutrient management as a
•
conservation practice
•
•
Measures to achieve desired •
nutrient loss reductions and
•
mitigate their effects		
Critical source area
•
management remains a priority •
		
•
		
•
		

Table 1 continued
Concept
Key considerations and complexities
In-stream nutrient inputs can • Nutrient inputs from streambank erosion and in-stream fluvial cascading have varied and important contributions
mask the benefits of 		
to watershed nutrient fluxes. This is particularly true for P.
in-field conservation
• These post-field losses can mask the benefits of nutrient loss reductions imparted by in-field implementation of
		
conservation practices.
• Accounting for the influence of streambank losses and other natural and nonfarm sources of nutrient losses are
		
critical to crafting sound and effective policies at a watershed scale.
Managing system uncertainty • The role of uncertainty of climate fluctuations in dominating nutrient loss at an annual and watershed basis
and expectations		
continues to be a challenge to address.
• “Zero-loss” of nutrients from a watershed is unlikely to be achieved in a productive agricultural setting.
• Some attention should be given to quantifying the tradeoffs between surface runoff of nutrients from undrained
		
fields and losses from artificially drained fields.
The role of monitoring and
• In-field, edge-of-field, and downstream monitoring is essential to determine the effects of nutrient and
modeling in nutrient 		
conservation management.
management and loss
• However, monitoring is expensive, laborious, and requires increasing length of time as the spatial scale of
assessment		
assessment increases to obtain reliable outcomes for future recommendations.
• Process-based and empirical models must be locally calibrated and validated prior to use in providing qualitative
		
relative comparisons of nutrient and conservation management on nutrient fate and transport.
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forms of N are mineralized throughout the
growing season (Lehrsch et al. 2016). Late
season release of nutrients can enhance
losses from the system, as they may not
be utilized by crops. Additionally, use of
organic nutrient sources with low N:P
ratios in some cases result in significant P
surpluses (Maltais-Landry et al. 2016). The
development of controlled or slow release
fertilizers can help reduce environmental
losses, as nutrients are released slowly over
time and may better match plant uptake
patterns (Yang et al. 2012). Other factors
that affect NUE include timing of application, irrigation and water management,
crop rotations, plant health, genetics, and
the overall balance of N, P, and potassium
(K) available in the soil (Quemada et al.
2013; Halvorson and Bartolo 2014; Woli
et al. 2016).
Nitrogen fertilizer application closer
to planting (Rens et al. 2016) or utilizing in-season applications of nutrients
when most needed by the plants (Jaynes
2015; Zotarelli et al. 2015) can enhance
overall NUE and reduce losses to the
environment, especially for N. In addition,
fertilizer placement can enhance plant
availability and retention of N in the soil
profile (Siyal et al. 2012). In-field water
management can also have large impacts
on nutrient losses, particularly for N. Over
irrigation can reduce NUE as N is flushed
out of the root zone, and drought can
also reduce plant uptake of N. Adjusting
N fertilizer rates based not only on crop

requirements but on the amount of irrigation water applied can increase yields and
reduce N losses particularly in arid regions
(Kiani et al. 2016; Mon et al. 2016).
New programs, such as the 4R Plus
program in Iowa (https://www.4rplus.
org/), where “Plus” refers to addition of
CPs, can boost production, increase soil
resiliency, reduce erosion and runoff, and
improve water quality in addition to earlier mentioned 4R nutrient management
(IDALS et al. 2012). The 4R Plus program
encourages producers to adopt practices
that will both increase NUE and decrease
the environmental impact of nutrients.
Of note relative to the 4Rs, as producers
strive to attain optimal timing for nutrient application, they may inadvertently
place additional stresses and challenges on
companies responsible for fertilizer logistics, storage, and transport. Furthermore,
additional field operations may need to
be added as optimal timing for N and P
applications are often different, therefore
nutrients that were co-applied may require
their own application operation.
Utilizing crop rotations that maximize
overall nutrient use can also be beneficial
(Tonitto et al. 2006; Pikul et al. 2012). For
example, incorporating wheat (Triticum
aestivum L.) as a component of maize
(Zea mays L.)/soybean (Glycine max [L.]
Merr.) rotations can increase maize and
soybean productivity while using less N
input (Gaudin et al. 2015). This may also
include rotations with N fixing crops and
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evaluated over short time frames, the persistence of fertilizer P in soils combined
with the drastic decline in crop yields
when P is not supplied results in P recoveries of over 60% in long-term studies
(Schlegel and Havlin 2017).
Use of fertilizer P, while improving the
fertility of previously P-deficient soils, has
enabled continued food production without efficiently recycling P that is excreted
by humans and livestock or is contained in
other organic wastes back to farm fields.
Because of this, the typical flow path of
P moves from rock phosphate mines to
distant locations for crop production and
then to different areas for livestock and
human consumption (Jarvie et al. 2015).
As a result, animal, food, and human wastes
are rarely returned to areas of crop production. Ultimately, sustainable use of P
will require adjustments that promote its
recycling and reuse, something that is currently cost-prohibitive.
Enhancing Nutrient Use Efficiency as
a Mitigation Strategy. There are a variety of factors that may enhance or reduce
NUE at the field scale. The source of the
nutrient can have a large impact on its
solubility, plant availability, and potential
for losses to the environment. The use
of fertilizers, while providing a source of
readily available nutrients, may be susceptible to leaching and runoff losses if not
utilized by the plant during the growing
season. Manures and other organic sources
can become available over time as organic
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in residual N (or improved NUE) that
occurred during the same period in which
decreased flow-weighted NO3– concentration was observed for the Illinois River.
In a comprehensive meta-analysis of N
losses from irrigated corn, Quemada et al.
(2013) found that reduced N application
rates both increased N use efficiency and
decreased NO3– leaching.
However, the same studies found
instances where improved NUE was not
correlated with decreased nutrient losses or
improvements in water quality. McIsaac et
al. (2016) found that improvements in NUE
did not decrease the N load leaving the
Illinois River watershed even though there
were decreases in NO3– concentrations.
Quemada et al. (2013) found that changing
the optimal timing of fertilizer application
did not improve N use efficiency, although
it did decrease NO3– leaching losses. They
also found that using a legume cover crop
increased corn yield and N use efficiency
but did not reduce NO3– leaching. On the
contrary, using a non-legume cover crop
had no impact on corn yield or N use efficiency despite reducing NO3– leaching per
unit of yield by 70%.
The lack of consistent relationships
between NUE and nutrient loss is because
increases in NUE only indicates a reduction in the amount of nutrient that can
potentially be lost, but other factors
influence actual loss. In addition, some
management factors, such as cover crop
use, edge-of-field buffers, or controlled
drainage, can have substantial impacts on
nutrient losses but no impact on NUE.
It is important to note that NUE is not
a measure of nutrient loss and there are
situations where systems with high NUE
may still have environmentally significant
nutrient losses (Fixen et al. 2015), as well
as other situations where systems with low
NUE may have very low losses.
TRANSPORT
Hydrologic Controls. Agricultural production in both rainfed and irrigated
environments occur in inherently “leaky”
systems; that is, excess water will exit the
system through either surface runoff or
leachate. Nutrient transport is controlled
by hydrology, whether in arid, irrigated
systems or humid, artificially drained

landscapes. In more arid environments,
hydrology is often governed by the introduction of water through irrigation. In
humid areas, natural precipitation is the
driver for nutrient transport.
Nutrient transport is often more pronounced in areas where connectivity
to water is more prevalent (i.e., artificially tile-drained and irrigated systems).
However, adverse environmental impacts
related to offsite nutrient transport have
been measured in irrigated systems of
arid and semiarid climates. Additionally,
significant losses have been found to have
a seasonal pattern, which often follow
wetter periods or snowmelt or during
the irrigation season. These losses can be
exacerbated when vegetative cover is limited and critical nutrient management and
tillage operations occur, which is typically
when the agricultural system is most susceptible to losses.
Tile Drainage. In the humid, poorly
drained regions of the world, subsurface
(tile) drainage is necessary for (a) ensuring field access for farming operations,
(b) decreasing soil compaction, (c) limiting potential water stress, (d) reducing
susceptibility to pests and diseases, and (e)
promoting more uniform crop production
(Spaling and Smit 1995; Kornecki and
Fouss 2001; Fausey 2003, 2005; Blann et
al. 2009; King et al. 2015). In the Midwest
United States, greater than 28 million
ha (69 million ac) of land benefits from
subsurface tile drainage, while in Canada
approximately 8 million ha (20 million ac)
are artificially drained (Zucker and Brown
1998; Shady 1989). More recent estimates
suggest that the extent of tile drainage is
significantly greater (Sugg 2007) and that
the density of tile drainage continues to
increase (Blann et al. 2009).
Tile discharge is governed by several
factors that include site-specific characteristics (e.g., hydraulic conductivity and
management), tile system design (i.e.,
depth and spacing), precipitation characteristics (e.g., volume, duration, and
intensity), and antecedent soil moisture
conditions (Heppell et al. 2002; King et al.
2014, 2015; Smith et al. 2015). The presence of tile drainage generally increases the
storage holding capacity of soil between
subsequent rainfall events, decreasing the
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cover crops. Research indicates that careful
selection of these rotations can enhance
overall NUE in many cases. Overall plant
health will have an impact on NUE
as lower yields due to disease or insect
pressure will reduce overall biomass production and, therefore, nutrient removal
from the system. Improving root growth
can improve crop yield, increase NUE, and
reduce nutrient runoff (Caires et al. 2016).
Improvement in genetics can enhance
overall NUE by increasing yields or in
some cases increasing the plant’s ability to
extract nutrients from soil or utilize other
forms of nutrients (Reeve et al. 2009;
Richardson et al. 2011; Chen et al. 2015;
Woli et al. 2016).
Ensuring proper balance between N, P,
and K can also enhance overall NUE as a
limitation in one of the essential nutrients
can hinder utilization of the other nutrients (Marti et al. 2002; Duan et al. 2014).
For example, increasing available soil P
was shown to increase N use efficiency by
25% to 45% in maize (Duan et al. 2011).
Utilization of “legacy” P in systems with a
history of over application of P, can also be
beneficial but requires a holistic approach to
nutrient management (Rowe et al. 2016).
Although achieving high NUE at the
field scale can be beneficial, overall improvements in NUE at broader scales may not
improve. For instance, if one looks at both
the fertilizer and manure N and P available
across the United States, it is apparent that
nutrient surpluses exist in many regions.
This is particularly true for areas with concentrated livestock production coupled
with crop production. Improvement in
regional NUE in these systems will only
be achieved through better integration of
livestock cropping systems with optimal
recycling of manure nutrients (Powell et
al. 2017). Long-term improvements in
regional water quality will not likely be
achieved until these larger scale issues in
nutrient cycling are addressed.
As discussed above, many of the weather,
management, and crop factors that contribute to improvements in NUE can also
contribute to decreases in nutrient loss.
Some data do indicate that improvements
in NUE are correlated with improvements
in water quality. For example, McIsaac
et al. (2016) found a decreasing trend
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Midwest agricultural landscapes (Allred et
al. 2014; Kovacic et al. 2000, 2006).
Much research has focused on how
to address or reduce the loss of N in tile
drainage (Christianson et al. 2016) but for
P, research is more in its infancy as P movement through tile drainage was thought to
be negligible (Baker et al. 1975). There is
a need for continued research work on
P movement through drainage systems
under different soil conditions across the
Corn Belt (King et al. 2015).
Mitigation Strategies for Nitrogen
Reduction. A multistate effort was initiated
and resulted in a summary of practices to
reduce N losses from tile-drained landscapes (Christianson et al. 2016). The
authors grouped practices into three categories of practices to (a) reduce NO3– in
the root zone, (b) reduce delivery to the
field edge, and (c) remove NO3– at the
edge-of-field or downstream (Christianson
et al. 2016).
Practices to reduce NO3– in the root
zone include improved N management,
winter cover crops, and increasing perennials in the cropping system. At the heart
of improved N management is the 4R
approach (Fixen 2007; Roberts 2007).
Within the 4R approach, applying N at
the right rate has the greatest potential
for reducing N loss through tile drainage.
For example, Christianson et al. (2016)
showed that field trials from Iowa trended
very well with the drainage flow response
curve developed by Lawlor et al. (2008).
If considering all conservation management approaches, introducing cover crops
may have the greatest potential to address
N loss. Planting cover crops significantly
reduced (13% to 94%) NO3– concentrations in tile drainage (Kaspar et al. 2008),
while the introduction of perennials, such
as alfalfa (Medicago sativa L.), showed a
substantial reduction in tile NO3– concentration and loading in Minnesota (Randall
et al. 1997; Christianson et al. 2016).
Practices such as drainage water
management or controlled drainage
(Frankenberger et al. 2007), reduced
drainage intensity (Kladivko et al. 2004),
and recycling drainage water (Allred et al.
2014) also reduce N delivery at the field
edge. Drainage water management is the
practice of artificially raising the outlet

elevation of a tile. When compared to free
drainage across multiple studies, drainage water management has been shown
to reduce NO3– loss from tile drainage
by approximately 50% (Ross et al. 2016).
Drainage design also affects NO3– delivery. In general, the wider the spacing the
less NO3– delivery (Kladivko et al. 2004).
Similarly, the deeper that drains are placed
in the soil, the more NO3– delivery (Sands
et al. 2008). Therefore, to reduce NO3–
loading, producers can increase the drain
spacing and reduce the depth of placement (Christianson et al. 2016). Routing
drainage water to storage basins and recycling the water also shows promise in
reducing NO3– loads (Allred et al. 2014;
Christianson et al. 2016). The primary
mechanism is the reduction of drainage
discharge to surface water bodies through
increasing on-site water storage. Drainage
water recycling demonstrations in Ohio
showed a 36% reduction in NO3– load
(Allred et al. 2014).
Nitrogen removal at the field edge or
downstream can be accomplished through
woodchip bioreactors (Christianson et
al. 2012), wetlands (Crumpton 2001;
Crumpton et al. 2006), alternative openditch design (Powell et al. 2007; Mahl et
al. 2015), and saturated buffers (Jaynes
and Isenhart 2014). Woodchip bioreactors enhance denitrification and have been
shown to reduce field-scale NO3– loading
from 12% to 98%, with average annual
reductions approximately 30% to 40%
(Christianson et al. 2012, 2016). Wetlands
also promote denitrification and dampen
downstream flow. In Illinois and Iowa,
routing tile drainage through wetlands has
reduced NO3– loading from 16% to 78%
(Kovacic et al. 2000, 2006; Crumpton et
al. 2006). Alternative ditch design takes
advantage of increasing floodplain interaction allowing for denitrification and plant
uptake. Nitrate removal across several discharge events was less than 10% but was
significantly greater for smaller discharge
volumes (Roley et al. 2012). Saturated
buffers take advantage of reconnecting tile
drainage to the buffer. Significant reductions in NO3– load should be expected as
the discharge is routed into the buffer and
not allowed to directly enter surface water.
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potential for surface runoff and dampening stream-scale peak discharge rates
(Skaggs and Broadhead 1982; Skaggs et
al. 1994). However, in other studies, peak
stream discharges have been demonstrated
to increase with tile drainage (Wiskow and
van der Ploeg 2003). When compared to
sites with no tile drainage, total field-scale
discharge has been shown to increase by
10% to 25%, and the timing of that discharge is substantially altered (Serrano and
Irwin 1985; Magner et al. 2004; Tomer et
al. 2005; Blann et al. 2009).
Tile drainage has been identified as a
significant pathway for both N and P
transport (Sims et al. 1998; Dinnes et al.
2002; King et al. 2015). Nitrogen losses
tend to be in the form of NO3–, while
P losses are both dissolved and sediment
bound. Nitrogen concentrations from tile
drainage average 12 to 16 mg L–1 (David
et al. 1997) with maximums exceeding 30 mg L–1 (Jaynes et al. 1999; Kaspar
et al. 2007). On the other hand, mean P
concentrations from tile drainage are generally two orders of magnitude less than
NO3–, with peaks roughly an order of
magnitude less (King et al. 2015; Pease et
al. 2018). Additionally, in either the case of
N and/or P, these concentration levels can
contribute to harmful algal blooms and
hypoxic zones in surface waters, regardless of the source of nutrients. However,
tile drainage should not be the sole focus.
The combined (surface + tile) magnitude
of loss, at least for P, may actually be less in
the presence of tile drainage. Phosphorus
concentrations in surface runoff have been
shown to be two to five times greater than
those in tile drainage discharge (Pease et
al. 2018). Thus, even with larger discharges
through tile drainage, the overall loading is
likely less than it would be if the discharge
originated solely from surface runoff.
It should also be noted that tile drainage
can serve as a conduit for moving nutrients
from field to stream. Because the excess
water is transported through a network
of drainage pipes rather than naturally
through stream buffers, the opportunities
for denitrification and P adsorption by
the soil matrix have been decreased. As a
result, CPs that mimic these attenuation
properties via constructed wetlands are
being assessed and gaining acceptance in
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effects of several conservation measures
when used in combination, a directionally correct change occurs (Kleinman et
al. 2017; Sharpley et al. 2015).
Discharge has been identified as the primary control mechanism for P movement
(Williams et al. 2016). Thus, disrupting
the hydrologic pathways or storing more
water in the landscape is a logical means
to reduce the amount of P delivered
through tile drainage. Practices such as
drainage water management or controlled
drainage (Frankenberger et al. 2007) have
been shown to reduce the amount of P
loss through tile drainage by greater than
50% primarily through a reduction in
drain flow (Williams et al. 2015; Ross et
al. 2016). However, there are still research
questions concerning where the water
goes if it is not coming out of the drain.
Additionally, if, as some modeling suggests,
it results in increased surface runoff, this
would minimize the benefits of drainage water management for P reduction.
Drainage water recycling is a practice
that has potential for P reduction but
additional research is needed to quantify
potential benefits.
Due to topographic constraints,
drainage water management cannot
be implemented on all fields. In fields
with closed depressional areas, the normal practice is to install a riser pipe that
transports surface runoff through the tile
drainage network. Smith and Livingston
(2013) addressed this by removing the
surface riser and installing a “reverse leach
field” or blind inlet. Slowing the discharge and trapping the sediments rather
than transporting them reduced the dissolved and total P loss by approximately
60%. Another recommended practice for
increasing water storage capacity is cover
crops and no-till. While cover crops themselves have been identified as a scavenger
for N, the results for P are not as promising. In fact, due to freeze thaw cycles,
more P may be lost from cover crops than
without. However, the advantage of no-till
and cover crops lies in the development of
soil organic matter and carbon (C) along
with decreased soil loss. Through no-till
and cover crops, soil organic matter can
be increased. For every 1% increase in
organic matter and depending on soil tex-

ture, approximately 18 to 20 mm (0.71 to
0.79 in) of water can be stored in the soil
(Hudson 1994).
Phosphorus filters (Penn et al. 2012)
and alternative ditch design (Powell et al.
2007; Mahl et al. 2015) are two practices
that can help to trap or reduce P that has
moved to the field edge or into the drainage ditch network. Phosphorus filters are
often constructed at the end of a concentrated flow path or tile drainage and
are comprised of some P sorbing material (e.g., steel slag) (Stoner et al. 2012).
Phosphorus reductions in surface waters
have been measured at greater than 25%
(Penn et al. 2012). Testing in tile-drained
landscapes is ongoing, and preliminary
data suggest similar or better results.
Alternative ditch design also shows promise for reducing P losses once in the ditch
network. Measurements from a two-ditch
in Indiana showed a 3% to 53% reduction in dissolved P concentrations (Mahl
et al. 2015). Normal ditch maintenance or
dredging has also been demonstrated to
convert agricultural ditches from sources
to sinks, but the benefit lasts for only a year
(Smith and Huang 2010).
Overcoming Legacies. Gaps in our current knowledge require further research.
These gaps include (a) a more holistic
understanding of subsurface hydrology,
(b) effects of single, multi, and/or stacked
upland and edge-of-field management or
CPs and the associated tradeoffs, (c) development and enhancement of prediction/
simulation tools, (d) impacts of soil quality on water quality, and (e) legacy N
and P pools. Nutrients move with water.
Thus, a clearer hydrologic understanding
in poorly drained soils with a propensity
for developing preferential flow paths is
warranted. Further, most studies limit
their data collection to the growing season. Year-round data collection is needed
to fully understand water and nutrient
balances in tile-drained landscapes and
develop/design practices.
Every year, millions of dollars are
devoted to promoting and implementing CPs. However, in many cases these
practices have not been widely tested temporally, spatially, or economically. While
they may be directionally correct, they
may or may not provide significant reduc-
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Mitigation Strategies for Phosphorus
Reduction. While no single compilation of practice recommendations exists
for addressing P in tile drainage, several
studies point to directionally correct practices, some of which overlap with those
identified for addressing N loss. Practices
providing the most promise for reducing
P from tile drained landscapes include
upland practices such as the 4Rs (Roberts
2007; Fixen 2007) and water management
practices (e.g., drainage water management
[Frankenberger et al. 2007], blind inlets
[Smith and Livingston 2013], enhanced
water storage capacity [Hudson 1994], P
filters [Penn et al. 2012], and alternative
ditch design [Powell et al. 2007; Mahl et
al. 2015]). Within the 4R framework, soil
testing (Sharpley et al. 2001; Maguire and
Sims 2002; Duncan et al. 2017 ), subsurface placement (Williams et al. 2016), and
timing of application (Schroeder et al.
2004; Smith et al. 2007; King et al. 2018)
have all been shown to reduce P loss in
tile drainage. Historical recommendations
for P fertility focused on a build and maintain philosophy, which has led to large P
stores in many fields (Jarvie et al. 2013;
Withers et al. 2014). Soil testing at least
once in the rotation and adhering to those
recommendations will create a change
in philosophy from “build and maintain”
(i.e., “feed the soil”) to a “feed the crop”
mentality, which, in time, should reduce
the chronic losses of P (Withers et al. 2014;
King et al. 2018).
Likewise, placing P below the surface
and getting P in contact with the soil also
reduces tile losses. For example, Williams
et al. (2016) measured a five-fold decrease
in peak dissolved P concentration and a
seven-fold decrease in dissolved P load
from tile drainage when fertilizer was
lightly incorporated compared to surface broadcast application. Furthermore,
applying P during periods with dry
antecedent conditions and/or low probability for large erosive precipitation
events can substantially reduce tile drainage P losses. In addition, extending the
time from application to first rainfall
after application can significantly reduce
P concentrations (Schroeder et al. 2004;
Smith et al. 2007). While it is extremely
difficult to quantify the specific individual
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loss to a downstream water body, and
changing weather patterns. A site close to
the stream with significant slope would
have greater potential for nutrient delivery to a downstream water than a relative
flat field some distance from a water body.
However, artificial connectivity also needs
to be considered. For example, leaching
losses from a specific site can be carried
by subsurface drainage systems to downstream waterbodies such that these fields
are closely connected to the receiving
waters even if they are some distance away.
In irrigated systems, a network of return
flow channels may transport runoff from
distant fields directly to receiving water
bodies.This potential for delivery of nutrients from the individual field to the stream
is important for planning and implementation of conservation systems.
MANAGEMENT STRATEGIES
As described above, the cycling, or transfer,
of nutrients in agriculture production systems transcends many scales, all of which
may influence local outcomes, impacting
the use of nutrients by crops and livestock
and the fate of nutrients in the environment. Therefore, as producers work to
implement production systems that are
more efficient and pose fewer external
consequences, there are limits to what
may be expected from changes in management at any scale. Further, the nutrient
management challenges facing agriculture
extend beyond technology, and must be
seen in broader contexts, from socioeconomic constraints to practice adoption,
to factors affecting commodity pricing,
to policy. There is, however, strong consensus that major opportunities exist for
improvements in nutrient management
across all production systems, even those
with limited options to accommodate the
economic and labor constraints of management decisions.
Nutrient Management. Management of
nutrient loss from watersheds requires an
understanding of the causes of pollution,
which can be complex and even poorly
identified (especially as watershed scale
increases). Indeed, site-specific contexts
often confound quick fixes based upon
generalizations. When developing watershed mitigation strategies, it is important

to differentiate between concerns related
to the loss of sediment-bound nutrients
(e.g., particulate P and N), which can be
effectively addressed with soil conservation and erosion control strategies, and the
loss of soluble nutrients (e.g., dissolved P
and NO3–), which requires source management along with additional approaches,
many experimental. In general, control
of sediment sources is the initial priority in watershed implementation plans,
followed by targeted application of strategies to control soluble losses. With few
exceptions, an iterative approach to management strategies has proven to be most
effective, adapting to lessons learned from
stakeholders and scientists alike, modifying
initial strategies, and reprioritizing investments (Osmond et al. 2012).
Major strides have been made in packaging nutrient management for water
quality mitigation in ways that make it
easier to convey and often more palatable.
Specifically, the 4R strategy promoted by
industry, government, university, and other
organizations provides a framework for
tackling the complex interactions within
nutrient management decisions.
Included within the 4R principles of
nutrient management stewardship is the
concept of right rate, that is, the application of nutrients to soils at rates that meet
crop demand and do not jeopardize environmental factors such as water quality.
Recognizing when there are sufficient
soil nutrients for crop production is different from planning long-term nutrient
management strategies, and there are often
conflicts in strategies that focus upon
mass-balance approaches to nutrient management and strategies that weigh other
priorities in production. While flexibility
in planning is essential to ensuring that
nutrient management is not only practical, but can actually be adopted by farmers,
there are conditions where flexibility cannot be accommodated.
Hydrology and Critical Source Area
Management. Watershed management
strategies must consider the degree of
hydrologic activity (surface and subsurface) and connectivity to stream networks.
The critical source area approach to management is well accepted in the United
States and elsewhere, targeting areas where
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tions in N and P losses. Improvements
in simulation technologies are needed to
better estimate the impacts of management in tile drained areas. Most of the
currently available simulation tools do not
adequately represent tile drainage or the
processes associated with water movement
into and through tile drainage systems. In
addition, the models that do represent tile
drainage are more advanced in their simulation of the N cycle and there is a critical
research need for model development relative to P leaching.
Much emphasis today is being placed
on soil quality and rightly so, as our soil
resources are finite. However, there is
also an unsubstantiated leap being made
to equilibrate good soil quality/health
with good water quality. There is currently no or very limited data to support
this often “gospel” correlation. Finally, and
maybe more related to P than N, there is
a large knowledge gap in understanding
the relationship between historical fertilizer applications and current water quality.
Since the 1970s, P has been applied at
recommended rates. However, due to
the inefficiency of P, much of that application has built up in the soil creating
large P reserves. More research is needed
on how that large P pool is made available and if those dynamics are microbially
mediated or change with farming practice.
Furthermore, only limited information is
available on nutrients stored in field borders, streambanks, and streambeds (Dodd
and Sharpley 2016).
An important factor relative to nutrient loss and CP is the timing of when loss
occurs. For example, drainage losses in the
northwestern Corn Belt are more in the
spring of the year with some in the fall
while in the southeastern Corn Belt more
of the drainage occurs during the nonfrozen winter period (Christianson et al.
2016). In addition, in certain areas of the
Corn Belt the snowmelt period may be
one of the most critical nutrient transport
periods and would need to be factored
into CP implementation.
A critical factor in both implementation of practices and in assessment is the
vulnerability of the site to nutrient loss,
which needs to consider the site properties, connectivity or potential for nutrient
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address phenomena, such as the vertical
stratification of P in soils, although not all
are palatable to dogmatic proponents of
no-till.
OUTCOMES
Many examples now exist of local, state,
regional, and even international efforts to
improve water quality by curtailing agricultural nutrient losses. While successful
outcomes can be achieved via a variety of
approaches, effective mitigation programs
tend to be those that embrace flexibility,
promote adaptation as well as adoption,
account for the production and management priorities in which they are being
implemented, and leverage local sources
of data to convince skeptical stakeholders.
Uncertainty in the timing and extent of
water quality response is an inherent component of mitigation programs and can be
politicized to fit many agendas. Given the
complexity of nutrient management and
water quality challenges, comprehensive
strategies that include local participation in
their formulation tend to work best, even
if they require greater resource investment,
including time.
Ultimately, there is a need to rely upon
evidence to gain acceptance. Monitoring
remains the single most compelling form
of information for convincing skeptics
of the need for change (or lack thereof).
However, monitoring introduces farmers,
policy makers and the public to the role
of uncertainty, brought about by spatial
and temporal variability of weather and
landscape controls. Empirical data alone,
however, are insufficient. Process-based
models are useful for connecting the dots
between water quality data collected at
different spatial scales, temporal scales, or
climates. However, models can perpetuate
error when the algorithms are incomplete
or lack the science to support the complex
processes occurring in natural systems.
In summary, nutrient management
is a priority for agriculture, but nutrient
management is not the priority for agriculture. No system is optimized around
NUE and, while major opportunities
exist to improve NUE in all production
systems, they are only part of the solution
to protecting water quality. Public expectation includes the message that farmers

are doing many things to reduce nutrient
losses and achieve gains in NUE, but there
are still underperformers and there are
areas in which either standard technologies
have not advanced sufficiently for reasonable (market) adoption by most farmers,
or there are factors far beyond the control
of farmers that may delay water quality
responses or undermine additional efforts.
Some of these nutrient management concepts, complexities, inherent tradeoffs, and
outcomes are summarized in table 1.
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