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Abstract
Phosphorus (P) is essential for optimum agricultural production, 
but it also causes water quality degradation when lost through 
erosion (sediment-attached P), runoff (soluble reactive P; SRP), 
or leaching (sediment-attached P or SRP). Implementation of 
conservation practices (CP) affects P at the source (avoiding), 
during transport (controlling), or at the water resource edge 
(trapping). Trade-offs often occur with CP implementation. For 
instance, multiple researchers have shown that conservation 
tillage reduces total P by over 50%, while increasing SRP by 
upward of 40%. Conservation tillage may increase water quality 
degradation as SRP is more bioavailable than is particulate 
P. Conservation practices must be implemented as a system 
of practices to increase redundancy and to address all loss 
pathways, such as P management with conservation tillage and 
a riparian buffer. Further, planning and adoption must be at a 
watershed scale to ensure practices are placed in critical source 
areas, thereby providing the most treatment for the least price. 
Farmers must be involved in watershed planning, which should 
include financial backstopping and educational outreach. It 
is imperative that CPs be used more effectively to reduce and 
retard off-site P losses. New and innovative CPs are needed to 
improve control of P leaching, address legacy stores of soil test 
P, and mitigate increased P losses expected with climate change. 
Without immediate changes to CP implementation, P losses will 
increase due to climate change, with a concomitant degradation 
of water quality. These changes must be made at a watershed 
scale and in an intentional and transparent manner.
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Phosphorus (P) is essential for life as it forms the 
backbone of RNA, DNA, and energy transfers. Many 
perennial plants have symbiotic relationships with mycor-

rhiza and other soil microorganisms to secure limited natural P 
(Margalef et al., 2017; Spohn et al., 2018). Phosphorus is also 
essential for agricultural production, as insufficient amounts 
often limit optimal crop production (Syers et al., 2008; van de 
Wiel et al., 2016). Applications of P have optimized crop pro-
duction, with first applications coming from organic sources 
such as animal or human waste, bones, and guano, and later via 
mineral fertilizers mined from rock phosphate deposits. While 
crop production benefits are many, P is akin to a double-edged 
sword, where additions have increased yields but P loss to water 
resources has hastened water quality degradation via increased 
algal production (Stow et al., 2015; USEPA, 2019). Water 
resources across the globe—including Lake Erie, Chesapeake 
Bay, inland and coastal waters of Florida, Baltic Sea, and Lake 
Taihu in China—are impaired due to increased algae blooms 
that negatively affect drinking water quality, fishing, recreation, 
and other uses (Conley et al., 2009; Dale et al., 2010; Federal 
Leadership Committee of the Chesapeake Bay, 2009; Reddy et 
al., 2011; Scavia et al., 2014; Qin et al., 2010). Many of these 
water resources derive much of their nutrients from agricultural 
activities, which have been implicated in nutrient losses affect-
ing water quality for decades (Brink, 1975; Sharpley et al., 1994; 
Webb, 1962).

In an attempt to protect soil resources and reduce nutrient 
losses, conservation practices (CPs) have been prescribed in the 
United States since the USDA Soil Conservation Service, now 
the Natural Resources Conservation Service (USDA-NRCS) 
began in 1935 (USDA-NRCS, 2019a). In the 1970s, the USDA-
NRCS focused on reducing nonpoint source pollutants, includ-
ing P. Conservation practices targeting P have evolved over time 
but until recently focused primarily on reducing sediment losses 
(erosion) and P attached to sediment (Sharpley, 1996; Sharpley 
et al., 2003). Researchers have more recently elucidated other 
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significant soluble reactive P (SRP) loss pathways associated with 
surface runoff and leaching.

Because it is critical that we maintain optimum crop produc-
tion to feed the current population of over 7.5 billion (United 
Nations, 2019), we need to find ways to use P to increase crop 
yields while minimizing losses to water resources; it is also imper-
ative to reduce and retard off-site P losses by using current CPs 
more effectively and to develop new, more effective CPs. The 
purpose of this paper is to reflect on recent advances in under-
standing P loss pathways into water and how researchers can use 
that information to better balance profits and clean water.

Phosphorus Loss Pathways
Agricultural P losses occur where there is an interaction of 

hydrology with field-scale characteristics and processes, soil P, 
and applied P as fertilizer, animal waste, and/or other P sources. 
Sediment-attached P is lost during erosion events, which either 
redeposit P-rich soil particles within the field or moves them off 
the field, where they have the potential to affect water resources. 
The amount of P lost is a function of the amount of soil eroded, 
the soil P content, and soil texture. Researchers have known for 
years that smaller particles (particularly clay-sized particles) that 
are more susceptible to erosion losses contain more P than do 
sand particles (Cox, 1994; Sharpley et al., 1985).

Runoff P losses occur when water flows over the soil sur-
face, resulting in transport of SRP from fields (Dunne, 1983; 
Dunne and Black, 1970; Horton, 1933). Runoff P losses are a 
function of many factors, including soil texture, antecedent soil 
moisture, soil P content, soil pH, applied P, and vegetation (Cox 
and Hendricks, 2000; Heathwaite and Dils, 2000; McDowell et 
al., 2001). While it is beyond the scope of this paper to detail 
how each of these factors affects runoff P losses, we provide the 
following examples. Sharpley (1997) found that the magnitude 
of runoff SRP losses from soils amended with poultry litter 
was related to the availability of soil P sorption sites (i.e., soil P 
source), mainly Fe- and Al-oxide minerals in acid soils. Yet, Buda 
et al. (2009) demonstrated the critical importance of hydrol-
ogy; they reported higher SRP loads in runoff due to the greater 
runoff volumes generated in low soil test P (STP) soils that were 
located at the downslope landscape position nearest the stream. 
These losses were greater compared with higher STP soils located 
in upslope positions where little to no runoff was generated 
(Buda et al., 2009).

Phosphorus leaching, although identified as early as the 
1940s (Sims et al., 1998), is the loss pathway that remains the 
least acknowledged, understood, and researched. Phosphorus 
leaching has been demonstrated in sandy texture soils, organic 
soils, and structured soils that develop preferential flow pathways 
(Heathwaite and Dils, 2000; King et al., 2015a; McDowell et al., 
2001; Sims et al., 1998). For example, Kleinman et al. (2015) and 
Toor and Sims (2015) reported higher P leaching losses through 
intact soil cores collected from the Atlantic Coastal Plain when 
preferential flow dominated compared with soils controlled by 
matrix flow due to greater subsoil contact and capacity for P 
sorption.

Artificial drainage systems (e.g., tile drains and ditches) were 
identified as a significant source of P leaching not only in the 
United States (Sims et al., 1998) but also in European settings 

(Gelbrecht et al., 2005). King et al. (2015a) determined that 
~50% of the SRP and 40% of the total P in the Lake Erie water-
shed leaches through the soil to drain tiles. Often, leaching losses 
are more prevalent as STP concentrations increase, especially as 
P moves downward into the subsoil (Kleinman et al., 2015).

The amount of P leached is also significantly affected by nutri-
ent management practices (Toor and Sims, 2015; Kleinman et 
al., 2015)—source, placement, timing, and rates. Ultimately, 
the amount of P leached is a function of soil texture, potential 
preferential flow paths, drainage intensity of tiles and ditches (if 
installed) including depth and spacing, ditch design and mainte-
nance (if used), drainage water management, hydrology, climate, 
cropping systems including tillage type, STP, and nutrient man-
agement (King et al., 2015b). Reducing leaching losses is most 
difficult, partly because of the prevalence of artificial drainage 
but also because it is challenging to predict how or when leach-
ing losses occur.

Implementing Conservation Practices 
That Reduce Agricultural P Losses

A variety of CPs are available to reduce P from agricultural 
fields (Dodd and Sharpley, 2016; Osmond et al., 2012c,d; 
Sharpley et al., 2000). Multiple control strategies are necessary 
at the source, during transport, and at or in the receiving water 
resources to control agricultural nutrient loading to surface 
waters (Osmond et al., 2012c,d). Scientists and practitioners 
have discussed the necessity of practice redundancy or systems 
of CPs for decades. The USDA-NRCS refers to this concept as 
“avoid, control, and trap” (USDA-NRCS, 2019b). Ideally, the 
practice(s) implemented should address one or more of the P loss 
pathways by reducing erosion and sediment-attached P, runoff P, 
or leached P depending on site concerns.

Practices That Avoid Agricultural P Losses
Because STP and P applications are highly determinant of 

P losses, avoiding is important—keeping STP as low as pos-
sible and only applying P as needed and either mixing or inject-
ing (Bergström et al., 2015; Kleinman et al., 2015; Withers et 
al., 2014). An important first-line strategy to avoid P losses is 
to maintain agronomically adequate but environmentally low 
STP levels. Unfortunately, in many areas, STP is high and/or is 
increasing. For example, Lu and Tian (2017) demonstrated that 
P application worldwide has increased threefold since 1960, with 
most of the increase in Asia (specifically China) and Brazil. Soil 
test P is not necessarily the driving factor in P loss since hydrol-
ogy and field conditions play a critical role in P transport; yet 
all things being equal, the greater the STP, the larger the losses 
(Sharpley et al., 1985).

Kleinman et al. (2002) demonstrated a 3- to 10-fold increase 
in P runoff concentrations between low STP (12–26 mg kg-1 as 
Mehlich-3) and high STP (396–415 mg kg-1 as Mehlich-3) soils 
of the same soil series. Furthermore, researchers have identified 
an interaction between STP, P source, and P losses (by all three 
pathways—erosion, runoff, and leaching); thus, the importance 
of maintaining agronomically sufficient but low STP cannot 
be overstated. Unfortunately, many US states have high STP 
in particular areas due to natural conditions (e.g., Kentucky 
and Florida), concentrated animal operations (e.g., Delaware, 



1206	 Journal of Environmental Quality 

Pennsylvania, and North Carolina), or cropping systems (e.g., 
Florida and Virginia). The International Plant Nutrition 
Institute compiled percentage soils testing below critical levels 
by state, which demonstrates that many states, on average, have 
high or very high STP (Fig. 1).

Fiorellino et al. (2017) and Kamprath (1999) demonstrated 
that at very high STP (>100 mg kg-1; as Mehlich-3 P), crop 
yields were not affected for over 15 yr when P applications 
ceased. Extrapolating STP drawdown, these researchers sug-
gested it would take more than 30 yr to decrease STP below the 
agronomic critical level depending on the soil texture and initial 
soil test level. The STP of Lynchburg soil (fine-loamy, siliceous, 
semiactive, thermic Aeric Paleaquult) was three times greater 
than the agronomic critical level (50 mg kg-1), the level at which 
a yield response would be expected (Kamprath, 1999). Elevated 
STP was more than seven times greater than the agronomic criti-
cal level (also 50 mg kg-1 for Maryland) in Mattapex silt loam 
(fine-silty, mixed active, mesic Aquic Hapludult) (Fiorellino et 
al., 2017).

McCollum (1991) demonstrated on a mineral–organic 
coastal plain soil (Typic Umbraquult) that drawdown of P is not 
linear due to reversion of P into nonextractable forms, which 
suggests that drawdown will occur more quickly in early years 
and then slow down. Sharpley et al. (2013) calculated drawdown 
times ranging from 4 to 27 yr on a range of soils from the United 
States, Canada, and Europe. Ultimately, many high-STP soils can 
be farmed with no or limited P additions without affecting yields 
for decades, but during P drawdown, these soils will continue to 

lose P to water resources (Qin and Shober, 2018; Johnston and 
Poulton, 2019).

Conservation strategies that avoid will be viewed most favor-
ably if producers think of them as ways to acquire needed P at 
lower cost, rather than as a conservation technology that just 
costs money (Garnache et al., 2016; Hoag et al., 2012b). Nutrient 
management (i.e., planning the source, rate, timing, and method 
P application), for example, is regarded as the main practice to 
avoid agricultural P losses and will be seen by most farmers as 
a valuable tool to help them apply P most profitably. Nutrient 
management is not discussed in detail in this paper as this topic is 
covered separately in this special section (Bruulsema et al., 2019; 
Grant and Flaten, 2019); we instead focus here on how applied P 
becomes vulnerable to all loss pathways depending on the source, 
rate, placement, and timing.

Practices That Control Agricultural P Losses
Practices that control sediment-attached P include conserva-

tion tillage, cover crops, terraces and grassed waterways, water-
control structures, and soil amendments; these practices may 
address one or multiple P loss pathways by reducing rainfall 
impact, increasing infiltration, controlling erosion, or reducing 
leaching. A recent meta-data analysis of particulate P losses due 
to conservation tillage demonstrated on average 45% (concentra-
tion) and 55% (load) reductions relative to conventional tillage 
(Daryanto et al., 2017). These average reductions, however, do 
not reflect differences in climate, topography, cropping system, 
or length of tillage; disaggregating the data indicated that the 
effectiveness of conservation tillage was lower on more sloping 

Fig. 1. Percentage soils testing below critical levels by state (2015). Provided with permission of the International Plant Nutrition Institute.
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fields (>4%) or with wetter antecedent conditions. Dodd and 
Sharpley (2016) noted a range for particulate P reduction due to 
conservation tillage from -33 to 96% compared with 45 to 89% 
for grassed waterways. Following 9 yr of research on a clay soil in 
Finland, Uusitalo et al. (2018) demonstrated that particulate P 
loads and concentrations were 27 and 55% lower, respectively, 
with no-till than with conventional till.

Research has indicated that P sorbing materials (PSMs) offer 
some potential in reducing SRP in runoff when land applied as 
a soil amendment. For example, King et al. (2016) determined 
that field-applied gypsum, if applied at high enough rates, could 
reduce surface losses of P by approximately 40%. Similarly, several 
researchers documented reductions in runoff SRP losses when 
other PSMs (fly ash, water treatment residuals, steel slag, etc.) 
were land applied to high P soils (Bryant et al., 2012; Dayton and 
Basta, 2005; Stout et al., 1998).

Water-control structures can reduce SRP loss from fields by 
affecting hydrology (Evans et al., 1991; Penn et al., 2017; Zhang 
et al., 2017). Evans et al. (1991) found a net reduction in edge-
of-field total P losses of 35% under controlled drainage. Zhang 
et al. (2017) reported that controlled drainage decreased surface 
runoff SRP concentrations by 19% and by 23% when cover crops 
were used with controlled drainage.

In a recent review article on cover crop effectiveness, Blanco-
Canqui (2018) found 13 articles that measured sediment losses 
and reductions, which ranged between 0 and 100% compared 
with no cover crop; one site demonstrated no difference due to 
cover crops. Likewise, planting of cover crops at most locations 
did not affect total P losses when compared to fields that used 
no cover crops. Cover crops planted between olive trees (Olea 
europaea L.) in Spain were found to reduce both sediment and 
dissolved P in 1 of 2 yr (Gómez et al., 2009).

Practices That Trap Agricultural P Losses
Practices that trap P assimilate edge-of-field P losses and 

prevent them from entering sensitive water bodies. Examples 
of trapping practices include vegetative buffers, wetlands, and 
stormwater P filters. Various researchers documented a 20 to 90% 
reduction of total P by riparian buffers through sediment deposi-
tion (Cooper and Gilliam, 1987; Dillaha et al., 1989; Dillaha and 
Inamdar, 1997; Daniels and Gilliam, 1996; Magette et al., 1989; 
Peterjohn and Correll, 1984; Van Vooren et al., 2017); three 
recent reviews confirmed these reduction percentages (Dodd 
and Sharpley, 2016; Hoffmann et al., 2009; Roberts et al., 2012). 
These studies demonstrate that wider buffers increase removal 
effectiveness, but the amount of reduction diminishes as buffer 
width increases. Additionally, slope, soil type, hydrology, and 
many other factors determine the overall effectiveness for riparian 
buffers. Finally, resuspension of sediment and transport out of the 
riparian buffer can occur depending on the buffer type and the 
storm event, thus reducing overall effectiveness of the buffer over 
time (Dodd and Sharpley, 2016; Gelbrecht et al., 2005).

Wetlands can also be effective at removing sediment P, where 
efficacy is related to P source, loading of the wetlands with sedi-
ment P, stormwater residence time, and a host of other factors. 
For example, Bergström et al. (2015) demonstrated an approxi-
mately 35% reduction in P by wetlands in Sweden, mostly as 
particulate P. In a review of the literature, Dodd and Sharpley 
(2016) reported ranges for particulate P reduction of 47 to 74%.

Phosphorus sorbing materials offer the potential to trap 
edge-of-field P losses when used in off-site stormwater treatment 
structures. Off-site structures that contained PSMs were found 
by multiple researchers (Penn et al., 2017; Qin and Shober, 
2018) to be effective at removing soluble P (and to some extent 
particulate P) from runoff. Additionally, several researchers have 
demonstrated that PSMs in drain tiles may be useful in reducing 
leached P (King et al., 2016; McDowell et al., 2008).

Many factors affect P reduction by off-site structures, includ-
ing structure material, resident time, and influent concentration. 
In their review, Penn et al. (2017) determined that Fe-containing 
PSMs performed better (~35%) at reducing P concentrations in 
agricultural runoff than did nonslag and slag materials contain-
ing Al (~25%). However, to be cost-efficient, these structures 
must carefully balance the P adsorptive capacity of the mate-
rial, as well as the flow dynamics of the system (i.e., containment 
structure or buffered filter). In many cases, the major portion of P 
loss occurs during high storm flows, when there is a larger poten-
tial for the containment structure to be breached, allowing P-rich 
water to bypass and not chemically interact sufficiently with the 
by-product (Penn, 2014). In a review of the literature, Qin and 
Shober (2018) referenced multiple articles showing different 
degrees of PSM effectiveness; ultimately, there is concern that 
these materials may only temporarily reduce SRP runoff when 
land applied or used in off-site structures.

Considering Trade-Offs
Conservation practices may have contradictory effects on 

nutrient loss. Sometimes different nutrients are affected, as is 
the case with terraces, which are effective in reducing sediment-
attached P but may increase nitrogen (N)-leaching losses (Gale et 
al., 1993; Meals et al., 2012c; Osmond et al., 2012d). Sometimes 
practices affect different forms of the same nutrient; conserva-
tion tillage, for example, decreases sediment-attached P while 
often increasing SRP in runoff.

Geochemical cycling of P from field to water resources associ-
ated with different CPs occurs, as demonstrated with conserva-
tion tillage, cover crops, and buffers, which can have unintended 
consequences of increasing P losses (Dodd and Sharpley, 2016; 
Osmond et al., 2012d). These sinks can become P sources over 
time. The net benefit of CP systems will depend on the relative 
reductions in different P amounts and forms from field to water 
resource.

Typically, practices that are effective in reducing particulate 
P, such as conservation tillage, wetlands, buffers, and cover crops, 
do not appear to be effective in retarding SRP losses in runoff 
or leachate. A meta-analysis comparing P losses of conserva-
tion versus conventional tillage demonstrated a 40% increase 
in both SRP concentration and load due to conservation till-
age, although the amount varied based on rainfall (Daryanto 
et al., 2017). Other studies have demonstrated SRP increases 
from land under conservation tillage (Dodd and Sharpley, 2016; 
Jarvie et al., 2017; Renwick et al., 2018; Uusitalo et al., 2018). 
The increase in SRP with conservation tillage was relative to the 
reduction in sediment-attached P, which may actually increase 
degradation of water quality since SRP is more bioavailable. 
Researchers in the northern Great Plains of Canada determined 
that sediment-attached P was reduced when conservation tillage 
was implemented but that total P load increased by 12% mainly 
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because the proportion of total P load as SRP increased from 67 
to 85%, most of which occurred during snowmelt (Tiessen et al., 
2010).

As soil P increases in buffer strips, runoff water often contains 
more dissolved P when it exits the buffer than when it enters 
(Cooper and Gilliam, 1987; Dodd and Sharpley, 2016; Parsons 
et al., 1994). Additionally, buffer vegetation may contribute to 
SRP losses during senescence, as suggested by numerous scien-
tists (Dodd and Sharpley, 2016; Elliott, 2013; Hoffmann et al., 
2009). Biogeochemical cycling of P in buffer zones, along with 
different hydrologic pathways, is highly complex and depends 
on many factors, including buffer type, soils, and sediment-
attached P received. In reviews, Hoffmann et al. (2009) and 
Roberts et al. (2012) both discussed remobilization of P into 
more soluble forms through interaction with the soil P pools, 
microbiological cycling, and/or vegetation, thus increasing SRP 
losses when saturated or flooded. Jenkins and Sims (2012) rec-
ommended measuring the degree of P saturation (DPS) based 
on the Mehlich-3 concentrations of P, Fe, and Al in buffer strip 
soils, as an indicator of the potentials for buffers to act as a source 
(DPS > 0.15) or a sink (DPS < 0.15) for SRP losses through the 
buffer. The researchers also recommended deep tillage (>45 cm) 
of P-saturated buffer soils to regenerate P sorption capacity and 
improve SRP removal by existing buffers.

Wetlands, while somewhat effective at reducing particulate P, 
vary in their ability to reduce soluble P. Richardson (1985) dem-
onstrated that the capacity for wetland P sorption was a function 
of soil Al content, with more soluble P sorbed as soil Al content 
increased. Yet Kovacic et al. (2000) reported that constructed 
wetlands collecting tile drainage in the US Midwest were vir-
tually ineffective in reducing P, primarily because the wetlands 
received mainly SRP that was initially sequestered by wetland 
plants but then released when vegetation died.

Similarly, cover crop research has shown mixed results rela-
tive to P losses on water quality depending on cover crop species, 
stage of growth, soil chemical properties, climate, soil texture, 
cropping systems, and other factors (Sharpley and Smith, 1991). 
Some researchers have demonstrated the potential for SRP losses 
from cover crops is a function of cover crop species, climate, and 
soil P concentrations, among other factors, which affect the mag-
nitude of the losses (Cober et al., 2018; Lozier et al., 2017). Ulén 
(1997), however, found no increase in P losses from cover crops 
or stubble in Sweden. In colder climates, freeze–thaw cycles may 
increase SRP losses by releasing P from vegetation during hydro-
logic events, such as runoff from snowmelt (Lozier and Macrae, 
2017; Lozier et al., 2017); SRP losses from freeze-intolerant 
plants are more prevalent (Cober et al., 2019). Nevertheless, 
Cober et al. (2019) found the contribution of SRP from soil 
was always greater than that from cover crops, regardless of cover 
crop type. When cover crops are used with manure applications, 
SRP losses from the manure can overwhelm any cover crop con-
tribution (Kleinman et al., 2005).

Practices that are effective at reducing particulate P losses 
often result in higher P leaching losses. For example, an assess-
ment of 50 yr of published drainage P losses indicated a threefold 
increase in P leaching from no-till fields relative to conven-
tional tillage due to the formation of preferential flow channels 
(Christianson et al., 2016). Because conservation tillage has been 
shown to increase P leaching in well-structured soils (Kleinman 

et al., 2009, 2015), light tillage may temporarily lessen P leaching 
losses by disrupting preferential flow through macropores, but 
mixing can also reduce P stratification arising through no-till and 
thereby reduce overland SRP losses (Sharpley, 2003).

Bergström et al. (2015) found no reduction in leachate SRP 
from drained fields with cover crops but did see a relationship 
between STP and leachate P losses. However, a study by Williams 
et al. (2018) did not indicate differential preferential pathway 
leaching losses based on tillage, but fertilizer placement (injected 
or mixed rather than broadcast) did reduce losses. Studies from 
Canada did not identify leaching (tile drains) or runoff differ-
ences based on tillage (disk till vs. ridge till) on a sandy loam, but 
loss was associated with seasonality; the greatest surface losses 
were during snowmelt (Lam et al., 2016).

Just as trade-offs between soluble and particulate P losses 
exist, researchers have also demonstrated trade-offs between 
surface and subsurface loss, as well as seasonal variations in 
these reductions based on climate, soil type, and management 
(Evans et al., 1991; Zhang et al., 2017). These trade-offs must 
be addressed in conservation strategies focused on P reductions 
from agricultural fields to water resources. For example, practices 
that enhance infiltration (e.g., controlled drainage and conser-
vation tillage) can result in higher P losses via subsurface flow 
(Evans et al., 1991).

Implementing Conservation Practice Systems
The selection of appropriate CPs to reduce impacts on water 

quality depends on many factors, including the source and mag-
nitude of the potential P losses. Often, addressing P losses at 
the field scale will require implementation of multiple CPs that 
address different P loss pathways. Nummer et al. (2018) used a 
meta-analysis approach to evaluate the effects of CPs (namely, 
conservation tillage, buffers, grassed waterways, and terraces), 
implemented alone or in combination, on P losses using data 
from the Measured Annual Nutrient loads from AGricultural 
Environments (MANAGE) database. Initial analysis revealed 
that more fertilizer was applied to fields in the database with 
CPs (e.g., cropland vs. pasture), thus confounding results due to 
the opposite effects of fertilizer application and CPs. Once this 
difference was accommodated, the researchers determined that 
particulate P was reduced by 58% and total P by 76% when CPs 
were used either individually or in combination. Daryanto et al. 
(2017) demonstrated the importance of cropping system to P 
loss, as did Nummer et al. (2018).

Suites of CPs do not always lead to water quality improve-
ment, as demonstrated by Baker et al. (2018). Failure of CP suites 
to address P losses may be due to the lack of redundancy in the 
system, inability of practices to reduce P, transformation of P, or 
a multitude of issues surrounding CP implementation and water 
quality monitoring. In a review of conservation measures, Ward 
et al. (2018) detailed and discussed the benefits and limitations 
of many USDA-NRCS CP standards. Their conclusion was that 
understanding these practices is not enough; implementation 
must be part of a more thorough watershed program.

Scale of Implementation and Adoption
While many CPs are implemented at the farm field or edge-

of-field scale, successful conservation strategies must be imple-
mented at a watershed scale (Gale et al., 1993; Osmond et al., 
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2012c,d). Watershed-scale conservation is more difficult than 
farm-scale implementation, mainly because it requires planning 
and implementation at a significantly larger scale, involves more 
time and resources, and is necessarily more complex due to the 
involvement of diverse groups of stakeholders with varied vested 
interests.

Successful watershed-scale planning also requires enough 
water quality data to understand and define the water quality 
problem, which includes recognizing the pollutant(s) of concern 
and the hydrologic pathways of the pollutant(s). It also requires 
matching the CPs to the pollutant(s) of concern as a system of 
practices. Failure to properly identify the water quality problem 
can result in unsuccessful efforts to improve water quality, as well 
as wasted time and resources. Osmond et al. (2012d) illustrated 
this concept by analyzing 13 watershed-scale conservation stud-
ies. The researchers noted that often the CPs did not match the 
pollutant of concern. For example, when conservation tillage 
was used in a flat, drained landscape to control N (pollutant of 
concern), this practice likely increased subsurface loading losses 
of both N and P to the drinking water reservoir. Neither the 
performance of the practice nor the hydrologic pathways were 
considered when selecting conservation tillage. Overall, systems 
of practices were rarely considered in any of the 13 studied water-
sheds unless the practices were automatically tied together (i.e., 
terraces and grassed waterways, manure and barn management 
systems and a nutrient management plan).

Ideally, the critical source area(s) of the watershed (i.e., 
the areas that generate the predominant load; Osmond et al., 
2012c,d) should be determined and practices placed in these 
areas to maximize effectiveness and minimize cost. Since CP 
implementation is often voluntary, farmer buy in and willingness 
to implement the recommended practices in the critical source 
areas are necessary. Working with farmers is extremely complex, 
and adoption by producers is a multifaceted decision process. At 
a minimum, it takes financial resources to help fund practices, 
local agency personnel to work with farmers over the long-term, 
and time (Hoag et al., 2012b; Jennings et al., 2012). Often the 
CP(s) utilized did not match the needed practice(s), nor were 
they implemented in the critical source area(s).

Time of Recovery
Assuming that the watershed-scale conservation plan is well 

developed and executed, and the water quality monitoring 
design is sufficient to detect change, the time between imple-
mentation of CPs and measured water quality improvement is 
often significant (Meals et al., 2010). The concept of lag time 
assumes that given enough time, CPs will reduce pollutant load-
ing. The length of this lag time depends on the pollutant, size 
of the watershed, storage within the watershed, climate, estab-
lishment of the specific CPs, and many other factors. It can take 
decades to draw down P stored in fields or within buffers or wet-
lands (as discussed above). Phosphorus accumulated in water 
resources (lakes, streams, etc.) will take decades if not centuries 
to be removed (Meals et al., 2010; Sharpley et al., 2013).

Even if the appropriate systems of CPs were identified and 
implemented within the critical source areas, it cannot be 
assumed that these practices will be maintained. Conservation 
practice implementation is not static over time ( Jackson-
Smith et al., 2010; Jackson-Smith and McEvoy, 2011). Often 

producers switch practices due to land ownership changes, 
accommodation of new CPs or programs, changes in cost-
share programs, or agronomic reasons (e.g., compaction, 
weeds, costs). Additionally, historic long-term applications of 
P, particularly from animal manure, transforms P dynamics by 
changing soil sorption–desorption equilibrium. For example, 
high STP from manured soils shows increased P desorption 
relative to commercially fertilized fields at the same STP 
( Jiao et al., 2007). Many watersheds in the United States and 
Europe have had long-term animal waste application resulting 
in large P stores. Even without additional P inputs, legacy P 
stores will cause P losses to water resources for decades if not 
centuries.

Discerning whether lack of water quality progress is due to 
lag time or other factors is extremely difficult. In a review of eight 
Swedish watersheds of different sizes, Bergström et al. (2015) 
suggested that there were no clear water quality trends for P; P 
loads were lower in some watersheds and higher in others. Many 
authors acknowledge the difficulty of measuring and detecting P 
changes due to CP adoption (Bergström et al., 2015; Meals et al., 
2010; Osmond et al., 2012c,d).

Conservation by Experiential Learning: 
Watershed Assessments

Numerous federally sponsored watershed-scale projects have 
tried to document the effects of CP implementation on water 
quality change. Early efforts included the Black Creek Project in 
northeastern Indiana and the Model Implementation Program 
(Dressing et al., 1983). The Rural Clean Water Program was 
jointly funded by USDA and the USEPA as a follow-on proj-
ect to the Model Implementation Program. The intent of the 
Rural Clean Water Program was similar but not identical to the 
Model Implementation Program; the expectation was to relate 
CP implementation at a watershed scale to water quality change 
(Gale et al., 1993). Many of these early projects focused on exper-
imental design, CP implementation, project management, and 
documentation of water quality change; due to the diversity of 
projects, researchers were only able to synthesize some of the les-
sons learned.

The next iteration of watershed-scale projects was the USEPA 
Section 319 National Nonpoint Source Monitoring program 
(Spooner et al., 2011), which utilized guidance developed from 
the earlier projects and instituted the six-step watershed planning 
guidance (USEPA, 2013). Some of the Section 319 watershed 
project managers were able to document effectiveness of grazing 
management, nutrient management, and stream restoration at 
the watershed scale.

More recently, the National of Food and Agriculture 
Competitive (NIFA) Grant Watershed Studies as part of the 
USDA Conservation Effects Assessment Project (CEAP) tried 
to document the relationship between CP implementation and 
water quality change in 13 watersheds across the United States 
(Osmond et al., 2012c,d). Conservation practices to reduce P 
(and sediment) were implemented in 9 of the 13 watersheds 
(Arkansas, Georgia, Indiana, Kansas, Missouri, New York, Ohio, 
Pennsylvania, and Utah) (Fig. 2). Demonstrated P reductions 
occurred in two of the watersheds: New York and Ohio (Meals 
et al., 2012c; Osmond et al., 2012b).
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The New York project included paired watersheds—a dairy 
farm and a forested area (Gale et al., 1993; Osmond et al., 
2012b). Many P-reducing CPs were implemented in the treat-
ment watershed (dairy farm), including waste storage, a nutrient 
management plan, and water management around the barnyard, 
yet water quality did not improve. Only after additional pollut-
ant sources were determined and more CPs were implemented, 
including streambank crossings and restoration and precision 
feeding, did water quality improve. The New York watershed 
example demonstrates the difficulty in assessing and then imple-
menting necessary practices at the watershed scale, even when 
the watershed is very small and, in this case, was defined as the 
farm.

Long-term monitoring (>20 yr) in Rock Creek, Ohio, which 
feeds Lake Erie, indicated a reduction in sediment-attached P, 
with much of the success attributed to conservation tillage adop-
tion and reduced P fertilization (Meals et al., 2012c; Richards 
et al., 2008). Subsequently, SRP increased dramatically due to 
tillage changes, increased drain tile installation, changes in rain-
fall intensity and duration, and surface and fall application of P 
fertilizers with conservation tillage ( Jarvie et al., 2017; Meals et 
al., 2012c; Smith et al., 2018). The Rock Creek example dem-
onstrates, as eloquently stated by Jarvie et al. (2017, p. 123), the 
“unintended, cumulative, and converging impacts” of changes in 
CPs and rainfall that increased SRP loads into Lake Erie, trigger-
ing harmful algal blooms.

Seven NIFA-CEAP projects could not demonstrate P 
reduction in the water resources of concern being monitored 
(Arkansas, Georgia, Indiana, Kansas, Missouri, Pennsylvania, 
and Utah; Osmond et al., 2012c). For example, the Arkansas 
watershed had significant and rapid land use change during the 
12-yr sampling period (1992–2004), as pastures were trans-
formed into suburbs (Hoag et al., 2012a). Minimal nutrient 

loads in the Georgia watershed were associated with low-inten-
sity agriculture; agricultural fields comprised approximately 40% 
of the watershed and were interspersed with natural forested 
areas and adjacent riparian buffers (Meals et al., 2012d). Thus, 
it was difficult to measure water quality change as nutrient con-
centrations were inherently very low. Part of the Indiana proj-
ect was to determine pollutant sources even as CPs were being 
implemented. Most of the P was determined to be delivered 
from urban areas and wastewater treatment plants rather than 
agriculture (Osmond et al., 2012f ). Project personnel in Kansas 
believed that lack of sediment and P reduction in Cheney Lake 
was due to a low-intensity water quality monitoring design, 
Conservation Reserve Program implementation before moni-
toring began, and conservation tillage primarily being adopted 
toward the end of the project (Osmond et al., 2012e). Research 
in the Missouri project was at multiple scales (plot, field, and 
watershed), and monitoring occurred from 1992 to 2004 (Arabi 
et al., 2012a). Despite implementation of multiple CPs, no water 
quality improvement was demonstrated, in part because project 
personnel demonstrated that most of the CPs were not located 
in the critical source area. Although the Pennsylvania paired-
watershed project demonstrated sediment reductions resulting 
from narrow, vegetated riparian buffers, stream crossings, fenc-
ing, and stream bank stabilization on grazed lands, there was no 
concomitant reduction in P (Osmond et al., 2012a). The water 
quality monitoring data in the Utah project were insufficient 
to provide a historical record. Further, many of the CPs imple-
mented in the original Utah project were no longer in use (Meals 
et al., 2012a).

As noted above, inability to demonstrate P reductions from 
CP implementation may be due to multiple reasons, including 
the following:

Fig. 2. Locations and pollutants of concern for the National Institute of Food and Agriculture (NIFA) Conservation Effects Assessment Project (CEAP) 
Watershed Studies Project.
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•	 inappropriate water quality monitoring (Meals et al., 
2012b),

•	 misinterpretation of pollutant hydrologic transport 
pathways (Arabi et al., 2012b),

•	 installation of the incorrect practice(s), insufficient 
implementation or use of practices, and/or practices 
inappropriately placed (Osmond et al., 2012c,d),

•	 farmer reluctance to adopt practices for a multitude of 
reasons or maintain them over time (Hoag et al., 2012b; 
O’Connell and Osmond, 2018), and/or

•	 lag times inherent in the land–water interface (Meals et al., 
2010; Sharpley et al., 2013).

Economic Considerations
Farmer implementation of CPs that avoid, control, and/or 

trap P is essential to protect water quality. Therefore, understand-
ing producer decision-making around adoption is critical. The 
avoidance decision will be heavily biased to economic returns, 
that is, on the cost of P—the amount used and its price (Hoag et 
al., 2012b; Ribaudo, 2015). Studies have shown that P fertilizer is 
price inelastic (Garnache et al., 2016), meaning that use does not 
vary much with price. Therefore, there is little reason to expect 
that raising the cost of P fertilizers will reduce use. For example, 
a 100% fertilizer tax had only a negligible effect on simulated 
P runoff in southern Michigan (Egbendewe-Mondzozo et al., 
2013); even a 900% tax on P fertilizer could not reduce demand 
by a targeted 40% in the Minnesota River valley (Westra, 2001). 
Similarly, the price of manure is typically not high enough to jus-
tify hauling it very far from its source (Adhikari et al., 2005). Any 
value of manure P is often overshadowed by a producer’s need to 
dispose of it at least cost (Hoag and Roka, 1995). Therefore, for 
most producers, it will be more effective to show them how to 
increase fertilizer or manure use efficiency so they can use less P, 
rather than rely on increased P prices to shift behavior.

Controlling and trapping will be viewed less favorably than 
avoiding by farmers because these practices primarily, though 
not exclusively, cost money but do not generate any revenues 
(Hoag et al., 2012b; Ribaudo, 2015). A number of public and 
private conservation programs are aimed at increasing the prof-
itability of conservation systems, or a producer’s interest in 
stewardship, to motivate adoption of control and trap systems. 
The NRCS, land-grant extension, nongovernmental organiza-
tions, and many others offer educational programs and technical 
assistance related to controlling and trapping CPs. In addition, 
many federal conservation programs, such as the Environmental 
Quality Incentives Program, and state and county programs offer 
financial assistance in the form of subsidies, tax breaks, and cost-
sharing to farmers who adopt control or trap CPs. Although 
education, technical assistance, and financial aid have all helped 
with CP adoption, success is limited as many methods to con-
trol and trap P are not profitable at the farm scale. For details, 
the literature on program adoption is extensive and widely avail-
able (Baumgart-Getz et al., 2012; Hoag et al., 2012b; Liu et al., 
2018). In summary of that literature, while education and tech-
nical assistance are important, financial incentives and a strong 
understanding of the local agriculture have repeatedly been 
found to be the most important contributors to CP adoption 
(Baumgart-Getz et al., 2012; Hoag et al., 2012b).

There is also potential in control and trap whereby society can 
effectively buy P abatement. From a benefit standpoint, society 
can find value to justify spending tax dollars on P abatement. For 
example, agriculture contributes over 70% of total N and P to 
hypoxic zones in the Gulf of Mexico (Alexander et al., 2008) and 
about a third of the total P load in the Baltic (Turner, 2001). 
Turner (2001) estimated that the total economic benefit of 
reducing eutrophication levels in the Baltic Sea is about $10 bil-
lion. Dodds et al. (2009) estimated that the annual cost of fresh-
water eutrophication in the United States from N and P exceeds 
$2 billion. Likewise, the USEPA (2015) documented through 
multiple studies many of the ways that nutrient pollution in 
water costs society. For example, one USEPA study showed tour-
ism losses of $37 to $47 million led to business closures in Grand 
Lake St. Marys, Ohio (Davenport and Drake, 2011). In Maine, 
pollution cost shellfish fishers $3 million per year in lost catch.

The costs of trap and control CPs also must be considered 
(Liu et al., 2018; Ribaudo, 2015). To date, a host of education 
programs, technical assistance, and subsidies have been some-
what effective at increasing CP adoption, but these efforts lack 
overall coverage (Hoag et al., 2012b; Ribaudo, 2015). Part of 
the coverage problem lies in the technical challenges discussed 
above, but another part rests in finding out what motivates farm-
ers. Adoption decisions are complex and have been examined 
in thousands of studies (e.g., Baumgart-Getz et al., 2012; Liu et 
al., 2018). However, it largely comes down to how much com-
pensation farmers are offered (Hoag et al., 2012b). As adoption 
of CPs has been slow (Ribaudo, 2015), incentive programs will 
likely have to increase payments to producers to spur acceptance. 
One study even found that farmers might demand a conserva-
tion premium for adoption that doubles the cost of implemen-
tation (Motallebi et al., 2016). Most producers interviewed by 
Motallebi et al. (2016) indicated that they would not adopt CPs 
if incentive programs were priced for farmers to “break even” 
with the cost of adoption.

Outside forces, such as regulations, taxes, subsidies, educa-
tion, or technical assistance, as well as more elaborate pollution 
trading programs or auctions, can be used to bring about behav-
ior change and promote CP adoption. Palm-Forster et al. (2017) 
used experimental auctions to test farmer preferences for con-
servation incentives to promote voluntary abatement of P. The 
researchers found that farmers favored programs that provided 
financial support through subsidies or tax savings, compared 
with programs that offered crop insurance for any reduced yields 
attributed to CPs or a commodity price premium tied to stew-
ardship certification. These results confirm that paying for pol-
lution reduction is an effective tool for increasing CP adoption, 
especially when paired with education and technical assistance.

Numerous economic and social nuances can influence CP 
adoption. Technical solutions that help farmers make more 
money by using less P will help, as will finding more effective ways 
to educate or encourage adoption (Baumgart-Getz et al., 2012). 
However, the macro-factors pose greater challenges. Farmers 
are not sensitive to price. Therefore, the best hope of reducing 
P losses lies in increasing the efficiency of P manure and fertil-
izer use and in paying farmers to adopt CPs to control and trap 
P. Paying incentives could be an expensive proposition, as mul-
tiple conservation measures may be needed to reduce P losses at 
a large scale. Alternatively, regulating farmers, rather than relying 
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solely on education and subsidies to increase voluntary adoption 
of CPs as has been largely done in the past, would push change. 
Some change would occur at low cost through regulation, but 
pushing too hard could threaten farm livelihoods, particularly 
small-holdings, which could in turn contribute to a destabiliza-
tion of rural economies and infrastructure. Finding an appropri-
ate balance between regulation and incentives will be difficult, 
but there are better solutions with reasonable costs.

The Future of Conservation Practices and 
Phosphorus Reduction

Phosphorus delivery is dependent on hydrology. Altered 
rainfall patterns are expected due to climate change, which will 
greatly affect hydrology and, therefore, P delivery to sensitive 
waterbodies. Lehmann et al. (2018) used a statistical model to 
demonstrate that heavy rainfall has increased in the central and 
eastern United States, northern Europe, and Russia but decreased 
in central Africa. It is predicted that rainfall and runoff patterns 
will become even more extreme. Yin et al. (2018) showed that 
runoff rates are increasing faster than precipitation, which will 
affect the extent, magnitude, and duration of P transport.

Multiple researchers have shown the effects of climate change 
on increased rainfall, runoff, and P loading. Jarvie et al. (2017) 
demonstrated that 35% of the increase in agricultural SRP losses 
in the Western Lake Erie watershed was the result of increased 
runoff due to changes in rainfall pattern associated with climate 
change. Ockenden et al. (2016) conducted an integrated assess-
ment with a large group in England; the group determined that 
the majority (90%) of the total P load is lost during the highest 
discharge storms from multiple watersheds. As winter rainfall is 
predicted to increase, it is expected that P transfers will escalate 
by as much as 30% in some English watersheds (Ockenden et 
al., 2017). Line and colleagues (D.E. Line, personal communi-
cation, 2019) demonstrated that high exports of total P from 
three North Carolina watersheds were two- to threefold greater 
(0.94, 1.87, and 2.20 kg ha yr-1) for the hurricane year (2016) 
than loads from the years before and after the hurricane; as such, 
increased hurricane activity will affect P transfers in impacted 
areas.

Because climate change will intensify duration and inten-
sity of rainfall, P losses from all pathways will increase. Current 
CPs are often insufficient to retard and reduce P under storm 
flow conditions; these practices will become woefully inad-
equate as the climate changes. If serious progress in reducing 
P losses to our water resources is to occur, we must focus on 
more intentional, targeted watershed planning, implementa-
tion, and management. Lessons that can be applied from the 
NIFA-CEAP watershed project synthesis are summarized here 
(Osmond et al., 2012c).

Before CPs are implemented, the following steps are vital for 
intentional, deliberate, and effective watershed planning:
•	 Establish a network of stakeholders who are willing to set 

goals for implementing CPs on a sufficient scale to influence 
water quality.

•	 Define objectives in a collaborative approach that facilitates 
positive public discussion and includes farmer input about 
trade-offs between water quality and farming operations.

•	 Accurately identify the water quality impairments, 
pollutant(s), pollutant source(s), and hydrologic transport 
pathways.

•	 Match the CP(s) to the pollutant(s), pollutant source(s), 
and hydrologic transport pathways.

•	 Determine the critical source areas within the watershed 
where most of the practices are implemented to lower costs 
and improve the effectiveness of conservation.

Watershed planning is not simple; none of the steps are straight-
forward, and considerable expertise is involved. Determining 
critical source areas can be very difficult and will depend on the 
pollutant(s) and cropping system(s). Three NIFA-CEAP proj-
ects (Kansas, Missouri, and Utah) using different techniques 
determined that less than 30% of CPs were placed in the critical 
source area (Osmond et al., 2012c,e). If the watershed is tiled, all 
drained fields will be part of the critical source area, even if P is 
the pollutant of concern.

Watershed planning is difficult in part because expertise 
and tools are limited. Recently, a planning tool framework, 
Agricultural Conservation Planning Framework, was developed 
and expanded by the USDA-ARS (Tomer et al., 2013, 2017). 
The framework develops multiple strategies that can be evalu-
ated by farmers and watershed planners and crosses scales from 
fields to watersheds. These types of tools are important because 
they provide technical guidance, but more important, they offer 
scenario-building features, which allows communication among 
the different groups or agencies.

During and after the watershed planning process, an effec-
tive outreach and education program to engage farmers in CP(s) 
implementation must be developed. These programs, which are 
critical for successful implementation and continued utilization, 
include the following:
•	 Understand how farmers make decisions about CP adoption 

and maintenance. There is significant literature regarding 
farmer decision making. Although economics and agronomics 
are important in CP decision-making, many additional 
factors affect individual farmers’ decisions (e.g., personal 
beliefs, social networks, geographic areas, scale of the farm); 
decision-making is ultimately multidimensional and personal 
for each farmer (Hoag et al., 2012b; O’Connell and Osmond, 
2018; Reimer et al., 2013, 2014; Woods et al., 2014).

•	 Develop a comprehensive outreach education plan 
with goals, objectives, target audiences, implementation 
strategies, and responsibilities at the beginning of the 
project; evaluate progress and use adaptive management 
throughout the process to optimize educational outcomes.

•	 Provide sufficient personnel so there is sustained one-on-
one contact between conservation agency staff and farmers.

•	 Encourage farmer-to-farmer learning opportunities.

Finally, to enhance inducements for CP adoption, the follow-
ing steps are necessary:
•	 Develop better incentives that include funding, flexibility, 

and ease of management. Often, ease of management (time 
management) is more important to producers than are 
practice costs (Luloff et al., 2012).

•	 Recognize that some practices are easier or harder for 
farmers to adopt. The two most disliked CPs among the 
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NIFA-CEAP farmers were riparian buffers and nutrient 
management (Luloff et al., 2012; Woods et al., 2014). 
Producers disliked riparian buffers because land was removed 
from production, and they disliked nutrient management 
because they either did not believe the recommendations, 
the practice was too time intensive, or both.

•	 Recognize that despite the best possible incentives, some 
farmers will not adopt CPs.

•	 Follow up after installation of CPs by tracking the location 
and timing of implemented CPs and making sure this 
information is available in a format useful for project 
assessment.

•	 Ensure that operation and maintenance of CPs are sustained 
over time, and encourage continued use of the practices, 
particularly for those with less farmer acceptance. The 
Pennsylvania project reviewed through the NIFA-CEAP 
protocol documented discontinuation of exclusion fencing 
as land changed hands or was transferred to other family 
members (Osmond et al., 2012a).

•	 Ensure that new practices do not reduce or transform the 
functionality of CPs, especially as farmers alter agricultural 
management. For example, conservation tillage that 
replaces terraces may or may not decrease erosion (Osmond 
et al., 2012e), or changes in practice may have unintended 
consequences ( Jarvie et al., 2017).

After the planning stage, there must be intentional and 
deliberate CP implementation that accounts for all the factors 
informed by planning. Additionally, CPs must be tailored to the 
farm management systems in which they are installed. Finally, 
plans must be updated in a continuous, adaptive framework.

Intentional watershed management will involve ensuring 
amounts of P adequate to grow crops but low enough to reduce off-
site losses. Intentional watershed management will also need to 
consider the contradictory effects of practices (i.e., conservation 
tillage reducing particulate P but increasing SRP) or practices 
that can become P sources (i.e., riparian buffers or wetlands). 
Intentional watershed management does not only involve 
technical solutions but must proactively engage landowners. This 
will take substantial human and economic resource investment to 
assist producers to cover the costs of appropriate systems of CPs, 
and fund watershed managers to ensure compliance. Working 
with farmer focus groups, Ockenden et al. (2017) discussed 
the difficulty of intentional watershed planning as the climate 
changes and ever greater conservation is required. Additionally, 
both Jarvie et al. (2017) and Smith et al. (2018) discussed 
“the law of unintended consequences” as drainage intensity, 
modifications in fertilization rate, placement, and timing, tillage, 
and rainfall intensity and timing have changed to increase P losses 
into Lake Erie. Intentional watershed management will need to 
be adaptive to reduce P losses, avoid unintended consequences, 
and protect water quality as the climate changes.

Conclusion
Reducing P losses from agriculture will require more action 

by researchers to ensure that conservation implementation agen-
cies (i.e., NRCS and soil and water conservation districts) and 
farmers understand the effects of CPs on P transfers and forms 

(erosion, surface SRP, and P leaching). It will be important for 
agencies and farmers to learn about the trade-offs between con-
trolling sediment, N, sediment-attached P, surface SRP runoff, 
and leached P relative to different CPs, systems of practices, crop-
ping systems, and soils. Agencies will need to be less prescriptive 
regarding CPs, use watershed planning and implementation, and 
provide adaptive P management strategies to farmers. Additional 
resources will be required to more effectively work with farmers 
to implement and maintain practices at a watershed scale.

A key factor in supporting practice development, implemen-
tation, and maintenance is the need for long-term data sets (e.g., 
STP, P losses in drainage, and water quality monitoring) that 
will provide the technical basis and support for all CPs. As we 
look to the future, we need to accept that some approaches have 
simply not been effective in overcoming societal, economic, and 
regulatory barriers to increased CP adoption. Instead, with more 
collaborative approaches, the broader watershed community, 
supply chain companies, and not-for-profit and nongovernmen-
tal organizations should become involved in conservation adop-
tion, tracking, and compliance. These approaches could also 
overcome some hurdles, such as the targeting of vulnerable areas 
that can be perceived to be unfair to some farmers.

It is imperative that agricultural tools—CPs—be used more 
effectively to reduce and retard off-site P losses. We also must 
consider the need for new and innovative CPs that can improve 
control of P leaching and legacy stores of STP and that can 
mitigate the increased P losses expected as the climate changes. 
Without immediate changes to CP implementation, P losses will 
increase due to climate change with the concomitant degrada-
tion of water quality. These changes must be done at a watershed 
scale in an intentional and transparent manner.

References
Adhikari, M., K.P. Paudel, N.R. Martin, Jr., and W.M. Gauthier. 2005. Econom-

ics of dairy waste use as fertilizer in central Texas. Waste Manag. 25:1067–
1074. doi:10.1016/j.wasman.2005.06.012

Alexander, R.B., R.A. Smith, G.E. Schwarz, E.W. Boyer, J.V. Nolan, and J.W. 
Brakebill. 2008. Differences in phosphorus and nitrogen delivery to 
the Gulf of Mexico from the Mississippi River basin.  Environ. Sci. 
Technol. 42:822–830.

Arabi, M., C. Baffaut, E.J. Sadler, S.H. Anderson, R.R. Broz, D. Meals, D. Hoag, 
and D. Osmond. 2012a. Goodwater Creek Watershed, MO: NIFA-CEAP 
watershed project. In: D. Osmond, D. Meals, D. Hoag, and M. Arabi, 
editors, How to build better agricultural conservation programs to protect 
water quality: The NIFA-CEAP experience. Soil and Water Conservation 
Society, Ankeny, IA.

Arabi, M., D. Meals, and D. Hoag. 2012b. Watershed modeling in the NIFA-
CEAP projects. In: D. Osmond, D. Meals, D. Hoag, and M. Arabi, editors, 
How to build better agricultural conservation programs to protect water 
quality: The NIFA-CEAP experience. Soil and Water Conservation So-
ciety, Ankeny, IA.

Baker, B.H., J.M. Prince Czarnecki, A.R. Omer, C.A. Aldridge, R. Kroger, and 
J.D. Prevost. 2018. Nutrient and sediment runoff from agricultural land-
scapes with varying suites of conservation practices in the Mississippi al-
luvial valley. J. Soil Water Conserv. 73:75–85. doi:10.2489/jswc.73.1.75

Baumgart-Getz, A., L.S. Prokopy, and K. Floress. 2012. Why farmers adopt 
best management practice in the United States: A meta-analysis of the 
adoption literature. J. Environ. Manage. 96(1):17–25. doi:10.1016/j.
jenvman.2011.10.006

Bergström, L., H. Kirchmann, F. Djodjic, K. Kyllmar, B. Ulén, J. Liu, H. An-
dersson, H. Aronsson, G. Börjesson, P. Kynkäänniemi, A. Svanbäck, and 
A. Villa. 2015. Turnover and losses of phosphorus in Swedish agricultural 
soils: Long-term changes, leaching trends, and mitigation measures. J. En-
viron. Qual. 44:512–523. doi:10.2134/jeq2014.04.0165

Blanco-Canqui, H. 2018. Cover crops and water quality. Agron. J. 110:1633–
1647. doi:10.2134/agronj2018.02.0077

https://doi.org/10.1016/j.wasman.2005.06.012
https://doi.org/10.2489/jswc.73.1.75
https://doi.org/10.1016/j.jenvman.2011.10.006
https://doi.org/10.1016/j.jenvman.2011.10.006
https://doi.org/10.2134/jeq2014.04.0165
https://doi.org/10.2134/agronj2018.02.0077


1214	 Journal of Environmental Quality 

Brink, N. 1975. Water pollution from agriculture. J. Water Pollut. Control Fed. 
47:789–795 https://www.jstor.org/stable/25076345.

Bruulsema, T.W., H.M. Peterson, and L.I. Prochnow. 2019. The science of 4R nu-
trient stewardship for phosphorus management across latitudes. J. Environ. 
Qual. doi:10.2134/jeq2019.02.0065

Bryant, R.B., A.R. Buda, P.J.A. Kleinman, C.D. Church, L.S. Saporito, G.J. Fol-
mar, S. Bose, and A.L. Allen. 2012. Using flue gas desulfurization gypsum 
to remove dissolved phosphorus from agricultural drainage waters. J. Envi-
ron. Qual. 41(3):664–671. doi:10.2134/jeq2011.0294

Buda, A.R., P.J.A. Kleinman, M.S. Srinivasan, R.B. Bryant, and G.W. Feyerei-
sen. 2009. Effects of hydrology and field management on phosphorus 
transport in surface runoff. J. Environ. Qual. 38:2273–2284. doi:10.2134/
jeq2008.0501

Christianson, L.E., R.D. Harmel, D. Smith, M.R. Williams, and K. King. 2016. 
Assessment and synthesis of 50 years of published drainage phosphorus 
losses. J. Environ. Qual. 45:1467–1477. doi:10.2134/jeq2015.12.0593

Cober, J.R., M.L. Macrae, and L.L. Van Eerd. 2018. Nutrient release from living 
and terminated cover crops under variable freeze–thaw cycles. Agron. J. 
110:1036–1045. doi:10.2134/agronj2017.08.0449

Cober, J.R., M.L. Macrae, and L.L. Van Eerd. 2019. Winter phosphorus release 
from cover crops and linkages with runoff chemistry. J. Environ. Qual. 
doi:10.2134/jeq2018.08.0307

Conley, D.J., H.W. Paerl, R.W. Howarth, D.F. Boesch, S.P. Seitzinger, K.E. 
Havens, C. Lancelot, and G.E. Likens. 2009. Controlling eutrophica-
tion: Nitrogen and phosphorus. Science 323:1014–1015. doi:10.1126/
science.1167755

Cooper, J.R., and J.W. Gilliam. 1987. Phosphorus redistribution from cultivated 
fields into riparian areas. Soil Sci. Soc. Am. J. 51:1600–1604. doi:10.2136/
sssaj1987.03615995005100060035x

Cox, F.R. 1994. Predicting increases in extractable phosphorus from fertil-
izing soils of varying clay content. Soil Sci. Soc. Am. J. 58:1249–1253. 
doi:10.2136/sssaj1994.03615995005800040036x

Cox, F.R., and S. Hendricks. 2000. Soil test phosphorus and clay contents effects 
on runoff water quality. J. Environ. Qual. 29:1582–1586. doi:10.2134/
jeq2000.00472425002900050027x

Dale, V.H., C.L. Kling, J.L. Meyer, J. Sanders, H. Stallworth, T. Armitage, D. 
Wangsness, T. Bianchi, A. Blumberg, W. Boynyon, D.J. Conley, W. 
Crumpton, M. David, D. Gilbert, R.W. Howarth, R. Lowrance, K. 
Mankin, J. Opaluch, H. Paerl, K. Reckhow, A.N. Sharpley, T.W. Simpson, 
C.C. Snyder, and D. Wright. 2010. Hypoxia in the northern Gulf of Mexi-
co. Springer Science, New York. doi:10.1007/978-0-387-89686-1

Daniels, R.B., and J.W. Gilliam. 1996. Sediment and chemical load reduction by 
grass and riparian filters. Soil Sci. Soc. Am. J. 60:246–251. doi:10.2136/
sssaj1996.03615995006000010037x

Daryanto, S., L. Wang, and P.A. Jacinthe. 2017. Meta-analysis of phosphorus 
loss from no-till soils. J. Environ. Qual. 46:1028–1037. doi:10.2134/
jeq2017.03.0121

Davenport, T. and W. Drake. 2011. EPA commentary: Grand Lake St. Marys, 
Ohio—The case for source water protection: Nutrients and algae blooms. 
Lakeline, Fall, p. 41–46.

Dayton, E.A., and N.T. Basta. 2005. Use of drinking water treatment residuals 
as a potential best management practice to reduce phosphorus risk index 
scores. J. Environ. Qual. 34(6):2112–2117. doi:10.2134/jeq2005.0083

Dillaha, T.A., and S.P. Inamdar. 1997. Buffer zones as sediment traps or sources. 
In: N. Haycock, T. Burt, K. Goulding, and G. Pinay, editors, Buffer zones: 
Their processes and potential in water protection. Quest Environmental, 
Harpenden, UK. p. 33–42.

Dillaha, T.A., R.M. Reneau, S. Mostaghima, and D. Lee. 1989. Vegetative fil-
ter strips for agricultural nonpoint source pollution control. Trans. ASAE 
32:513–519. doi:10.13031/2013.31033

Dodd, R.J., and A.N. Sharpley. 2016. Conservation practice effectiveness and 
adoption: Unintended consequences and implications for sustainable 
phosphorus management. Nutr. Cycling Agroecosyst. 104:373–392. 
doi:10.1007/s10705-015-9748-8

Dodds, W.K., W.W. Bouska, J.L. Eitzmann, T.J. Pilger, K.L. Pitts, A.J. Riley, J.T. 
Schloesser, and D.J. Thornbrugh. 2009. Eutrophication of US freshwaters: 
Analysis of potential economic damages. Environ. Sci. Technol. 43:12–19. 
doi:10.1021/es801217q

Dressing, S.A., J.M. Kreglow, R.P. Maas, F.A. Koehler, F.J. Humenik, and W.K. 
Snyder. 1983. The Model Implementation Program: Lessons learned from 
agricultural water quality projects. USDA and USEPA, Washington, DC.

Dunne, T. 1983. Relation of field studies and modeling in the prediction of 
storm runoff. J. Hydrol. 65:25–48. doi:10.1016/0022-1694(83)90209-3

Dunne, T., and R.D. Black. 1970. An experimental investigation of runoff pro-
duction in permeable soils. Water Resour. Res. 6:478–490. doi:10.1029/
WR006i002p00478

Egbendewe-Mondzozo, A., S.M. Swinton, R.C. Izaurralde, D.H. Manowitz, and 
X. Zhang. 2013. Maintaining environmental quality while expanding ener-
gy biomass production: Subregional US policy simulations. Energy Policy 
57:518–531. doi:10.1016/j.enpol.2013.02.021

Elliott, J. 2013. Evaluating the potential contribution of vegetation as a nutri-
ent source in snowmelt runoff. Can. J. Soil Sci. 93:435–443. doi:10.4141/
cjss2012-050

Evans, R.O., J.W. Gilliam, and R.W. Skaggs. 1991. Controlled drainage manage-
ment guidelines for improving water quality (AG-443). North Carolina 
Cooperative Extension, North Carolina State University. Raleigh.

Federal Leadership Committee of the Chesapeake Bay. 2009. Executive order 
13508: Draft strategy for restoring and protecting the Chesapeake Bay. 
Federal Leadership Committee of the Chesapeake Bay, Washington, DC.

Fiorellino, N., R. Kratochvil, and F. Coale. 2017. Long-term agronomic draw-
down of soil phosphorus in mid-Atlantic coastal plain soils. Agron. J. 
109:455–461. doi:10.2134/agronj2016.07.0409

Gale, J.A., D.E. Line, D.L. Osmond, S.W. Coffey, J. Spooner, J.A. Arnold, T.J. 
Hoban, and R.C. Wimberley. 1993. Evaluation of the experimental rural 
clean water program: Abbreviated version. National Water Quality Evalu-
ation Project, NCSU Water Quality Group, Biological and Agricultural 
Engineering Department, North Carolina State University, Raleigh.

Garnache, C., S.M. Swinton, J.A. Herriges, F. Lupi and R.J. Stevenson. 2016. 
Solving the phosphorus pollution puzzle: Synthesis and directions for fu-
ture research. Am. J. Agric. Econ. 98(5):1334–1359.

Gelbrecht, J., H. Lengsfeld, R. Pothig, and D. Opitz. 2005. Temporal and spatial 
variation of phosphorus input, retention and loss in a small catchment of 
NE Germany. J. Hydrol. 304:151–165. doi:10.1016/j.jhydrol.2004.07.028

Gómez, J.A., M.G. Guzmán, J.V. Giráldez, and E. Fereres. 2009. The influence of 
cover crops and tillage on water and sediment yield, and on nutrient, and 
organic matter losses in an olive orchard on a sandy loam soil. Soil Tillage 
Res. 106:137–144. doi:10.1016/j.still.2009.04.008

Grant, C.A. and D.N. Flaten. 2019. 4R management of phosphorus fertilizer in 
the northern Great Plains. J. Environ. Qual. doi:10.2134/jeq2019.02.0061

Heathwaite, A.L., and R.M. Dils. 2000. Characterising phosphorus loss in 
surface and subsurface hydrological pathways. Sci. Total Environ. 251-
252:523–538. doi:10.1016/S0048-9697(00)00393-4

Hoag, D.L.K., I. Chaubey, J. Popp, M. Gitau, L. Chiang, J. Pennington, G. Rodri-
guez, E. Gbur, M. Nelson, and A.N. Sharpley. 2012a. Lincoln Lake water-
shed, Arkansas: National Institute of Food and Agriculture–Conservation 
Effects Assessment Project. In: D. Osmond, D. Meals, D. Hoag, and M. 
Arabi, editors, How to build better agricultural conservation programs to 
protect water quality: The NIFA-CEAP experience. Soil and Water Con-
servation Society, Ankeny, IA.

Hoag, D.L.K., A. Luloff, and D. Osmond. 2012b. Socioeconomic analysis from 
the NIFA-CEAP projects. In: D. Osmond, D. Meals, D. Hoag, and M. 
Arabi, editors, How to build better agricultural conservation programs to 
protect water quality: The NIFA-CEAP experience. Soil and Water Con-
servation Society, Ankeny, IA.

Hoag, D.L., and F.M. Roka. 1995. Environmental policy and swine manure 
management Waste not or want not? Am. J. Altern. Agric. 10(4):163–166. 
doi:10.1017/S088918930000641X

Hoffmann, C.C., C. Kjaergaard, J. Uusi-Kämppä, H.C. Bruun, and B. Kronvang. 
2009. Phosphorus retention in riparian buffers: Review of their efficiency. 
J. Environ. Qual. 38:1942–1955. doi:10.2134/jeq2008.0087

Horton, R.E. 1933. The role of infiltration in the hydrologic cycle. Trans. Am. 
Geophys. Union 14:446–460. doi:10.1029/TR014i001p00446

Jackson-Smith, D., M. Halling, E. de la Hoz, J. McEvoy, and J. Horsburgh. 2010. 
Measuring conservation program best management practice implemen-
tation and maintenance at the watershed scale. J. Soil Water Conserv. 
65(6):413–423. doi:10.2489/jswc.65.6.413

Jackson-Smith, D., and J. McEvoy. 2011. Assessing the long-term impacts of wa-
ter quality outreach and education efforts on landowners in the Little Bear 
River watershed in northern Utah. J. Agric. Educ. Ext. 17(4):341–353. do
i:10.1080/1389224X.2011.576823

Jarvie, H.P., L.T. Johnson, A.N. Sharpley, D.R. Smith, D.B. Baker, T.W. Bruul-
sema, and R. Confesor. 2017. Increased soluble phosphorus loads to Lake 
Erie: Unintended consequences of conservation practices? J. Environ. 
Qual. 46:123–132. doi:10.2134/jeq2016.07.0248

Jenkins, J.G., and J.T. Sims. 2012. Characterizing the potential of vegetated filter 
strips to retain dissolved phosphorus using rapid measures of soil P satura-
tion. J. Soil Water Conserv. 67(2):134–145. doi:10.2489/jswc.67.2.134

Jennings, G., D. Hoag, M. McFarland, and D. Osmond. 2012. Outreach educa-
tion and technical assistance in the NIFA-CEAP projects. In: D. Osmond, 
D. Meals, D. Hoag, and M. Arabi, editors, How to build better agricultural 
conservation programs to protect water quality: The NIFA-CEAP experi-
ence. Soil and Water Conservation Society, Ankeny, IA.

https://www.jstor.org/stable/25076345
http://dx.doi.org/10.2134/jeq2019.02.0065
https://doi.org/10.2134/jeq2011.0294
https://doi.org/10.2134/jeq2008.0501
https://doi.org/10.2134/jeq2008.0501
https://doi.org/10.2134/jeq2015.12.0593
https://doi.org/10.2134/agronj2017.08.0449
https://doi.org/10.2134/jeq2018.08.0307
https://doi.org/10.1126/science.1167755
https://doi.org/10.1126/science.1167755
https://doi.org/10.2136/sssaj1987.03615995005100060035x
https://doi.org/10.2136/sssaj1987.03615995005100060035x
https://doi.org/10.2136/sssaj1994.03615995005800040036x
https://doi.org/10.2134/jeq2000.00472425002900050027x
https://doi.org/10.2134/jeq2000.00472425002900050027x
https://doi.org/10.1007/978-0-387-89686-1
https://doi.org/10.2136/sssaj1996.03615995006000010037x
https://doi.org/10.2136/sssaj1996.03615995006000010037x
https://doi.org/10.2134/jeq2017.03.0121
https://doi.org/10.2134/jeq2017.03.0121
https://doi.org/10.2134/jeq2005.0083
https://doi.org/10.13031/2013.31033
https://doi.org/10.1007/s10705-015-9748-8
https://doi.org/10.1021/es801217q
https://doi.org/10.1016/0022-1694(83)90209-3
https://doi.org/10.1029/WR006i002p00478
https://doi.org/10.1029/WR006i002p00478
https://doi.org/10.1016/j.enpol.2013.02.021
https://doi.org/10.4141/cjss2012-050
https://doi.org/10.4141/cjss2012-050
https://doi.org/10.2134/agronj2016.07.0409
https://doi.org/10.1016/j.jhydrol.2004.07.028
https://doi.org/10.1016/j.still.2009.04.008
http://dx.doi.org/10.2134/jeq2019.02.0061
https://doi.org/10.1016/S0048-9697(00)00393-4
https://doi.org/10.1017/S088918930000641X
https://doi.org/10.2134/jeq2008.0087
https://doi.org/10.1029/TR014i001p00446
https://doi.org/10.2489/jswc.65.6.413
https://doi.org/10.1080/1389224X.2011.576823
https://doi.org/10.1080/1389224X.2011.576823
https://doi.org/10.2134/jeq2016.07.0248
https://doi.org/10.2489/jswc.67.2.134


Journal of Environmental Quality	 1215

Jiao, Y., J.K. Whalen, and W.H. Hendershot. 2007. Phosphate sorption and re-
lease in a sandy-loam soil as influenced by fertilizer sources. Soil Sci. Soc. 
Am. J. 71(1):118–124. doi:10.2136/sssaj2006.0028

Johnston, A.E., and P.R. Poulton. 2019. Phosphorus in agriculture: A review 
of results from 175 years research at Rothamsted, UK. J. Environ. Qual. 
doi:2134/jeq2019.02.0078

Kamprath, E.J. 1999. Changes in phosphate availability of ultisols with long‐
term cropping. Commun. Soil Sci. Plant Anal. 30(7–8):909–919. 
doi:10.1080/00103629909370256

King, K.W., M.R. Williams, W.A. Dick, and G.A. LaBarge. 2016. Decreasing 
phosphorus loss in tile-drained landscapes using flue gas desulfurization 
gypsum. J. Environ. Qual. 45:1722–1730. doi:10.2134/jeq2016.04.0132

King, K.W., M.R. Williams, and N.R. Fausey. 2015a. Contributions of systemat-
ic tile drainage to watershed scale phosphorus transport. J. Environ. Qual. 
44:486–494. doi:10.2134/jeq2014.04.0149

King, K.W., M.R. Williams, M.L. Macrae, N.R. Fausey, J. Frankenberger, D.R. 
Smith, P.J.A. Kleinman, and L.C. Brown. 2015b. Phosphorus transport in 
agricultural subsurface drainage: A review. J. Environ. Qual. 44:467–485. 
doi:10.2134/jeq2014.04.0163

Kleinman, P.J.A., C. Church, L.S. Saporito, J.M. McGrath, M.S. Reiter, A.L. Al-
len, S. Tingle, G.D. Binford, K. Han, and B.C. Joern. 2015. Phosphorus 
leaching from agricultural soils of the Delmarva Peninsula, USA. J. Envi-
ron. Qual. 44:524–534. doi:10.2134/jeq2014.07.0301

Kleinman, P.J.A., P. Salon, A.N. Sharpley, and L.S. Saporito. 2005. Effect of 
cover crops established at time of corn planting on phosphorus runoff 
from soils before and after dairy manure application. J. Soil Water Conserv. 
60:311–322.

Kleinman, P.J.A., A.N. Sharpley, B.G. Moyer, and G.F. Elwinger. 2002. Effect of 
mineral and manure phosphorus sources on runoff phosphorus. J. Environ. 
Qual. 31:2026–2033. doi:10.2134/jeq2002.2026

Kleinman, P.J.A., A.N. Sharpley, L.S. Saporito, A.R. Buda, and R.B. Bryant. 
2009. Application of manure to no-till soils: Phosphorus losses by sub-
surface and surface pathways. Nutr. Cycling Agroecosyst. 84:215–227. 
doi:10.1007/s10705-008-9238-3

Kovacic, D.A., M.B. David, L.E. Gentry, K.M. Starks, and R.A. Cooke. 2000. 
Effectiveness of constructed wetlands in reducing nitrogen and phospho-
rus export from agricultural tile drainage. J. Environ. Qual. 29:1262–1274. 
doi:10.2134/jeq2000.00472425002900040033x

Lam, W.V., M.L. Macrae, M.C. English, I.P. O’Halloran, and Y.T. Wang. 2016. 
Effects of tillage practices on phosphorus transport in tile drain effluent 
under sandy loam agricultural soils in Ontario, Canada. J. Great Lakes Res. 
42:1260–1270. doi:10.1016/j.jglr.2015.12.015

Lehmann, J., F. Mempel, and D. Coumou. 2018. Increased occurrence of record‐
wet and record‐dry months reflect changes in mean rainfall. Geophys. Res. 
Lett. 45:13468–13476. doi:10.1029/2018GL079439

Liu, T., R. Bruins, and M. Heberling. 2018. Factors influencing farmers’ adop-
tion of best management practices: A review and synthesis. Sustainability 
10(2):432. doi:10.3390/su10020432

Lozier, T.M., and M.L. Macrae. 2017. Potential phosphorus mobilization from 
above-soil winter vegetation assessed from laboratory water extractions fol-
lowing freeze–thaw cycles. Can. Water Resour. J. 42:276–288. doi:10.108
0/07011784.2017.1331140

Lozier, T.M., M.L. Macrae, R. Brunke, and L.L. Van Eerd. 2017. Release of phos-
phorus from crop residue and cover crops over the non-growing season in 
a cool temperate region. Agric. Water Manage. 189:39–51. doi:10.1016/j.
agwat.2017.04.015

Lu, C., and H. Tian. 2017. Global nitrogen and phosphorus fertilizer use for agri-
culture production in the past half century: Shifted hot spots and nutrient 
imbalance. Earth Syst. Sci. Data 9:181–192. doi:10.5194/essd-9-181-2017

Luloff, A.E., D.L. Hoag, D.L. Osmond, B.R. Woods, J.S. Gordon, J. Gruver, K. 
Roka, C.M. Raboanarielina, C. Longmire, M. Ward, and J.L. Weigle. 2012. 
NIFA-CEAP key informant survey: What farmers, agency personnel, and 
stakeholders think. In: D. Osmond, D. Meals, D. Hoag, and M. Arabi, 
editors, How to build better agricultural conservation programs to protect 
water quality: The NIFA-CEAP experience. Soil and Water Conservation 
Society, Ankeny, IA.

Magette, W.L., R.B. Brinsfield, R.E. Palmer, and J.D. Wood. 1989. Nutrient and 
sediment removal by vegetated filter strips. Trans. ASAE 32(2):663–667. 
doi:10.13031/2013.31054

Margalef, O., J. Sardans, M. Fernández-Martínez, R. Molowny-Horas, I.A. Jans-
sens, P. Ciais, D. Goll, A. Richter, M. Obersteiner, D. Asensio, and J. Pe-
ñuelas. 2017. Global patterns of phosphatase activity in natural soils. Sci. 
Rep. 7:1337. doi:10.1038/s41598-017-01418-8

McCollum, R.E. 1991. Buildup and decline of soil phosphorus: 30-year trends 
on a Typic Umprabuult. Agron. J. 83:77–85. doi:10.2134/agronj1991.00
021962008300010019x

McDowell, R.W., A.N. Sharpley, and W. Bourke. 2008. Treatment of drain-
age water with industrial by-products to prevent phosphorus loss from 
tile-drained land. J. Environ. Qual. 37:1575–1582. doi:10.2134/
jeq2007.0454

McDowell, R.W., A.N. Sharpley, L.M. Condron, P.M. Haygarth, and P.C. 
Brookes. 2001. Processes controlling soil phosphorus release to runoff 
and implications for agricultural management. Nutr. Cycl. Agroecosyst. 
59:269–284. doi:10.1023/A:1014419206761

Meals, D.W., S.A. Dressing, and T.E. Davenport. 2010. Lag time in water quality 
response to best management practices: A review. J. Environ. Qual. 39:85–
96. doi:10.2134/jeq2009.0108

Meals, D., N. Mesner, D. Jackson-Smith, D. Stevens, J. Horsburgh, D. Sorensen, 
A.E. Luloff, and D. Osmond. 2012a. Little Bear River watershed, Utah: 
CSREES-NIFA-CEAP watershed project. In: D. Osmond, D. Meals, D. 
Hoag, and M. Arabi, editors, How to build better agricultural conserva-
tion programs to protect water quality: The NIFA-CEAP experience. Soil 
and Water Conservation Society, Ankeny, IA.

Meals, D., D. Osmond, J. Spooner, G. Jennings, and D. Line. 2012b. Water 
quality monitoring for the assessment of NIFA-CEAP projects. In: D. 
Osmond, D. Meals, D. Hoag, and M. Arabi, editors, How to build bet-
ter agricultural conservation programs to protect water quality: The 
NIFA-CEAP experience. Soil and Water Conservation Society, An-
keny, IA.

Meals, D., P. Richards, R. Confesor, K. Czajkowski, J. Bonnell, D. Osmond, 
D. Hoag, J. Spooner, and M. McFarland. 2012c. Rock Creek watershed, 
Ohio: NIFA-CEAP watershed project. In: D. Osmond, D. Meals, D. 
Hoag, and M. Arabi, editors. How to build better agricultural conserva-
tion programs to protect water quality: The NIFA-CEAP experience. Soil 
and Water Conservation Society, Ankeny, IA.

Meals, D., G. Vellidis, J. Cho, S. Crow, G. Hawkins, J. Mullen, D. Bosch, D. Sul-
livan, R. Lowrance, A. Wall, A. Luloff, D. Hoag, M. Arabi, G. Jennings, 
and D. Osmond. 2012d. Little River experimental watershed, Georgia: 
NIFA-CEAP watershed project. In: D. Osmond, D. Meals, D. Hoag, and 
M. Arabi, editors, How to build better agricultural conservation programs 
to protect water quality: The NIFA-CEAP experience. Soil and Water 
Conservation Society, Ankeny, IA.

Motallebi, M., C. O’Connell, D.L. Hoag, and D.L. Osmond. 2016. Role of con-
servation adoption premiums on participation in water quality trading 
programs. Water 8(6):245. doi:10.3390/w8060245

Nummer, S.A., S.S. Qian, and R.D. Harmmel. 2018. A meta-analysis on the 
effect of agricultural conservation practices on nutrient loss. J. Environ. 
Qual. 47:1172–1178. doi:10.2134/jeq2018.01.0036

O’Connell, C., and D.L. Osmond. 2018. Carolina dreamin’: A case for under-
standing farmers’ decision-making and hybrid agri-environmental gover-
nance initiatives in agricultural communities as complex assemblages. In: 
J. Forney, H. Campbell, and C. Rosin, editors, Agri-environmental gov-
ernance as an assemblage: Multiplicity, power, and transformation. Rout-
ledge Press, Abingdon-on-Thames, UK.

Ockenden, C., C.E. Deasy, C.McW.H. Benskin, K.J. Beve, S. Burk, A.L. 
Collins, R. Evans, P.D. Falloon, K.J. Forber, K.M. Hiscock, M.J. Hol-
laway, R. Kahana, C.J.A. Macleod, S.M. Reaney, M.A. Snell, M.L. 
Villamizar, C. Wearing, P.J.A. Withers, J.G. Zhou, and P.M. Hay-
garth. 2016. Changing climate and nutrient transfers: Evidence from 
high temporal resolution concentration-flow dynamics in headwater 
catchments. Sci. Total Environ. 548–549:325–339. doi:10.1016/j.
scitotenv.2015.12.086

Ockenden, M.C., M.J. Hollaway, K.J. Beven, A.L. Collins, R. Evan, P.D. Fal-
loon, K.J. Forber, K.M. Hiscock, R. Kahana, C.J.A. Macleod, W. Tych, 
M.L. Villamizar, C. Wearing, P.J.A. Withers, J.G. Zhou, P.A. Barker, S. 
Burke, J.E. Freer, P.J. Johnes, M.A. Snell, B.W.J. Surridge, and P.M. Hay-
garth. 2017. Major agricultural changes required to mitigate phospho-
rus losses under climate change. Nat. Commun. 8:161. doi:10.1038/
s41467-017-00232-0

Osmond, D., R. Brooks, S. Yetter, R. Carline, K. Boomer, and A. Armstrong. R. 
Stedman, D. Meals, and G. Jennings. 2012a. Spring Creek watershed, PA: 
NIFA-CEAP watershed project. In: D. Osmond, D. Meals, D. Hoag, and 
M. Arabi, editors, How to build better agricultural conservation programs 
to protect water quality: The NIFA-CEAP experience. Soil and Water 
Conservation Society, Ankeny, IA.

Osmond, D., D. Meals, M. Arabi, and D. Hoag. 2012b. Cannonsville Reservoir, 
NY: NIFA-CEAP watershed project. In: D. Osmond, D. Meals, D. Hoag, 
and M. Arabi, editors, How to build better agricultural conservation pro-
grams to protect water quality: The NIFA-CEAP experience. Soil and Wa-
ter Conservation Society, Ankeny, IA.

Osmond, D., D. Meals, D. Hoag, and M. Arabi. 2012c. How to build better agri-
cultural conservation programs to protect water quality: The NIFA-CEAP 
experience. Soil and Water Conservation Society, Ankeny, IA.

https://doi.org/10.2136/sssaj2006.0028
https://doi.org/10.1080/00103629909370256
https://doi.org/10.2134/jeq2016.04.0132
https://doi.org/10.2134/jeq2014.04.0149
https://doi.org/10.2134/jeq2014.04.0163
https://doi.org/10.2134/jeq2014.07.0301
https://doi.org/10.2134/jeq2002.2026
https://doi.org/10.1007/s10705-008-9238-3
https://doi.org/10.2134/jeq2000.00472425002900040033x
https://doi.org/10.1016/j.jglr.2015.12.015
https://doi.org/10.1029/2018GL079439
https://doi.org/10.3390/su10020432
https://doi.org/10.1016/j.agwat.2017.04.015
https://doi.org/10.1016/j.agwat.2017.04.015
https://doi.org/10.5194/essd-9-181-2017
https://doi.org/10.13031/2013.31054
https://doi.org/10.2134/agronj1991.00021962008300010019x
https://doi.org/10.2134/agronj1991.00021962008300010019x
https://doi.org/10.2134/jeq2007.0454
https://doi.org/10.2134/jeq2007.0454
https://doi.org/10.1023/A:1014419206761
https://doi.org/10.2134/jeq2009.0108
https://doi.org/10.3390/w8060245
https://doi.org/10.2134/jeq2018.01.0036
https://doi.org/10.1016/j.scitotenv.2015.12.086
https://doi.org/10.1016/j.scitotenv.2015.12.086
https://doi.org/10.1038/s41467-017-00232-0
https://doi.org/10.1038/s41467-017-00232-0


1216	 Journal of Environmental Quality 

Osmond, D., D. Meals, D. Hoag, M. Arabi, A. Luloff, M. McFarland, G. Jen-
nings, A. Sharpley, J. Spooner, and D. Line. 2012d. Improving conserva-
tion practices programming to protect water quality in agricultural wa-
tersheds: Lessons learned from the National Institute of Food and Agri-
culture Conservation Effects Assessment Project. J. Soil Water Conserv. 
67:123A–128A.

Osmond, D., N. Nelson, K. Douglas-Mankin, M. Langemeier, D. Devlin, P. 
Barnes, T. Selfa, L. French, D. Meals, M. Arabi, and D. Hoag. 2012e. 
Cheney Lake watershed, KS: NIFA-CEAP watershed project. In: D. Os-
mond, D. Meals, D. Hoag, and M. Arabi, editors, How to build better agri-
cultural conservation programs to protect water quality: The NIFA-CEAP 
experience. Soil and Water Conservation Society, Ankeny, IA.

Osmond, D., L. Tedesco, L. Prokopy, J. Frankenberger, J. Shively, M. Arabi, J. Wil-
son, R. Turco, D. Hoag, and D. Meals. 2012f. Eagle Creek Watershed. In: 
D. Osmond, D. Meals, D. Hoag, and M. Arabi, editors, How to build better 
agricultural conservation programs to protect water quality: The NIFA-
CEAP experience. Soil and Water Conservation Society, Ankeny, IA.

Palm-Forster, L.H., S.M. Swinton, and R.S. Shupp. 2017. Farmer preferences for 
conservation incentives that promote voluntary phosphorus abatement in 
agricultural watersheds. J. Soil Water Conserv. 72:493–505. doi:10.2489/
jswc.72.5.493

Parsons, J.E., R.B. Daniels, J.W. Gilliam, and T.A. Dillaha. 1994. Reduction in 
sediment and chemical load from agricultural field runoff by vegetative 
filter strips. Rep. 286. Water Resources Research Institute, University of 
North Carolina, Raleigh.

Penn, C.J. 2014. Removing phosphorus from surface and drainage waters through 
use of industrial by-products. US 8,754,004 B2. Date issued: 17 June.

Penn, C.J., I. Chagas, A. Klimeski, and G. Lyngsie. 2017. A review of phosphorus 
removal structures: How to assess and compare their performance. Water 
9:583. doi:10.3390/w9080583

Peterjohn, W.T., and D.L. Correll. 1984. Nutrient dynamics in an agricul-
tural watershed: Observations on the role of a riparian forest. Ecology 
65(5):1466–1475. doi:10.2307/1939127

Qin, Z., and A. Shober. 2018. The challenges of managing legacy phosphorus 
losses from manure-impacted agricultural soils. Curr. Pollut. Rep. 4:265–
276. doi:10.1007/s40726-018-0100-1

Qin, B., G. Zhu, G. Gao, Y. Zhang, W. Li, H.W. Paerl, and W.W. Carmichael. 
2010. A drinking water crisis in Lake Taihu, China: Linkage to cli-
matic variability and lake management. Environ. Manage. 45:105–112. 
doi:10.1007/s00267-009-9393-6

Reddy, K.R., S. Newman, T.Z. Osborne, J.R. White, and H.C. Fitz. 2011. Phos-
phorus cycling in the greater Everglades ecosystem: Legacy phosphorus 
implications for management and restoration. Crit. Rev. Environ. Sci. 
Technol. 41:149–186. doi:10.1080/10643389.2010.530932

Reimer, A., B.M. Gramig, and L.S. Prokopy. 2013. Farmers and conservation 
programs: Explaining differences in environmental quality incentives 
program applications between states. J. Soil Water Conserv. 68:110–119. 
doi:10.2489/jswc.68.2.110

Reimer, A., A. Thompson, L.S. Prokopy, J.G. Arbuckle, L.W. Morton, K. Gen-
skow, D. Jackson-Smith, G. Lynne, L. McCann, and P. Nowak. 2014. 
People, place, behavior, and context: A research agenda for expanding our 
understanding of what motivates farmers’ conservation behaviors. J. Soil 
Water Conserv. 69:57A. doi:10.2489/jswc.69.2.57A

Renwick, W.H., M.J. Vanni, T.J. Fisher, and E.L. Morris. 2018. stream nitrogen, 
phosphorus, and sediment concentrations show contrasting long-term 
trends associated with agricultural change. J. Environ. Qual. 47:1513–
1521. doi:10.2134/jeq2018.04.0162

Ribaudo, M. 2015. The limits of voluntary conservation programs. Choices Mag. 
30(2):1–5.

Richards, R.P., D.B. Baker, J.P. Crumrine, J.W. Kramer, E. Ewing, and B.J. Mer-
ryfield. 2008. Thirty-year trends in suspended sediment in seven Lake Erie 
tributaries. J. Environ. Qual. 37:1894–1908. doi:10.2134/jeq2007.0590

Richardson, C.J. 1985. Mechanisms controlling phosphorus retention ca-
pacity in freshwater wetlands. Science 228:1424–1427. doi:10.1126/
science.228.4706.1424

Roberts, W.M., M.I. Stutter, and P.M. Haygarth. 2012. Phosphorus retention 
and remobilization in vegetated buffer strips: A review. J. Environ. Qual. 
41:389–399. doi:10.2134/jeq2010.0543

Scavia, D., J.D. Allan, K.K. Arend, S. Bartell, D. Beletsky, N.S. Bosch, S.B. 
Brandt, R.D. Briland, I. Daloglu, J.V. DePinto, D.M. Dolan, M.A. Evans, 
T.M. Farmer, D. Goto, H. Han, T.O. Hoeoek, R. Knight, S.A. Ludsin, 
D. Mason, A.M. Michalak, R.P. Richards, J.J. Roberts, D.K. Rucinski, 
E. Rutherford, D.J. Schwab, T.M. Sesterhenn, H. Zhang, and Y. Zhou. 
2014. Assessing and addressing the re-eutrophication of Lake Erie: 
Central Basin hypoxia. J. Great Lakes Res. 40:226–246. doi:10.1016/j.
jglr.2014.02.004

Sharpley, A.N. 1996. Myths about phosphorus. In: M. Salis and J. Popow, edi-
tors, Animal agriculture and the environment: Nutrients, pathogens, and 
community relations. NREAS-96. Northeast Regional Agricultural Engi-
neering Service, Ithaca, NY. p. 60–75.

Sharpley, A.N. 1997. Rainfall frequency and nitrogen and phosphorus in runoff 
from soil amended with poultry litter. J. Environ. Qual. 26:1127–1132. 
doi:10.2134/jeq1997.00472425002600040026x

Sharpley, A.N. 2003. Soil mixing to decrease surface stratification of phospho-
rus in manured soils. J. Environ. Qual. 32:1375–1384. doi:10.2134/
jeq2003.1375

Sharpley, A.N., S.C. Chapra, R. Wedepohl, J.T. Sims, T.C. Daniel, and K.R. 
Ready. 1994. Managing agricultural phosphorus for protection of surface 
waters: Issues and options. J. Environ. Qual. 23:437–451. doi:10.2134/
jeq1994.00472425002300030006x

Sharpley, A.N., T.C. Daniel, J.T. Sims, J. Lemunyon, R.A. Steven, and R. Parry. 
2003. Agricultural phosphorus and eutrophication. 2nd ed. USDA-ARS 
Rep. 149. https://www.ars.usda.gov/ARSUserFiles/oc/np/phosandeu-
tro2/agphoseutro2ed.pdf.

Sharpley, A.N., B. Foy, and P.J.A. Withers. 2000. Practical and innovative measures 
for the control of agricultural phosphorus losses to water: An Overview. J. 
Environ. Qual. 29:1–9. doi:10.2134/jeq2000.00472425002900010001x

Sharpley, A., H.P. Jarvie, A. Buda, L. May, B. Spears, and P. Kleinman. 2013. 
Phosphorus legacy: Overcoming the effects of past management practices 
to mitigate future water quality impairment. J. Environ. Qual. 42:1308–
1326. doi:10.2134/jeq2013.03.0098

Sharpley, A.N., and S.J. Smith. 1991. Effects of cover crops on surface water qual-
ity. In: W.L. Hargrove, editor, Cover crops for clean water. The Proceedings 
of an International Conference, West Tennessee Experiment Station, Jack-
son, TN. 9–11 April. Soil and Water Conservation Society, Ankeny, IA.

Sharpley, A.N., S.J. Smith, W.A. Berg, and J.R. Williams. 1985. Nutrient losses as 
predicted by annual and monthly soil sampling. J. Environ. Qual. 14:354–
360. doi:10.2134/jeq1985.00472425001400030010x

Sims, J.T., R.R. Simard, and B.C. Joern. 1998. Phosphorus loss in agricultural 
drainage: Historical perspective and current research. J. Environ. Qual. 
27:277–293. doi:10.2134/jeq1998.00472425002700020006x

Smith, D.R., R.S. Wilson, K.W. King, M. Zwonitzer, J.M. McGrath, R.D. Harm-
el, R.L. Haney, and L.T. Johnson. 2018. Lake Erie, phosphorus and mi-
crocystin: Is it really the farmer’s fault? J. Soil Water Conserv. 73:48–57. 
doi:10.2489/jswc.73.1.48

Spohn, M., A. Zavišić, P. Nassal, F. Bergkemper, S. Schulz, S. Marhan, M. Schlot-
er, E. Kandeler, and A. Polle. 2018. Temporal variations of phosphorus 
uptake by soil microbial biomass and young beech trees in two forest soils 
with contrasting phosphorus stocks. Soil Biol. Biochem. 117:191–202. 
doi:10.1016/j.soilbio.2017.10.019

Spooner, J., D.E. Line, D. Meals, G.L. Grabow, and D.L. Osmond. 2011. Summa-
ry report: Section 319 national monitoring program projects. Nonpoint 
Source Watershed Project Studies, NCSU Water Quality Group, Biologi-
cal and Agricultural Engineering Department, North Carolina State Uni-
versity, Raleigh.

Stout, W.L., A.N. Sharpley, and H.B. Pionke. 1998. Reducing soil phosphorus 
solubility with coal combustion by-products. J. Environ. Qual. 27(1):111–
118. doi:10.2134/jeq1998.00472425002700010016x

Stow, C.A., Y. Kyung Cha, L.T. Johnson, R. Confesor, and R.P. Richards. 2015. 
Long-term and seasonal trend decomposition of Maumee River nutri-
ent inputs to Western Lake Erie. Environ. Sci. Technol. 49:3392–3400. 
doi:10.1021/es5062648

Syers, J.K., A.E. Johnston, and D. Curtin. 2008. Efficiency of soil and fertilizer 
phosphorus use: Reconciling changing concepts of soil phosphorus be-
havior with agronomic information. FAO Fertilizer and Plant Nutrition 
Bull. 2008 18. Food and Agriculture Organization of the United Nations, 
Rome. http://www.fao.org/docrep/pdf/010/a1595e/a1595e00.pdf.

Tiessen, K.H.D., J.A. Elliott, J. Yarotski, D.A. Lobb, D.N. Flaten, and N.E. 
Glozier. 2010. Conventional and conservation tillage: Influence on season-
al runoff, sediment, and nutrient losses in the Canadian Prairies. J. Environ. 
Qual. 39:964–980. doi:10.2134/jeq2009.0219

Tomer, M.D., D.E. James, and C.M.J. Sandoval-Green. 2017. Agricultural con-
servation planning framework: 3. Land use and field boundary database 
development and structure. J. Environ. Qual. 46:676–686. doi:10.2134/
jeq2016.09.0363

Tomer, M.D., S.A. Porter, D.E. James, K.M.B. Boomer, J.A. Kostel, and E. 
McLellan. 2013. Combining precision conservation technologies into a 
flexible framework to facilitate agricultural watershed planning. J. Soil Wa-
ter Conserv. 68(5):113A–120A. doi:10.2489/jswc.68.5.113A

Toor, G.S., and J.T. Sims. 2015. Managing phosphorus leaching in mid-At-
lantic soils: Importance of legacy sources. Vadose Zone J. doi:10.2136/
vzj2015.08.0108

https://doi.org/10.2489/jswc.72.5.493
https://doi.org/10.2489/jswc.72.5.493
https://doi.org/10.3390/w9080583
https://doi.org/10.2307/1939127
https://doi.org/10.1007/s40726-018-0100-1
https://doi.org/10.1007/s00267-009-9393-6
https://doi.org/10.1080/10643389.2010.530932
https://doi.org/10.2489/jswc.68.2.110
https://doi.org/10.2489/jswc.69.2.57A
https://doi.org/10.2134/jeq2018.04.0162
https://doi.org/10.2134/jeq2007.0590
https://doi.org/10.1126/science.228.4706.1424
https://doi.org/10.1126/science.228.4706.1424
https://doi.org/10.2134/jeq2010.0543
https://doi.org/10.1016/j.jglr.2014.02.004
https://doi.org/10.1016/j.jglr.2014.02.004
https://doi.org/10.2134/jeq1997.00472425002600040026x
https://doi.org/10.2134/jeq2003.1375
https://doi.org/10.2134/jeq2003.1375
https://doi.org/10.2134/jeq1994.00472425002300030006x
https://doi.org/10.2134/jeq1994.00472425002300030006x
https://www.ars.usda.gov/ARSUserFiles/oc/np/phosandeutro2/agphoseutro2ed.pdf
https://www.ars.usda.gov/ARSUserFiles/oc/np/phosandeutro2/agphoseutro2ed.pdf
https://doi.org/10.2134/jeq2000.00472425002900010001x
https://doi.org/10.2134/jeq2013.03.0098
https://doi.org/10.2134/jeq1985.00472425001400030010x
https://doi.org/10.2134/jeq1998.00472425002700020006x
https://doi.org/10.2489/jswc.73.1.48
https://doi.org/10.1016/j.soilbio.2017.10.019
https://doi.org/10.2134/jeq1998.00472425002700010016x
https://doi.org/10.1021/es5062648
http://www.fao.org/docrep/pdf/010/a1595e/a1595e00.pdf
https://doi.org/10.2134/jeq2009.0219
https://doi.org/10.2134/jeq2016.09.0363
https://doi.org/10.2134/jeq2016.09.0363
https://doi.org/10.2489/jswc.68.5.113A
https://doi.org/10.2136/vzj2015.08.0108
https://doi.org/10.2136/vzj2015.08.0108


Journal of Environmental Quality	 1217

Turner, R.E. 2001. Some effects of eutrophication on pelagic and demersal ma-
rine food webs. In: N.C. Rabalais and R.E. Turner, editors, Coastal hypox-
ia: Consequences for living resources and ecosystems. Vol. 58. American 
Geophysical Union, Washington, DC. p. 371–398.

Ulén, B. 1997. Nutrient losses by surface run-off from soils with winter cover 
crops and spring-ploughed soils in the south of Sweden. Soil Tillage Res. 
44:165–177. doi:10.1016/S0167-1987(97)00051-2

United Nations. 2019. World population prospects 2017. Population Division, 
United Nations. https://population.un.org/wpp/ (accessed 19 Jan. 2019).

USDA-NRCS. 2019a. More than 80 years helping people help the land: A 
brief history of NRCS. USDA Natural Resources Conservation Services. 
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/about/
history/?cid=nrcs143_021392 (accessed 19 Jan. 2019).

USDA-NRCS. 2019b. Systems approach: Avoiding, controlling, trapping. 
USDA Natural Resources Conservation Services, Washington, DC.

USEPA. 2013. A quick guide to developing watershed plans to restore and 
protect our waters. EPA 841-R-13-003. USEPA, Nonpoint Source Con-
trol Branch, Washington, DC. https://www.epa.gov/sites/production/
files/2015-12/documents/watershed_mgmnt_quick_guide.pdf.

USEPA. 2015. A compilation of cost data associated with the impacts and con-
trol of nutrient pollution. EPA 820-F-15-096. Office of Water, USEPA, 
Washington, DC.

USEPA. 2019. National summary of state information. USEPA. http://iaspub.
epa.gov/waters10/attains_nation_cy.control#prob_source (accessed 19 
Jan. 2019).

Uusitalo, R., R. Lemola, and E. Turtola. 2018. Surface and subsurface phospho-
rus discharge from a clay soil in a nine-year study comparing no-till and 
plowing. J. Environ. Qual. 47:1478–1486. doi:10.2134/jeq2018.06.0242

van de Wiel, C.C.M., C.G. van der Linden, and O.E. Scholten. 2016. Improv-
ing phosphorus use efficiency in agriculture: Opportunities for breeding. 
Euphytica 207:1–22. doi:10.1007/s10681-015-1572-3

Van Vooren, L., B. Reubens, S. Broekx, P. De Frenne, V. Nelissen, P. Pardon, and 
K. Verheyen. 2017. Ecosystem service delivery of agri-environment mea-
sures: A synthesis for hedgerows and grass trips on arable land. Agric. Eco-
syst. Environ. 244:32–51. doi:10.1016/j.agee.2017.04.015

Ward, A., A. Sharpley, K. Miller, W. Dick, J. Hoorman, J. Fulton, and G.A. La-
Barge. 2018. An assessment of in-field nutrient best management practices 
for agricultural crop systems with subsurface drainage. J. Soil Water Con-
serv. 73:5A–10A. doi:10.2489/jswc.73.1.5A

Webb, H.J. 1962. Water pollution resulting from agricultural activities. J. Am. 
Water Works Assoc. 54:83–87.

Westra, J.V. 2001. An enviro-economic analysis of potential policy instruments 
targeting phosphorus nonpoint pollution. Ph.D. diss., University of Min-
nesota, St. Paul.

Williams, M.R., K.W. King, E.W. Duncan, L.A. Pease, and C.J. Penn. 2018. Fer-
tilizer placement and tillage effects on phosphorus concentration in leach-
ate from fine-textured soils. Soil Tillage Res. 178:130–138. doi:10.1016/j.
still.2017.12.010

Withers, P.J.A., R. Sylvester-Bradley, D.L. Jones, J.R. Healey, and P.J. Talboys. 
2014. Feed the crop not the soil: Rethinking phosphorus management in 
the food chain. Environ. Sci. Technol. 48(12):6523–6530. doi:10.1021/
es501670j

Woods, B.R., A.E. Luloff, D.L. Osmond, and D.L. Hoag. 2014. Towards a syn-
thesis: Lessons from thirteen cropland watershed-scale studies. Soc. Nat. 
Resour. 27:341–357. doi:10.1080/08941920.2013.861551

Yin, J., P. Gentine, S. Zhou, S. Sullivan, R. Want, Y. Zhang, and S. Guo. 2018. Large 
increase in open storm runoff extremes driven by climate and anthropo-
genic changes. Nat. Commun. 9:4389. doi:10.1038/s41467-018-06765-2

Zhang, T.Q., C.S. Tan, Z.M. Zheng, T. Welacky, and Y.T. Wang. 2017. Drain-
age water management combined with cover crop enhances reduction of 
soil phosphorus loss. Sci. Total Environ. 586:362–371. doi:10.1016/j.
scitotenv.2017.02.025

https://doi.org/10.1016/S0167-1987(97)00051-2
https://population.un.org/wpp
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/about/history/?cid=nrcs143_021392
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/about/history/?cid=nrcs143_021392
https://www.epa.gov/sites/production/files/2015-12/documents/watershed_mgmnt_quick_guide.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/watershed_mgmnt_quick_guide.pdf
http://iaspub.epa.gov/waters10/attains_nation_cy.control#prob_source
http://iaspub.epa.gov/waters10/attains_nation_cy.control#prob_source
https://doi.org/10.2134/jeq2018.06.0242
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1016/j.agee.2017.04.015
https://doi.org/10.2489/jswc.73.1.5A
https://doi.org/10.1016/j.still.2017.12.010
https://doi.org/10.1016/j.still.2017.12.010
https://doi.org/10.1021/es501670j
https://doi.org/10.1021/es501670j
https://doi.org/10.1080/08941920.2013.861551
https://doi.org/10.1038/s41467-018-06765-2
https://doi.org/10.1016/j.scitotenv.2017.02.025
https://doi.org/10.1016/j.scitotenv.2017.02.025

