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Abstract
Phosphorus (P) plays a crucial role in agriculture as a primary 
fertilizer nutrient—and as a cause of the eutrophication of surface 
waters. Despite decades of efforts to keep P on agricultural fields 
and reduce losses to waterways, frequent algal blooms persist, 
triggering not only ecological disruption but also economic, 
social, and political consequences. We investigate historical and 
persistent factors affecting agricultural P mitigation in a transect 
of major watersheds across North America: Lake Winnipeg, Lake 
Erie, the Chesapeake Bay, and Lake Okeechobee/Everglades. 
These water bodies span 26 degrees of latitude, from the cold 
climate of central Canada to the subtropics of the southeastern 
United States. These water bodies and their associated 
watersheds have tracked trajectories of P mitigation that 
manifest remarkable similarities, and all have faced challenges 
in the application of science to agricultural management that 
continue to this day. An evolution of knowledge and experience 
in watershed P mitigation calls into question uniform solutions as 
well as efforts to transfer strategies from other arenas. As a result, 
there is a need to admit to shortcomings of past approaches, 
plotting a future for watershed P mitigation that accepts the 
sometimes two-sided nature of Hennig Brandt’s “Devil’s Element.”
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The discovery of phosphorus (P) by Hennig Brandt 
in 1669 and its subsequent use in fertilizers helped to 
fuel the 20th century’s Green Revolution, overcoming 

fundamental constraints to crop production and enabling crop 
yields that are the basis of the inexpensive, reliable food supply 
of the modern world ( Jarvie et al., 2015; Sharpley et al., 2018). 
However, as P use has expanded and the cost of P has declined, 
its presence in the environment has fueled eutrophication that 
is now one of the most ubiquitous and persistent water quality 
concerns facing humankind (Schindler, 1977; Carpenter et al., 
1998; Schindler et al., 2012; Ulen et al., 2012). The obstacles to 
mitigating eutrophication are manifold, not the least of which 
are economic, challenging science and its application, pitting 
agendas in opposition, and tripping up simple solutions.

For agriculture, eutrophication mitigation has become syn-
onymous with addressing diffuse P sources across watersheds 
(i.e., watershed P mitigation). The principal challenge to water-
shed P mitigation is the contextual nature of the problem and its 
solutions. Simply put, one size does not fit all. Although there 
are many commonalities in the sources of P, processes of mobi-
lization and transport, and management options, the interac-
tion of climatic, biogeochemical, and anthropogenic variables 
necessitates mitigation strategies that adapt to local conditions. 
Understanding these variables is key to developing strategies that 
are applicable to local settings, capable of responding to changing 
knowledge and conditions, and reasonable in balancing expecta-
tions of different stakeholder groups.

The extreme differences in climate, physiography, and man-
agement systems found across latitudes highlight the limits to 
standardized P mitigation approaches. Across latitudes, non-
point source P transport is generally dominated by storm flow, 
be it snowmelt processes on seasonally frozen ground in north-
ern regions, saturation excess runoff processes from soils with 
saturated antecedent conditions, or infiltration of excess runoff 
following convective storms in the south. Further, cropping, 
nutrient management, and drainage systems reflect the interac-
tion of this climate with local physiography. Different mitigation 
strategies are needed to account for these contrasting conditions 
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(Ulen et al., 2012; Baulch et al., 2019). Our ability to recom-
mend and employ P mitigation efforts is further challenged by 
the fact that we are working toward a “moving target,” where 
temperatures are increasing and the hydrologic cycle is intensify-
ing (Ockenden et al., 2017). These changes, which differ across 
latitudes, may affect when, where, and how P is redistributed 
within the landscape. Thus, to mitigate P loss, we must consider 
how to minimize not only current P transport offsite but also 
future P losses.

Attitudes toward addressing water quality concerns have 
changed in response to the recognition of the importance of 
nonpoint sources of P, and these changes have occurred at many 
levels. In the United States, the 1985 Farm Bill marked a signifi-
cant change in policy that required compliance with conserva-
tion requirements to be eligible for commodity subsidies (Cain 
and Lovejoy, 2004). Our understanding of watershed P sources 
has also evolved over the last several decades. In the mid-20th 
century, as animal production was dispersed, animal manures 
were viewed as an excellent source of P (plus organic matter and 
other nutrients) across the landscape. However, concomitant 
with the evolution of confining sectors of the animal industry 
to specific regions, rates of manure application exceeded crop 
removal rates, leading to excessive levels of surplus P in soils. 
Manure-related P issues are such a problem in some regions, that 
interested parties sometimes blame manure for water quality 
issues in other regions where animal populations are insufficient 
to produce excessive levels of manure P. There are also ongoing 
discussions related to soil fertility. Current fertility guidance was 
largely developed in the mid-20th century based on agronomic 
assessments with ample safety margins built in so that guidance 
covered large geographic regions. Since P fertilizer was viewed by 
agronomic professionals as cheap “insurance” against crop yield 
loss, they recommended that farmers apply P at ample rates for 
decades. Many of these farmers continue to apply P, even very 
high rates of P fertilizers, when the current fertility recommen-
dation is for zero application (Smith et al., 2018). Some of these 
farmers were told many years ago by extension personnel or crop 
advisors to apply P at rather high rates 
annually, regardless of soil tests, and con-
tinue to do so. This multi-decadal mantra 
has such endurance that it is now difficult 
to convince some producers that they can 
get by with less (or even zero) P.

Platitudes that oversimplify mes-
sages concerning the causes of P losses 
and approaches to mitigating nonpoint 
sources of P loss can exacerbate efforts to 
improve water quality. A better embrace 
of the complexity of the processes of P 
loss and understanding of trade-offs in 
conservation strategies regarding P loss is 
needed to improve the relevance of pro-
grams to P mitigation (Kleinman et al., 
2015). For example, soil health initiatives 
must come to terms with the consequence 
of severe vertical stratification of P in soils 
that can occur after several years of tillage 
exclusion (Baker et al., 2017; Smith et al., 
2017). “Feed the soil to feed the plant” 

(Withers et al., 2014) is gradually being recognized as cost effec-
tive but inherently inefficient with regard to P use efficiency. 
Nutrient management strategies are in dire need of updates to 
recognize the need to balance crop demand with environmental 
risks. Applications of “pop up” or “starter” P fertilizers to high P 
soils are another impediment to reducing excessive soil P levels, 
but researchers have not offered alternatives for replacing the 
practice other than “stop adding P.” Integration of social sciences 
with biophysical research is needed to better frame P mitigation 
science and its outcomes.

With a goal of elucidating major factors related to the suc-
cess and failure of watershed P mitigation efforts, this paper (i) 
reviews the influence of climatic drivers on P fate and transport 
across the latitudes of North America; (ii) identifies past and 
future changes in attitudes to nutrient management that will 
move us closer to improvements in water quality; and (iii) dis-
cusses the importance of moving away from platitudes if we are 
going to successfully reduce P loads from agricultural watersheds 
and minimize the ecological, social, and economic costs associ-
ated with freshwater eutrophication.

Watershed Phosphorus Concerns  
across Latitudes

For roughly the past half-century, P-based eutrophication has 
been a concern to Lake Okeechobee (1890 km2 lake area; 10,000 
km2 watershed area), the Chesapeake Bay (11,600 km2; 167,000 
km2), Lake Erie (25,700 km2; 78,000 km2), and Lake Winnipeg 
(24,500 km2; 983,000 km2; Fig. 1). Efforts to understand and 
curb this eutrophication describe the arc of P mitigation in North 
America, evolving from an initial emphasis on point sources. In 
both Lakes Winnipeg and Erie, binational water quality agree-
ments have been required because the lakes receive inputs from 
watersheds in both the United States and Canada, whereas the 
other water bodies have relied on federal and state policies. 
During the early stages of P mitigation, the first policies emerged 
to reduce the use of P in detergents and drive improvements to 

Fig. 1. The latitudes, attitudes, and platitudes of P mitigation for key watersheds in North America: 
Lake Okeechobee, the Chesapeake Bay, Lake Erie, and Lake Winnipeg.
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septic systems and wastewater treatment. These point source 
achievements were followed by efforts to identify and pursue 
nonpoint sources, including an initial emphasis on soil conserva-
tion and land retirement programs for agriculture, followed by 
comprehensive nutrient management efforts to tackle nonpoint 
sources of P. As nonpoint source P programs have matured in 
these watersheds, the scope of nutrient management has broad-
ened from agriculture to include other major land management 
areas, including managed turf.

Lake Okeechobee, situated in the subtropical region of 
Florida, averages 2.7 m in depth and has been the subject of 
eutrophication-related restoration efforts since the 1970s. 
Agriculture (primarily sugarcane [Saccharum spp.], improved 
pasture, and citrus, as well as dairy), wastewater treatment, and 
urban runoff are the primary sources of lake P loadings, as are 
internal cycling of legacy P between lake sediments and the water 
column. Despite more than four decades of best management 
practice (BMP) implementation, P loss from agricultural lands 
remains a major concern. The US Clean Water Act provides 
the larger regulatory backdrop for Lake Okeechobee, under 
which there is a total maximum daily load (TMDL), buoyed by 
Florida’s own Lake Okeechobee Protection Plan of 2000 (Zhang 
et al., 2008). Mitigation activities for agriculture emphasize 
adoption of BMPs and improved drainage water management, 
with documentation of all activities critical to efforts to under-
stand and predict outcomes. Dissolved P release from the flat, 
endo-saturated Spodosols of the region has focused attention on 
thresholds of soil P sorption saturation as a means of capping fer-
tilizer application rates (Dari et al., 2018).

The Chesapeake Bay watershed, spanning coastal plain and 
Appalachian mountain regions of the temperate, mid-Atlantic 
United States, averages 7 m in depth and includes parts of six US 
states, as well as Washington, DC. The 2010 TMDL to restore 
Chesapeake Bay health places limits on P, nitrogen (N), and sedi-
ment delivered to the bay. As with Lake Okeechobee, agriculture, 
wastewater treatment plants, and urban runoff are major sources 
of P, and internal cycling of P has been identified as important, 
including in the “dead zone” that forms annually within the 
central channel of the bay. Mitigation of P has kept pace with 
TMDL goals, with all jurisdictions but Pennsylvania meet-
ing planned implementation of remedial practices. Monitoring 
across the bay watershed points to mixed success, with troubling 
increases in dissolved P reported in many agricultural tributar-
ies (Moyer and Blomquist, 2017). Legacy P, critical source areas, 
artificial drainage, trade-offs in conservation programs, farmland 
conversion, and manure management all contribute to a complex 
set of challenges, many of which are difficult to achieve under 
voluntary programs (Kleinman et al., 2019).

Lake Erie had long been a beacon of P mitigation success, 
with major reductions in total P loadings in the 1970s and 1980s 
achieved by a combination of improved wastewater treatment, 
elimination of phosphates in detergents, and extensive soil con-
servation efforts. As an international water body, the Great Lakes 
Water Quality Agreement between Canada and the United States 
has played a critical role historically both for P mitigation and sci-
ence (International Joint Commission, 2009; Joosse and Baker, 
2011). Since the 1990s, however, agricultural watersheds in the 
Western Lake Erie basin have emerged as primary sources of dis-
solved P. Artificially drained croplands are considered the main 

source of this P, with drainage intensity continuing to increase. 
Land management reporting for the Sandusky and Maumee 
watersheds in the United States indicate that cropland under 
high-residue management increased from <10% in 1985 to 70 
to 80% in 2007 ( Jarvie et al., 2017). As a result, the interaction 
of soil conservation programs with P cycling has been a central 
focus in recent years, raising concerns over the unintended conse-
quences of strategies aimed at controlling sediment-bound P.

The Lake Winnipeg watershed encompasses roughly 1 million 
km2 across the provinces of Alberta, Saskatchewan, Manitoba 
and Ontario in Canada, as well as the US states of North and 
South Dakota and Montana. As with the other water bodies dis-
cussed here, Lake Winnipeg is relatively shallow (7 m in depth) 
and has seen a gradual shift in its trophic status, marked by 
greater severity of cyanobacterial blooms. In the immediate area 
of the lake, flat landscapes dominate, with low gradient drainage 
a primary concern. Over the past three decades, nutrient loads 
have increased by approximately 10% (Roy et al., 2007). The 
Red River, which meanders through fertile farmland in both the 
United States and Canada, is the principal source of P to Lake 
Winnipeg; however, urban and wastewater sources also contrib-
ute significantly to P loads. Mitigation activities are complicated 
by Lake Winnipeg’s enormous watershed.

The large watersheds examined in this paper are subjected to 
significant differences in climate drivers, which interact with geo-
morphology and management to present unique hydrologic con-
ditions favoring P loss in each watershed. At the southern extreme 
(Lake Okeechobee), rainfall is concentrated in the summer 
months and winter precipitation is limited (Finkl, 1995). In this 
region, runoff responses are rainfall induced due to the warmer 
temperatures, and most runoff and nutrient transport occurs via 
groundwater (Finkl, 1995; Muñoz-Carpena et al., 2005). The 
temperate Great Lakes and Chesapeake Bay watersheds have cli-
mates that are intermediate between the northern and southern 
extremes, with precipitation evenly distributed throughout the 
year, as a mixture of snow (nival) and rainfall (pluvial) events 
of varying intensity. In comparison, runoff from the frigid Lake 
Winnipeg watershed occurs primarily during snowmelt over 
frozen soils in the spring. Given differences in climate drivers, the 
processes controlling P mobilization and the pathways through 
which P is transported may differ. Consequently, the adoption 
of P mitigation strategies that are appropriate to the prevailing 
climate conditions of a region is critical.

Hydrology, Artificial Drainage, and Phosphorus Loss
It is often noted that variations in hydrology within a land-

scape can overwhelm variations in P sources (Buda et al., 2009). 
While nearly all the watersheds featured here include substantial 
areas where subsurface P transport is a concern, historically, sur-
face runoff has been the primary pathway of concern for P. It is 
useful to distinguish between saturation excess runoff (Dunne 
and Black, 1971), in which certain areas of the landscape are 
waterlogged at the onset of a storm and therefore have negligible 
capacity to absorb rainfall, and infiltration excess runoff (Horton, 
1933), understanding that these processes define different ends 
of a continuum. Horizontal discontinuities within soils (e.g., 
hard pans, frost lenses, textural contrasts) can all serve to perch 
water tables, supporting conditions that favor saturation excess 
runoff (Kane and Stein, 1983; Zobeck and Ritchie, 1984). The 
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role of saturation excess runoff in P transport has been described 
in the uplands of the Chesapeake Bay and Lake Erie watersheds 
(Needelman et al., 2004; Macrae et al., 2010) and in the lowlands 
of the Lake Okeechobee watershed (Heatwole et al., 1987). It has 
also been observed in the Lake Winnipeg watershed, although 
infiltration excess overland flow is more common. Even when 
soils prone to saturation excess runoff generation are a minority 
of the watershed, they can dominate as sources of watershed P 
export. In these areas, there are few management options, short of 
introducing artificial drainage, to modify this hydrology, which 
is based on landscape processes. Source management, principally 
following the “4R” principles for nutrient stewardship (Right 
source, Right rate, Right time, Right place), provides the most 
comprehensive P mitigation strategy (Vollmer-Sanders et al., 
2016; Bruulsema, 2018). This may contrast with the emphasis of 
soil conservation programs that may be focused on well-drained 
soils, where management of infiltration properties is a priority 
(e.g., building soil organic matter and residue cover).

Snowmelt and runoff over frozen or partially frozen soils 
are important, if not primary, processes for P transport in 
the northern watersheds, from the Chesapeake Bay to Lake 
Winnipeg. Indeed, runoff and P mobilization in the Lake Erie 
and Lake Winnipeg watersheds primarily occur throughout 
the nongrowing season (Macrae et al., 2007; Ford et al., 2018; 
King et al., 2018; Plach et al., 2019) and is most often domi-
nated by spring snowmelt (Macrae et al., 2007), although large-
magnitude events can occur at other times of year, including the 
summer months (Macrae et al., 2010; Van Esbroeck et al., 2017). 
Mitigation strategies that are effective under rainfall-dominated 
conditions during the growing season have not been successful 
during the winter period (Baulch et al., 2019; Kieta et al., 2018). 
Around Lake Winnipeg, spring snowmelt over frozen ground 
represents the dominant P transport pathway, with a shallow 
frost lens impeding infiltration and therefore rendering ineffec-
tive strategies to improve soil infiltration, as described above, or 
trapping strategies that require infiltration (e.g., riparian buffers 
zones). Management practices to mitigate P loss include storage 
of snowmelt runoff in on-farm reservoirs, avoiding P application 
during winter months, and drawing down soil P concentrations 
(Tiessen et al., 2011; Liu et al., 2018, 2019).

Artificial drainage plays a critical role in agricultural pro-
duction in all the watersheds discussed here, particularly in flat 
coastal and lake plain areas where regional water tables may satu-
rate soils, preventing field access and crop growth. There is little 
doubt that intensifying drainage can improve productivity when 
soil moisture excess is a concern, but debate persists over the 
trade-offs of introducing drainage on P loss (King et al., 2015). 
On one hand, artificial drainage may serve to reduce periods of 
saturation excess surface runoff. On the other, some of the largest 
losses of P within all four of the featured watersheds are associ-
ated with export from tile drains and open ditches (Campbell 
et al., 1995; Kleinman et al., 2007; King et al., 2015). Artificial 
drainage introduces quickflow, which reduces residence time 
and interactions between flow with soil P sorption–desorption 
controls. Indeed, for the transport of P, tile drainage is often 
considered to carry the concentration–discharge signature of 
surface runoff (Radcliffe et al., 2015; Smith et al., 2015a). Where 
open ditches are the principal conveyance, P leaching processes 
are a concern and P sorption saturation a controlling factor, as 

documented in the coastal plain of the Chesapeake and Lake 
Okeechobee watersheds. When fields are internally drained 
(e.g., low areas within fields where surface water would normally 
collect), artificial drainage introduces hydrologic connectivity 
(Smith et al., 2008). Mitigation strategies include the use of reac-
tors to sorb P (in-line with drainage or intercepting flows before 
they are drained), control of flows (drainage water management), 
and lessening bypass flows such as with “blind inlets” (Buda et al., 
2012; Smith and Livingston, 2013; Williams et al., 2015).

Manure and Fertilizer Management
All watersheds reviewed here include animal production in 

varying concentrations, including poultry (Chesapeake Bay, 
Lake Winnipeg), dairy (Lake Okeechobee, Chesapeake Bay, 
Lake Erie, Lake Winnipeg), and swine (Chesapeake Bay, Lake 
Erie, Lake Winnipeg). High concentrations of animal produc-
tion are a product of the efficiencies associated with “economies 
of scale” that come with locating farms near processing facilities 
to minimize transportation costs, among other things. These 
concentrations can change rapidly: new poultry production has 
been established in the Pennsylvania portion of the Chesapeake 
Bay, and new growth of swine production is ongoing in the 
Michigan and Ohio portion of the Western Lake Erie basin. In 
regions such as the DelMarVa Peninsula, Lancaster County and 
Shenandoah Valley of the Chesapeake Bay, and the Grand Lake 
St. Marys region of the Western Lake Erie basin, high concentra-
tions of animal production are a primary concern for water qual-
ity impairment. In the early 20th century, when most farms were 
diversified with a mixture of crops and animals, the P cycle was 
tightly coupled on the landscape. However, as we have decoupled 
crop production with animal feeding operations, we have transi-
tioned to a broken P cycle with arches that span vast distances 
across North America (Fig. 2) or even over multiple continents, 
as some of the P fertilizer we use comes from Africa and much of 
the food we produce is consumed internationally. Most notable 
to this discussion, high concentrations of animals are tied to 
legacy P in soils (expanded on below), which is one of the most 
insidious problems facing P mitigation programs.

Although manure is undoubtedly a fertilizer resource, it is 
an understatement to note that managing manure is different 
than managing fertilizer. Unlike mineral fertilizer, manure pos-
sesses liabilities that limit its transport, reduce its shelf life, and 
therefore reduce the value of its associated fertilizer nutrients. 
Manure is odorous, contains pathogens, and because of low 
nutrient concentrations, is expensive to store, handle, and land 
apply. Nutrient concentrations within manures are somewhat 
static, and thus custom blends cannot be adjusted to N and P 
concentrations independent of each other, as can be done with 
commercial fertilizers. Further, manure management is inextri-
cably connected to many aspects of a farming operation, from 
animal feeding to cropping systems to farmstead infrastructure. 
As a result, P management associated with manure is much more 
complicated than fertilizer management. Aspects of this dynamic 
are connected to grazing operations, too, a major concern of the 
permanent pastures of the Lake Okeechobee watershed.

Fertilizer management is a driving concern in all watersheds, 
although the focus is currently most acute in Lake Erie. At one 
level, there is concern that established standards for fertilizer use 
are met. The 4R certification programs that have been pioneered 
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in the Lake Erie region, a voluntary program developed by the 
fertilizer industry, arose as a response to concerns that local land 
grant recommendations were not being followed. High rates of 
application and marketing of unproven additives were justified 
on the suspicion that land grant recommendations, developed 
over the past 50 years, were inadequate for modern yield expecta-
tions, or by personal observations that suggested P deficiency at 
some point in the growing cycle (even if they were not borne out 
by harvest yields). The 4R program has emerged as a significant 
international umbrella under which P fertilizer mitigation can 
be implemented.

The Critical Role of Peak Flows in Phosphorus Transport
Phosphorus mobilization in the landscape is largely episodic, 

associated with storm and/or melt events, and the quantities of P 
flushed increase with event size (Macrae et al., 2007). Numerous 
studies, undertaken across latitudes and regions, have shown that 
peak flow conditions dominate annual nutrient loads to surface 
water bodies (Robertson, 1997; VȨȨnȨnen et al., 2006; Macrae 
et al., 2007; Richards et al., 2008). Although the role of peak 
flows in annual nutrient budgets is important across latitudes, 
the scale of peak flows and the drivers of such conditions vary. 
For example, in the more northern regions (i.e., the Canadian 
portion of the Great Lakes and Lake Winnipeg regions), the 
accumulation of snow during the dormant winter months, fol-
lowed by snowmelt, creates “peak” flow conditions in springtime 

(Macrae et al., 2007; Corriveau et al., 2011), and the magnitude 
of such peak conditions can differ with antecedent moisture, 
snowpack development, and the occurrence of rainfall during 
melt. Spring rain storms on wet antecedent soil conditions can 
also produce significant P loads (Macrae et al., 2010; Kokulan 
et al., 2019). Further, regions such as the Lake Winnipeg water-
shed and the Great Lakes are prone to periodic large-magnitude 
summer and autumn events that can generate substantial runoff 
volumes when drainage systems become overwhelmed (Macrae 
et al., 2007; Shook and Pomeroy, 2012; Rattan et al., 2017). 
In contrast, although snowmelt runoff is less important in the 
Chesapeake Bay watershed and absent in the Okeechobee water-
shed, these watersheds are prone to peak flow conditions follow-
ing significant summer and autumn rainfall produced by warm, 
moist air masses that often originate over the Atlantic Ocean. 
In the coastal and southern regions, such storms (Correll et al., 
1999; Zhang et al., 2013) and the periodic occurrence of hurri-
canes (Miller et al., 2006; Jin et al., 2011; Hirsch, 2012) can sub-
stantially exacerbate water quality issues through the connection 
of large P sources such as critical source areas in the watersheds 
or tributaries (Gburek and Sharpley, 1998; Zhang et al., 2013) 
or the resuspension of sediments and other organic material in 
adjacent wetlands or tidal areas (Axelrad et al., 1976; Newman 
and Pietro, 2001).

Given that the specific processes governing peak flows vary 
across latitudes, appropriate mitigation strategies may also 
differ. However, it is critical that P mitigation practices are able 
to address P loss during peak periods, as P mitigation strategies 
are undermined when they are unable to address peak flows. 
Comprehensive P management must also address P loss under 
lower flows, particularly in intensively drained systems. Thus, 
effective P mitigation strategies must be able to manage both 
large and small flow conditions. Such strategies are unlikely to 
include a one-size-fits-all strategy but rather will be a suite of 
practices that may be operational under different conditions. 
One example can be found in the treatment of runoff to remove 
P. The treatment of runoff under peak flow conditions is imprac-
tical because such systems are often overwhelmed under peak 
flows and thus not functioning when it is most important to 
do so; however, under lower flows, treatment systems have the 
potential to be more effective.

Climate Uncertainty and the Challenge of Moving Targets
Mitigation efforts are challenged by a nonstationary climate 

that is creating a “moving target” in which eutrophication will 
be minimized. Even as we improve land management and the 
supply of P in the landscape declines (Powers et al., 2016), the 
hydrologic transport mechanisms are changing. These changes 
are anticipated to significantly increase the movement of P in the 
landscape (Ockenden et al., 2017). Climate change is creating 
warmer temperatures, particularly in winter, lessening the extent 
and duration of frost and decreasing the ratio of precipitation 
that falls in the form of snow in colder regions (Dumanski et al., 
2015; Verma et al., 2015). Warmer temperatures may decrease 
the extent and duration of frozen soil, whereas the lack of snow-
pack accumulation may increase the incidence of frozen ground. 
Such changes are likely to influence the pathways through which 
runoff and P travel (i.e., surface or subsurface), thereby affecting 
both P loads and the timing of these loads.

Fig. 2. Once animal production became highly specialized and 
regionally isolated, the on-farm P cycle was broken. Today’s 
continental-scale P cycle resembles a series of arches (phosphorescent 
arches), where P is transported from mines in Florida (or other 
countries such as Morocco) to the grain-producing areas, such as 
the midwestern United States. Phosphorus is then transferred in the 
grain to where the animal production facilities are, such as the poultry 
production facilities on the DelMarVa Peninsula. Finally, poultry 
facility cleanouts and litter application to nearby croplands transfer P 
to soils, where it accumulates in great excess, and then a portion of P is 
transferred to the Chesapeake Bay via dissolved and particulate P loss 
in runoff via an artificial ditch and tile drainage network that connects 
sources to sensitive water bodies. Poultry meat, and the P contained 
therein, produced on the DelMarVa Peninsula is consumed in large 
metropolitan areas, such as Washington, DC. Some of the consumed P 
will wind up in the municipal wastewater treatment plants, and a small 
fraction of that amount will be delivered to the rivers and ultimately 
the Chesapeake Bay.
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Climate change is also expected to lead to an intensification 
of the hydrologic cycle, with greater rainfall volumes and intensi-
ties, but also greater periods of drought between rainfall events 
(Najjar et al., 2010; Verma et al., 2015; Dumanski et al., 2015; 
Wang et al., 2018). Changes in the timing, form, and intensity 
of precipitation are already being noted in some regions (Shook 
and Pomeroy, 2012; Wang et al., 2018; Baulch et al., 2019). Thus, 
larger contrasts between wet and dry conditions and greater 
potential for peak flow conditions following intense rainfall are 
expected. Collectively, these can affect the way water is stored, 
used, and transported through the landscape and may affect the 
appropriateness of mitigation strategies. Thus, scientists, manag-
ers, and farmers, when selecting mitigation strategies and making 
management decisions, must consider both present and future 
conditions.

Not only is climate change influencing P loads from contrib-
uting areas, but it is also affecting the responses of surface water 
bodies to nutrient loads. Michalak et al. (2013) highlighted the 
coupling of elevated P loads from the Lake Erie watershed with 
ideal climate conditions for algal productivity to create a substan-
tial bloom in Lake Erie, including warmer water temperatures 
and a longer growing season. Such warm and mild conditions 
may occur more frequently under a changing climate, making 
surface water bodies more vulnerable to eutrophication, particu-
larly in northern latitudes. In other words, even if P loads from 
watersheds are reduced due to mitigation strategies, the benefits 
of these reduced loads may be offset by ecological responses that 
are climate driven. Drought also reduces river flows and veloci-
ties, leading to greater in-channel water retention time, higher 
water temperatures, and increased light levels, which can increase 
algal blooms in rivers and lakes (Whitehead et al., 2009). In 
the coastal areas of the United States, the Chesapeake Bay and 
Everglades are increasingly under threat by rising sea levels that 
may readily connect P sources to waterways, exacerbating water 
quality issues (Najjar et al., 2010; Saha et al., 2011). These areas 
are also prone to increased risk of extreme weather and hurricane 
activity (Najjar et al., 2010), which can lead to greater incidences 
of peak flow conditions.

A Patchwork System for Action
Across these watersheds, water quality is regulated both at the 

national level and within individual provinces and territories or 
states. At the national scale, examples include the US Clean Water 
Act and the Canadian Environmental Protection Act. At smaller 
scales, water quality legislation is also in place. For example, the 
Canadian provinces of Ontario, Manitoba, and Quebec all have 
nutrient management legislation, as water quality governance 
in Canada is shared by federal and provincial bodies. Although 
water quality regulations exist across North America, they do not 
target P specifically. This approach differs from the more targeted 
approaches adopted by the European Union, such as the Water 
Framework Directive, which requires that EU member states 
determine type-specific nutrient criteria to support “good eco-
logical status” of surface waters (Poikane et al., 2019).

Indeed, the regulation of P specifically has not occurred as 
of yet, although significant efforts have been made to mitigate 
P through a combination of voluntary programs and legislation. 
For example, within the state of Ohio, two recent pieces of leg-
islation were signed into law to address fertilizer management. 

The first was Ohio Senate Bill 150, which requires anyone who 
applies fertilizer to more than 20 ha be certified every 3 yr. 
This law addresses only commercial fertilizer sources and does 
not address manure fertilizer sources. However, since large vol-
umes of manure fertilizer originate from confined animal feed-
ing operations in Ohio, it is already regulated. The second piece 
of legislation (Ohio Senate Bill 1) restricts the application of 
manure and commercial fertilizer on frozen, snow-covered, or 
saturated ground. Within the province of Ontario, the applica-
tion of manure during winter and/or on frozen ground is also 
strongly discouraged as the entry of manure into surface water is 
an offense under the Environmental Protection Act, the Ontario 
Water Resources Act, and the Fisheries Act.

While erosion standards were originally the major tie to 
control P, the emergence of a joint agreement by the USEPA 
and USDA, followed by the promulgation of Conservation 
Practice 590 (Nutrient Management) standard, served as the 
first national rubric aimed at improving P management, resulting 
in widespread development of the P index by states (Lemunyon 
and Gilbert, 1993; Sharpley et al., 2003). The P index provides 
a means of assessing fields for risk of P loss across a farm, but 
there have been concerns over differences in its development 
and deployment across state lines and its efficacy in promot-
ing management change (Osmond et al., 2012; Sharpley et al., 
2012). Furthermore, it is ineffective in regions in which there is 
regional P excess as there are few options to divert manure appli-
cations out of the impacted area. Despite these challenges, P 
indexes serve as risk assessment tools that under best conditions, 
educate managers and provide ways to link nutrient manage-
ment programs to farm activities. In Canada, various federal–
provincial–territorial policy frameworks for agriculture since 
2005 have provided cost share funding for agri-environmental 
programs to farmers through provincially developed programs 
to meet the needs of farmers in each jurisdiction. Several prov-
inces have, in turn, adopted versions of the P index and other 
priority setting tools (e.g., Environmental Farm Plan, Farmland 
Health Check-up) to target mitigation activities. In addition, 
there are binational agreements (e.g., Great Lakes Water Quality 
Agreement, Boundary Waters Treaty) in place to guide water 
quality mitigation efforts.

Ohio agribusiness recently came together with the fertil-
izer industry to develop the 4R Nutrient Stewardship and 
Certification program, which is focused on the right source, rate, 
time and placement of fertilizer. This is a voluntary program that 
to date has 41 certified retailers within the Lake Erie watershed 
that manage fertilizer on approximately 770,000 ha of cropland. 
The success of this program in Ohio among other locations 
was great enough that 4R Nutrient Stewardship was promoted 
through the 2018 Farm Bill. Ontario has also adopted a 4R 
Nutrient Stewardship Certification program for retailers mod-
eled after the Ohio example.

Voluntary BMPs are at the center of most P mitigation pro-
grams for agriculture in the United States and Canada. In the 
United States, the 1985 Farm Bill tied farm income support to 
conservation adoption by producers (Cain and Lovejoy, 2004). 
Since then, conservation titles in the Farm Bill have expanded 
conservation technical and financial support. In the Chesapeake 
Bay watershed alone, it was estimated that nearly US$2 billion 
was spent between 2011 and 2017 in support of restoration 
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activities by federal ($1.41 billion) and state ($0.57 billion) 
governments (US Office of Management and Budget, 2017). 
In Canada, the Canadian Agricultural Partnership was recently 
established. Within the Lake Erie watershed, the Great Lakes 
Agricultural Stewardship Initiative (GLASI) and Lake Erie 
Agriculture Demonstrating Sustainability (LEADS) are exam-
ples of provincial programs that were both established under 
federal–provincial agricultural policy frameworks in Canada to 
assist farmers with conservation adoption. To help fund BMP 
adoption by agriculture, nutrient credit trading (point–nonpoint 
source trading) has been proposed in the Lake Winnipeg water-
shed and implemented in several states within the Chesapeake 
Bay watershed, a means of funding agricultural BMPs in the 
Chesapeake Bay, although very few trades have occurred (Voora 
et al., 2009; Branosky et al., 2011).

Although a large number of programs have been put in 
place with the goal of mitigating P loss, programs across North 
America are fragmented as they are done at binational, national, 
and provincial/state scales, and they do not target P specifically. 
It is unclear whether a more holistic approach to P management 
would be more effective and what the implications of such a 
program would be for other aspects of agricultural production 
systems.

Understanding and Addressing Attitudes
The last 50 years have seen considerable evolution in our 

environmental, nutritional, and agronomic understanding of 
what constitutes sustainable P management ( Jarvie et al., 2017; 
Sharpley et al., 2018). Despite this enlightenment, it is clear that 
because of the contextual nature of watershed P processes and 
management options, we do not have all the answers. Nor, one 
could argue, do we even know all the questions to ask. In most 
cases, ready solutions to P mitigation come at great cost, espe-
cially to landowners who typically front installation costs, yield 
losses, and maintenance expenses (Sharpley et al., 2016). Thus, 
we must consider how the costs of these society-level problems 
will be addressed and expenses covered (Shortle and Horan, 
2017). For instance, in light of changing consumer attitudes in 
favor of promoting environmental stewardship, food processors 
are increasingly becoming more interested in the environmental 
impact through the entire life cycle of the products they take to 
market (Sharpley, 2018).

Tensions between Producers and Environmental Groups
Given uncertainty, delays between implementation of prac-

tices and water quality outcomes, limited mitigation practice 
adoption, and verification of adoption—all aspects of the fun-
damental difficulty of implementing watershed mitigation 
programs (Meals et al., 2010; Jarvie et al., 2013a; Kleinman et 
al., 2015)—it is perhaps unsurprising that there are continual 
tensions between stakeholders involved in watershed P mitiga-
tion over the frameworks, inducements, and incentives that are 
needed to affect water quality improvement. Compared with 
other regions (e.g., Europe) and nations (e.g., New Zealand), P 
management in North America is spread across a patchwork of 
legislation and regulation. For instance, some European coun-
tries are forming P-related regulations around a circular econ-
omy, to codify P recovery and recycling (Schoumans et al., 2015; 

Smit et al., 2015; van Dijk et al., 2016). Canadian and US legisla-
tion and regulations related to P largely focus on the relationship 
between land use and water quality (Ross and Omelon, 2018). 
North American producers tend to be averse to what they might 
consider heavy-handed regulation. Thus, there would no doubt 
be strong pushback to European-style regulatory frameworks.

Under the divisive conditions that sometimes emerge in 
watershed P mitigation, decision support systems play a critical 
role in providing consistent assessment and guidance for P miti-
gation at multiple scales (e.g., field, farm, and watershed). These 
systems are key to supporting adaptive management strategies 
that enable improvement in mitigation based on past experience 
(Drohan et al., 2019). At their best, risk assessment tools offer a 
level playing field that agricultural and environmental communi-
ties can occupy with trust and confidence. Although there is a 
plethora of risk assessment tools produced in the research arena, 
very few translate to the programmatic and practical conditions 
that are required for effective P mitigation. Those tools that are 
adopted can be highly effective and play pivotal roles in P mitiga-
tion. Examples from the watersheds examined here include the 
Chesapeake Bay model, Lake Okeechobee Agricultural Decision 
Support System, and the P index (used in all watersheds). While 
these systems have all proven their utility, and to some degree, 
their efficacy, they are by no means universally appreciated and 
are frequently critiqued for their inferences and for the demands 
they place on programs. Even so, the advancement of risk assess-
ment tools that can connect science with management, policy, 
with practice, and water quality outcomes with mitigation prac-
tice options, holds the key to satisfying different stakeholder 
interests.

Although fewer than 30% of US producers participate in 
government-sponsored programs and practices, substantial evi-
dence in multiple contexts indicates that agricultural produc-
ers do in fact adopt conservation practices without government 
assistance. More than 90% of producers have a positive attitude 
about taking steps to aid in solving P-related eutrophication 
issues (Wilson et al., 2014). Reimer et al. (2012a) found that 
conservation adoption is higher among producers who are con-
cerned with stewardship and understand the myriad of complex 
issues around the environmental aspects of production com-
pared with those who only considered profit margins on their 
farm. However, for the rate of conservation practice adoption 
among producers to truly improve, the financial benefits to the 
farm and compatibility with current operations must be stressed, 
in addition to the environmental benefits (Reimer et al., 2012b).

A significant proportion of farmers have experience with 
government-sponsored conservation programs; however, many 
do not participate in these programs because of the complexity 
involved with enrolling in them (Reimer and Prokopy, 2014). 
Crop advisors are known to be one of the most trusted sources 
of information for producers, and they could provide a valuable 
linkage to conservation programs to producers who do not cur-
rently participate, thereby expanding the adoption rate of con-
servation practices (Eanes et al., 2019). A significant fraction 
of cropland is rented in the United States and Canada. Given 
the short-term nature of rental agreements and aversion to risk, 
producers are less prone to conservation adoption on rented 
land compared with that which they own (Ranjan et al., 2019). 
As many as 85% of producers use soil testing to guide fertilizer 



Journal of Environmental Quality	 1183

recommendations, although adoption of other nutrient-focused 
conservation practices, such as variable rate applications or alter-
ing the timing of applications, are much less likely to be adopted 
(Wilson et al., 2014; Ulrich-Schad et al., 2017;). In the Western 
Lake Erie basin, for example, only 35% of producers delay fer-
tilizer applications to avoid potential wash-off of nutrients by 
rain storms (Zhang et al., 2016). Educating producers about the 
on-farm economic impact of nutrients lost from fields to receiv-
ing water could be one of the most cost effective methods for 
improving their willingness to change the rate or timing of fertil-
izer applications (Wilson et al., 2014, 2019).

It is widely agreed that voluntary solutions are preferred, 
and, indeed, they are universally the first step in the watersheds 
reviewed here. The introduction of regulation and litigation can 
fuel divisiveness between agriculturalists and environmentalists 
(Sharpley, 2018). As Sharpley (2018) pointed out, water qual-
ity litigation related to agriculture began in the 1990s, but the 
2010s has been quite litigious, with at least seven lawsuits filed 
against farmers or groups of farmers. The cost of litigation by 
both plaintiff and defendant may exceed the cost of conservation 
adoption within these regions. Thus, logic and economics would 
suggest that cooperative efforts by members of the public and 
the farming community could result in conservation practice 
adoption by producers in watersheds of concern for less cost and 
divisiveness than proceeding with lawsuits. Further, litigation 
may delay action as the proceedings play out in court for years 
or even decades. As P mitigation is highly site specific, regulatory 
frameworks that would require specific actions to be taken could 
prove both unfruitful in terms of decreasing P losses and oner-
ous to producers who would have to adopt such practices. Each 
watershed, farm, and field is different, and thus risk assessments 
at each of these scales should be conducted to inform the suite 
of practices that would best optimize agricultural production, P 
loss mitigation and other resource concerns (e.g., N leaching or 
erosion).

Currently, private food processing corporations are capi-
talizing on the public demand for sustainably grown food and 
encouraging the farmers they work with to adopt conservation 
practices to limit their off-site impacts so that they can docu-
ment this during marketing to the retail customer (Sharpley, 
2018). For example, General Mills is “engaging with farmers to 
reduce the environmental impact of agriculture,” and they are 
“documenting continuous improvement over time” at the farm 
and field scales (General Mills, 2019).

Enhancing and Expediting Soil Drainage
In recent years, one of the primary infrastructure improve-

ments producers have invested in is improved drainage in 
their fields. Further, producers have placed tile drains at shal-
lower depths or at narrower spacings (higher drainage density; 
Kladivko et al., 2004). Unfortunately, this can increase P loss 
from fields (King et al., 2015). Although drainage is expanding 
in the northern Great Plains, most drainage is currently in the 
form of drainage ditches with surface drains in adjacent fields 
that rapidly drain water from the flat, clay-rich surface.

Although drainage control and water retention have been the 
subjects of much discussion, their efficacy in attenuating P loads 
remains unclear (Ross et al., 2016). Some environmental advo-
cates have promoted regulating P discharges from tile. While 

drainage tile conveys water from distant fields to surface waters, 
it is undeniable that drainage greatly improves crop yields in 
humid regions with fine-textured soils, thereby providing great 
public benefit (King et al., 2015). Further, one cannot defini-
tively predict that the removal of drainage tile would eliminate P 
loss, as the hydraulic gradient the tile provides vertically through 
the soil profile does hold the potential to greatly decrease erosion 
and the associated sediment-bound P.

Phosphorus Fertility and Soil Testing
The agronomic science community has long been a propo-

nent of soil testing and ensuring that crops are provided ample 
P to minimize yield loss. In our fervor to advise producers to 
maximize yield potentials, we have lost sight of the trade-offs 
associated with “too much of a good thing.” As Withers et al. 
(2014) emphasized, our current system is inherently leaky and 
inefficient at allowing the crop to capture the P we apply. This 
can result in P in excess of crop needs, as well as a higher risk of P 
transfer from the field to receiving waters.

As a consequence of overapplication of P, and the subsequent 
transport of P from fields to drainage networks, we now have 
significant build-up of P in soil and sediment within the stream 
network, or P taken up by biota (i.e., aquatic microbial commu-
nities or plants within the stream network). In Iowa, as much as 
1 m of sediment was deposited in former floodplains of streams 
during the late 19th and early 20th centuries. This sediment now 
disconnects the stream from the floodplain, in effect channeliz-
ing the streams, and serves as a legacy P source to the streams a 
century or more after deposition.

In addition to soil legacy sources of P from overapplication 
of manure, there has also been overapplication of fertilizer P. 
Phosphorus is applied to fields for crop production at levels that 
are based on soil fertility guidelines. However, guidelines vary 
across regions and are seldom updated and calibrated, and soil 
P levels are not regulated, leading to highly elevated P levels in 
some regions. Calibration of soil fertility tests for P was generally 
accomplished during the 1950s through the 1980s. Few regions 
have been able to support continued thorough investigations of 
P fertility. Iowa is one of the rare exceptions that has been able to 
continually research P fertility and update P guidance (Iowa State 
University, 2013). In many regions, the original P fertility datasets 
have been lost, or the regional extension service determined it was 
more expedient to use the guidance developed by a neighboring 
region. In recent years, crop consultants in the Western Lake Erie 
basin region of the United States have discovered that in the vast 
majority of circumstances, P guidance advises greater-than-nec-
essary P application. These consultants are now recommending 
lower rates of P fertilizer, such that surveys of producers in Indiana 
and Ohio indicate that most fields have P applications lower than 
the current fertility guidance (Fig. 3; Smith et al., 2018). Surveys 
of soil P levels have indicated a reduction in the relative number 
of high soil test P fields between 2001 and 2015 throughout the 
region (Bruulsema, 2016). On the DelMarVa Peninsula, grain 
producers historically maintained that they required supplemen-
tal P applications (typically using poultry litter) even when soil 
tests indicated excessive P levels. They insisted that they needed P 
fertilizer even when the fertilizer index value was up to 1000 (i.e., 
1000 mg kg−1 Mehlich 3 P). However, after some of the producers 
had discussions about the situation with practitioners from the 
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Lake Erie region, they realized that this practice may be excessive 
and agreed to reduce their insistence on P to soils with a fertilizer 
index value up to 500.

In regions with insufficient manure P to meet crop demands, 
the primary P sources are supplied by commercial inorganic fertil-
izers (Maguire et al., 2007). While it is often easier to control the 
precise rate of application of these types of products, the bioavail-
ability of these products is generally designed to be greater than 
that of manure. It is typically estimated that 50% of P in manure 
is bioavailable, whereas the most common P fertilizers sold to 
producers (monoammonium phosphate, also known as MAP, 
and diammonium phosphate, also known as DAP) contain more 
than 90% of the P as soluble P (Smith et al., 2016). Thus, if fertil-
izer application is mistimed, a runoff generating rainfall event can 
result in bioavailable P losses to receiving waters.

Although P application rates have been excessive historically, 
and still are in some regions, agriculture has progressed tremen-
dously since the P fertility guidance was developed. Farmers 
till less than they did 30-plus years ago, planted cultivars have 
changed drastically, and yield potential and goals have steadily 
increased. The advent of precision agriculture not only allows 
producers to understand the yield variability in their fields but 
also allows for variable rate application of inputs (seed, fertil-
izer, pesticides, etc.) within fields. This permits producers and 
resource managers to utilize available information on soils, soil 
test P levels, drainage patterns, potential connectivity to streams, 
and yields from the previous year to tailor P fertilizer prescrip-
tions within each field to optimize productivity, environmental 
protection, and profitability. Continued advancement of these 
efforts coupled with improved calibration of soil fertility guid-
ance and increased mechanisms for routine soil testing is needed.

Attitudes and Misunderstandings: Phosphorus 
Mitigation Does Not Always Reduce Eutrophication

In terms of attitudes, we face a major challenge that although 
considerable effort has been invested in P-based mitigation 
through implementation of both point and nonpoint P manage-
ment controls over the last couple of decades, these efforts have 

not always delivered the expected, lasting ecological improve-
ments within many freshwater bodies suffering from eutrophica-
tion ( Jarvie et al., 2013b).

Adoption of nonpoint P management controls has been 
widely effective at reducing edge-of-field P losses (Sharpley et 
al., 2009), although there has been less success in demonstrat-
ing water quality improvements at the watershed scale (Sharpley 
et al., 2009; Reckhow et al., 2011). These disconnects between 
the field and watershed scales may arise from inadequate inten-
sity and insufficient targeting of BMPs to address the critical 
source areas of P loss across watersheds (Sharpley et al., 2009). 
Conservation practice adoption has been common to all four 
impaired watersheds discussed here. However, it may be that 
mitigation efforts are not being applied at a sufficient inten-
sity to make a significant difference. For example, in the Lake 
Okeechobee watershed, producers are required to manage and 
document P applications (Ehmke, 2014), and although P losses 
to receiving waters have declined in the region, lake and wet-
land ecology has continued to indicate persistent P enrichment 
(Childers et al., 2003; Canfield et al., 2018; Khare et al., 2019).

The apparent lack of improvement in P loads and concentra-
tions at the watershed scale may also reflect lags associated with 
the continued chronic release of “legacy P” from past land man-
agement, in soil and in sedimentary stores between the field and 
the watershed outlet. Overapplication of P, either in the form 
of fertilizer or manure, has led to the widespread accumulation 
of legacy P in soils and its subsequent distribution across sedi-
mentary stores within the wider landscape. Legacy P can buffer 
against rapid water quality improvements and can continue to 
impair water quality over timescales from years to decades and 
longer ( Jarvie et al., 2013a,b; Sharpley et al., 2013). This can 
mean a long wait for downstream water quality improvements 
in response to mitigation measures. Although each of the four 
regions considered here has a unique history and legacy of 
P application, legacy P plays a particularly important role in 
areas such as the Chesapeake Bay and Lake Okeechobee water-
sheds, where large numbers of livestock operations are located 
(Maguire et al., 2007), promoting a buildup of legacy P in the 
soil and long-term accumulation in sedimentary stores, such as 
floodplains, wetlands, and water-body sediments. A recent study 
in the Lake Winnipeg watershed showed that a drawdown in 
soil P can reduce P loads in runoff (Liu et al., 2019); however, 
achieving a drawdown across watersheds, particularly in zones 
with substantial P buildup, will require more time. Indeed, the 
timescales of legacy P retention and recycling across different 
landscape pools can be highly variable, leading to large differ-
ences in water quality lag times ( Jarvie et al., 2013a).

The converging and cumulative effects of BMPs can also result 
in unexpected and unintended responses to mitigation measures 
over the longer term. For example, in the Lake Erie watershed, 
agricultural conservation efforts since the mid-1980s have focused 
on reduced tillage (Great Lakes Water Quality Agreement) and 
transforming highly erodible land into permanent cover (i.e., the 
Conservation Reserve Program in the United States). Assessments 
of conservation efforts suggest that the current level of conserva-
tion adoption has reduced P losses from cultivated land to the 
Great Lakes by 39% (USDA-NRCS, 2011b) and by 41% in the 
Chesapeake Bay (USDA-NRCS, 2011a). Conservation tillage 
is widely recognized as being effective at reducing sediment and 

Fig. 3. Survey results from 2232 farm fields in Ohio regarding 
P application rate versus the recommended P application rate 
given current fertility guidance. Attitudes of farmers regarding P 
management are shifting in this region, as more than 90% of these 
fields apply P at or below recommended rates for their crop rotation. 
(Adapted from Smith et al., 2018.)
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total P loads in Lake Erie (Richards et al., 2008, 2009). However, 
since the early 2000s, there has been an increase in soluble P losses 
in the Western Lake Erie basin, linked to a “re-eutrophication” of 
western Lake Erie and increases in the magnitude and frequency 
of nuisance and harmful algal blooms ( Jarvie et al., 2017). While 
the exact reasons for this are still under investigation, there is likely 
a myriad of contributing factors (Smith et al., 2015b), including 
soil stratification, which, with continued broadcast application 
of P fertilizer, has resulted in accumulation of labile P at the soil 
surface (Baker et al., 2017), increases in hydrological connectivity 
via tile drainage, and reductions in suspended particulate matter 
available to sorb soluble P. It is increasingly clear that solutions to 
P-related water quality problems from the 1980s and 1990s may 
have unintentionally contributed to a completely unexpected and 
different kind of P-related water quality impairment ( Jarvie et 
al., 2017). Indeed, mitigation efforts that are spatially precise are 
needed to effectively reduce P loads, and adaptive management is 
critical to success.

Even where reductions in P loadings have been achieved, 
there have often not been the expected ecological improvements, 
and ecosystem recovery does not always conform to smooth 
reversible trajectories ( Jarvie et al., 2013b). Although P loads 
and concentrations may have been reduced, if they remain above 
limiting threshold P concentrations even substantial decreases 
in P loadings are unlikely to reduce algal growth (Bowes et al., 
2012). Further P reductions, to below limiting thresholds, may 
be needed to have a measurable impact on reducing nuisance 
algal growth ( Jarvie et al., 2018), and despite the vital role that P 
can play in nuisance and harmful algal growth, a variety of wider 
factors and multiple stressors (physical, chemical and biological) 
can influence algal biomass accrual and decouple the ecological 
response to reductions in P concentrations or loads. For example, 
algal growth can also be limited by N and by water temperature 
or light availability (Bowes et al., 2011). Flow velocities and flow 
regime also influence phytoplankton production in rivers, for 
example, if water retention times are lower than phytoplank-
ton regeneration times. Nitrogen colimitation of phytoplank-
ton growth and the “top-down” effects of invertebrate and fish 
grazers can exert a dominant control on algal biomass accrual. 
It is increasingly recognized that to achieve lasting water quality 
improvement and ensure more resilient ecosystem functioning, 
we need more holistic approaches to eutrophication manage-
ment that, in addition to P control, consider other nutrients, 
pollution controls, land-use legacies, and restoration to address 
physical habitat and functional food-web interactions ( Jarvie et 
al., 2013b). Changing attitudes may be needed, with a recogni-
tion that relying solely on P-based mitigation may not always be 
the most effective strategy to control freshwater eutrophication.

Avoiding Platitudes
Following the detection of microcystin in the drinking water 

of Toledo, OH, in 2014, Smith et al. (2015b) discussed some of 
the potential causes of the harmful algal blooms in Lake Erie. The 
“causes” they listed were the summary of several years of meet-
ings and discussions with various stakeholder groups within the 
watershed. A common theme to those meetings was an inter-
est group stating unequivocally that the problem was one spe-
cific component (e.g., manure, tile drainage, P stratification) or 

that one solution (e.g., cover crops or soil health) would solve 
the vexing issues of the day. These platitudinous pontifications, 
which are not unique to discussions surrounding the Lake Erie 
watershed, are not constructive, as they discount other factors 
that contribute to the problem or may preclude solutions that 
prove useful within the landscape. Indeed, there is no single solu-
tion or “silver bullet” for the successful mitigation of P.

Silver Bullets and Solution Singularities
When water quality issues are primarily affected by a “simple” 

problem like P, the easiest solution for policymakers, regulators, 
and conservationists to adopt would be a single solution across 
the entire landscape. However, P-related water quality problems 
are not as simplistic as they may seem, especially given the myriad 
of water quality pressures facing some watersheds. There is a need 
to address the complexity of P loss across multiple scales: within 
the field, between the field edge and surface water, within streams 
and tributaries, cumulative watershed effects, and also within-
lake effects. Moreover, as noted previously, drivers may differ 
both within and among watersheds and regions. Environmental 
conditions interacting with decades of management and social 
adjustments have led to current conditions (Smith et al., 2015b). 
As has been highlighted in this paper, environmental drivers, 
runoff, and pathways and sources of P in the environment differ 
across watersheds. Thus, a single “silver bullet” is unlikely to solve 
P issues across these watersheds, nor will such a solution solve 
issues within these watersheds. In fact, the Lake Erie watershed 
provides an important example whereby the widespread applica-
tion of a single management strategy (e.g., conservation tillage), 
along with continued broadcast fertilizer applications, may have 
unintentionally resulted in soil stratification and elevated soluble 
P loads transmitted via tile drains in the Maumee and Sandusky 
watersheds ( Jarvie et al., 2017). Although this solution, which 
had widespread adoption, helped reduce sediment-associated P 
losses, it may have exacerbated soluble P losses, which in turn opti-
mized the nutrient balance in Lake Erie for Microcystis blooms.

Use of cover crops is one example of a conservation practice 
that policymakers want to assign to the entire landscape to solve 
the P loss problem. However, it is highly unlikely that this prac-
tice unto itself will improve water quality. While cover crops 
perform exceptionally well at minimizing nitrate leaching and 
keeping the ground covered to minimize erosion (and associated 
sediment-bound P; Angle et al., 1984; Zhu et al., 1989; Dabney 
et al., 2001), evidence in the literature indicates that this prac-
tice may exacerbate soluble P loss under some winter conditions 
(Bechmann et al., 2005; Tiessen et al., 2010; Cober et al., 2018). 
It is also possible that cover crops could exacerbate P stratifica-
tion, which is one complicating factor in solving the soluble P 
conundrum (Baker et al., 2017). Further, reliance on a single 
practice such as cover crops does not directly guide producers to 
use P fertilizers judiciously, nor does it address legacy P that exists 
either in the field (i.e., high soil test P) or the P deposited beyond 
the edge of field that is in various stages of transit to the receiving 
water (i.e., sediments deposited in the floodplain or P spiraling 
through the stream network). By no means does this imply that 
cover crops should be prohibited in P-impacted watersheds, but 
rather, it demonstrates that cover crops should be assigned to 
address specific resource concerns as part of a holistic solution 
across the entire landscape.
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Soil Health
Soil health, the continued capacity of soil to function as a vital 

living ecosystem that sustains plants, animals, and humans, is a 
concept that inspires academics, agricultural advisors, and pro-
ducers alike. There is no disagreement that a living soil in equi-
librium with its environment is an optimal state for balancing 
and sustaining agronomic and environmental services. However, 
current approaches to achieving soil health are far too static and 
insensitive to the various initial states of poor soil health and the 
consequences of applying a single prescribed management strat-
egy (no-till and cover crops) to achieve improvement. Too often, 
advice to producers draws simplistic correlations between soil 
health and improved water quality (USDA NRCS, 2011c; Soil 
Health Institute, 2016), but thus far, scientific studies have found 
no direct links between the metrics associated with soil health 
and water quality, and they conclude that overall relationships 
are complex (Smith, 2015; Roper et al., 2017). Soil health mea-
surement metrics are still being debated, and the USDA-NRCS 
Soil Health Division’s list of candidate metrics do not include 
any species of P (USDA-NRCS, 2018). If soil health is to be a 
part of the solution to multifaceted agronomic and environmen-
tal societal problems, then it would seem the indicators of soil 
health should at the very least include those that provide insight 
into the quantity, intensity, and environmental availability of 
major contributors to both types of problems.

In the Western Lake Erie basin, reduced tillage and increased 
drainage intensity increased nonpoint source soluble reactive 
P losses (Baker et al., 2014; Maccoux et al., 2016; Jarvie et al., 
2017). The mechanisms driving these increased soluble reac-
tive P losses are related to the vertical stratification and buildup 
of soil test P near the surface of the soil profile and enhanced 
vertical hydrology between the surface and tile drains, brought 
about by improved soil structure (Baker et al., 2017). Recently in 
Ontario, in the northwestern portion of the Lake Erie watershed, 
elevated P loss from tile drains were not observed from rotational 
conservation tillage and subsurface placement of P (Lam et al., 
2016). Indeed, periodic inversion to disrupt pore connectivity 
from surface soil to tile drains and subsurface P placement have 
been proposed as possible solutions to the P conundrum in Lake 
Erie (Kalcic et al., 2016; Baker et al., 2017); however, inversion 
tillage is anathema to soil health proponents, and subsurface P 
placement is costly and time consuming compared to surface 
application. These examples, within the Lake Erie watershed 
alone, further illustrate the complexities associated with solv-
ing the P problem. Improvements are needed in our ability to 
clearly demonstrate which metrics of soil health (and conserva-
tion practices used to achieve these conditions) are coupled with 
improved water quality, and which practices may represent a 
trade-off toward water quality. Soil health experts should own 
this problem and develop a unified strategy and message for 
addressing the issue.

The Path Forward
Society requires food security, and food must also be afford-

able. However, society also requires clean, secure water sources 
that will support many uses. The agronomic “moon-shot” is to 
provide water and food security to a growing population. Over 
the last 350 years, society has greatly benefited from the discovery 

of P (Sharpley et al., 2018). Yet it has only been within the last 
20 to 30 years that the feast-or-famine of P distributions within 
regions has resulted in an obesity equivalence in our water bodies 
(i.e., hypereutrophic lakes and hypoxia in coastal zones). We are 
the generation that must find the solutions to balance soil, agro-
nomic, and aquatic health to ensure our P supplies last another 
350 years while supporting that which society not only demands 
but deserves.

It is time that the agricultural and conservation communities 
recognize that the water quality problems facing society today 
are the result of a myriad of issues, some of which we have con-
tributed to or exacerbated. It is our community that has advo-
cated P fertilizers as cheap insurance against yield loss for decades 
without considering the potential environmental outcomes that 
would result. We are the ones that recommended that conserva-
tion tillage would solve the off-site P transport problem with-
out realizing that leaving P fertilizers on the soil surface would 
result in P stratification and promote the most bioavailable (e.g., 
soluble) forms of P to leave the field. Society requires that we 
take ownership of the problem and provide solutions that will 
solve the vexing water quality problems. For too long, we have 
allowed society to blame the farmers in these watersheds, with-
out acknowledging that for the most part, the advice they are fol-
lowing is ours (Smith et al., 2018).

Curbing the off-site impacts of P to our society will take a 
multipronged approach. As discussed in Jarvie et al. (2019), 
transformation of our linear P economy to a circular bioecon-
omy will be a vital component of reducing the P wasted in our 
current agricultural systems, as well as recovering P and adding 
value to waste streams. Further, we must undertake massive 
effort to revise P fertility recommendations (Smith et al., 2018). 
Where possible, this should include bringing original calibration 
datasets to the table but must also incorporate new fertility stud-
ies that include modern crop cultivars and current management 
practices (e.g., fertilizer sources, timing, placement). Future fer-
tility guidance should be able to incorporate off-site risk assess-
ments and yield potentials at a subfield scale. This may require 
data mining coupled with crop and water quality modeling to 
provide background and context to such recommendations. 
Additionally, it is highly advisable that holistic nutrient man-
agement is considered in long-term research efforts, such as for 
the “aspirational” treatments imbedded within projects such 
as the Long-Term Agroecosystem Research (LTAR) network 
(Kleinman et al., 2018).

The challenges we continue to face in managing eutrophi-
cation across North America, from Lake Winnipeg to Lake 
Okeechobee, demonstrate that it is imperative that attitudes 
change and that we find and adopt solutions to address these 
large-scale water quality issues more holistically. While we are 
prescribing these solutions, we must consider the complex inter-
actions of biotic (e.g., crop response, soil health, cover crop, 
aquatic biological responses) and abiotic (e.g., altered hydrology, 
more intense hydrologic cycle, sources of nutrients) factors that 
ultimately affect P fate, transport, and aquatic ecological impacts 
across latitudes. Just as the recommendation of conservation 
tillage contributed to the increase in soluble P losses to Lake 
Erie, we must consider the “law of unintended consequences,” as 
we must be able to foresee how our management recommenda-
tions today will potentially perturb the system in 10 to 30 years. 
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We must learn lessons from our neighboring watersheds so that 
we do not repeat the same mistakes. Continued dialogue and 
increased opportunities for the transfer of knowledge within 
and among watersheds is necessary, both within North America 
and globally. To solve the P conundrum, we must ensure that 
we are not blinded by our own platitudes. Collectively, we must 
find solutions to address P source and transport throughout the 
landscape, recognizing that solutions may vary both within and 
across watersheds.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgments
Mention of trade names or commercial products is solely for the purpose 
of providing specific information and does not imply recommendation 
or endorsement by the United States Department of Agriculture. 
USDA is an equal opportunity employer and provider. Two anonymous 
reviewers and the associate editor are thanked for constructive feedback.

References
Angle, J.S., G. McClung, M.S. McIntosh, P.M. Thomas, and D.C. Wolf. 1984. Nu-

trient losses in runoff from conventional and no-till corn watersheds. J. Envi-
ron. Qual. 13:431–435. doi:10.2134/jeq1984.00472425001300030021x

Axelrad, D.M., K.A. Moore, and M.E. Bender. 1976. Nitrogen, phosphorus, and 
carbon flux in Chesapeake Bay marshes. Bull. 79. Virginia Polytechnic In-
stitute and State University, Blacksburg.

Baker, D.B., R. Confesor, D.E. Ewing, L.T. Johnson, J.W. Kramer, and B.J. Merry-
field. 2014. Phosphorus loading to Lake Erie from the Maumee, Sandusky, 
and Cuyahoga Rivers: The importance of bioavailability. J. Great Lakes 
Res. 40:502–517. doi:10.1016/j.jglr.2014.05.001

Baker, D.B., L.T. Johnson, R.B. Confesor, and J.P. Crumrine. 2017. Vertical strat-
ification of soil phosphorus as a concern for dissolved phosphorus runoff 
in the Lake Erie basin. J. Environ. Qual. 46(6):1287–1295. doi:10.2134/
jeq2016.09.0337

Baulch, H.M., J.A. Elliott, M.R.C. Cordeiro, D.N. Flaten, D.A. Lobb, and H.F. 
Wilson. 2019. Soil and water management practices: Opportunities to 
mitigate nutrient losses to surface waters in the northern Great Plains. En-
viron. Rev. doi:10.1139/er-2018-0101

Bechmann, M.E., P.J.A. Kleinman, A.N. Sharpley, A.N. Sharpley, and L.S. 
Saporito. 2005. Freeze–thaw effects on phosphorus loss in runoff from 
manured and catch-cropped soils. J. Environ. Qual. 34(6):2301–2309. 
doi:10.2134/jeq2004.0415

Bowes, M.J., N.L. Ings, S.J. McCall, A. Warwick, C. Barrett, H.D. Wickham, 
S.A. Harman, L.K. Armstrong, P.M. Scarlett, C. Roberts, K. Lehmann, 
and A.C. Singer. 2012. Nutrient and light limitation of periphyton in the 
River Thames: Implications for catchment management. Sci. Total Envi-
ron. 434:201–212. doi:10.1016/j.scitotenv.2011.09.082

Bowes, M.J., J.T. Smith, C. Neal, D.V. Leach, P.M. Scarlett, H.D. Wickham, 
S.A. Harman, L.K. Armstrong, J. Davy-Bowker, M. Haft, and C.E. Da-
vies. 2011. Changes in water quality of the River Frome (UK) from 1965 
to 2009: Is phosphorus mitigation finally working? Sci. Total Environ. 
409:3418–3430. doi:10.1016/j.scitotenv.2011.04.049

Branosky, E., C. Jones, and M. Selman. 2011. Comparison tables of state nutrient 
trading programs in the Chesapeake Bay watershed. World Resources Insti-
tute. Washington, DC. https://www.wri.org/publication/comparison-ta-
bles-state-nutrient-trading-programs-chesapeake-bay-watershed (accessed 
18 July 2019).

Bruulsema, T. 2016. Soil phosphorus trends in the Lake Erie region. Better 
Crops Plant Food 100(2):4–6.

Bruulsema, T. 2018. Managing nutrients to mitigate soil pollution. Environ. Pol-
lut. 243:1602–1605. doi:10.1016/j.envpol.2018.09.132

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

Buda, A.R., G.F. Koopmans, R.B. Bryant, and W.J. Chardon. 2012. Emerg-
ing technologies for removing nonpoint phosphorus from surface wa-
ter and groundwater: Introduction. J. Environ. Qual. 41(3):621–627. 
doi:10.2134/jeq2012.0080

Cain, Z., and S.B. Lovejoy. 2004. History and outlook for farm bill conservation 
programs. Choices 19(4):1–6.

Campbell, K.L., J.C. Capece, and T.K. Tremwel. 1995. Surface/subsurface hy-
drology and phosphorus transport in the Kissimmee River basin, Florida. 
Ecol. Eng. 5:301–330. doi:10.1016/0925-8574(95)00029-1

Canfield, D.E., R.W. Bachmann, and M.V. Hoyer. 2018. Long-term chlorophyll 
trends in Florida lakes. J. Aquat. Plant Manage. 56:47–56.

Carpenter, S.R., N.F. Caraco, D.L. Correll, R.W. Howarth, A.N. 
Sharpley, and V.H. Smith. 1998. Nonpoint pollution of surface wa-
ters with phosphorus and nitrogen. Ecol. Appl. 8(3):559–568. 
doi:10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2

Childers, D.L., R.F. Doren, R. Jones, G.B. Noe, M. Rugge, and L.J. Scinto. 2003. 
Decadal change in vegetation and soil phosphorus pattern across the Everglades 
landscape. J. Environ. Qual. 32(1):344–362. doi:10.2134/jeq2003.3440

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(3):1036–1045. doi:10.2134/agronj2017.08.0449

Correll, D.L., T.E. Jordan, and D.E. Weller. 1999. Transport of nitrogen and 
phosphorus from Rhode River watersheds during storm events. Water 
Resour. Res. 35:2513–2521. doi:10.1029/1999WR900058

Corriveau, J., P.A. Chambers, A.G. Yates, and J.M. Culp. 2011. Snowmelt and its 
role in the hydrologic and nutrient budgets of prairie streams. Water Sci. 
Technol. 64:1590–1596. doi:10.2166/wst.2011.676

Dabney, S.M., J.A. Delgado, and D.W. Reeves. 2001. Using winter cover crops to 
improve soil and water quality. Commun. Soil Sci. Plant Anal. 32:1221–
1250. doi:10.1081/CSS-100104110

Dari, B., A.N. Sharpley, P.J.A. Kleinman, D. Franklin, and W.G. Harris. 2018. 
Consistency of the threshold phosphorus saturation ratio across a wide 
geographic range of acid soils. Agrosyst. Geosci. Environ. 1:180028. 
doi:10.2134/age2018.08.0028

Drohan, P., M. Bechmann, A. Buda, F. Djodjic, D. Doody, J.M. Duncan, A. 
Iho, P. Jordan, P.J.A. Kleinman, R. McDowell, P.E. Melander, I. Thomas, 
and P. Withers. 2019. A global perspective on the history of phosphorus 
management decision support approaches in agriculture: Lessons learned 
and directions for the future. J. Environ. Qual. doi:10.2134/jeq2019.03.0107

Dumanski, S., J.W. Pomeroy, and C.J. Westbrook. 2015. Hydrological regime 
changes in a Canadian Prairie basin. Hydrol. Processes 29:3893–3904. 
doi:10.1002/hyp.10567

Dunne, T., and R.D. Black. 1971. Runoff processes during snow- melt. Water 
Resour. Res. 7:1160–1172. doi:10.1029/WR007i005p01160

Eanes, F.R., A.S. Singh, B.R. Bulla, P. Ranjan, M. Fales, B. Wickerham, P.J. Doran, 
and L.S. Prokopy. 2019. Crop advisers as conservation intermediaries: 
Perceptions and policy implications for relying on nontraditional partners 
to increase U.S. farmers’ adoption of soil and water conservation practices. 
Land Use Policy 81:360–370. doi:10.1016/j.landusepol.2018.10.054

Ehmke, T. 2014. Phosphorus BMPs reduce discharges into Everglades. Crop 
Soils. doi:10.2134/cs2014-47-4-6.

Finkl, C.W. 1995. Water resource management in the Florida Everglades: Are 
‘lessons from experience’ a prognosis for conservation in the future? J. Soil 
Water Conserv. 50(6):592–600.

Ford, W.I., K. King, and M.R. Williams. 2018. Upland and in-stream controls 
on baseflow nutrient dynamics in tile-drained agroecosystem watersheds. J. 
Hydrol. 556:800–812. doi:10.1016/j.jhydrol.2017.12.009

Gburek, W.J., and A.N. Sharpley. 1998. Hydrologic controls on phosphorus 
loss from upland agricultural watersheds. J. Environ. Qual. 27:267–277. 
doi:10.2134/jeq1998.00472425002700020005x

General Mills. 2019. Sustainable sourcing. https://www.generalmills.com/en/
Responsibility/Sustainability/sustainable-sourcing.

Heatwole, C.D., A.B. Bottcher, and K.L. Campbell. 1987. Modified CREAMS 
hydrology model for Coastal Plain watersheds. Trans. ASAE 30:1014–
1022. doi:10.13031/2013.30514

Hirsch, R.M. 2012. Flux of nitrogen, phosphorus, and suspended sediment 
from the Susquehanna River basin to the Chesapeake Bay during Tropical 
Storm Lee, September 2011, as an indicator of the effects of reservoir 
sedimentation on water quality. US Department of the Interior, US 
Geological Survey, Reston, VA. doi:10.3133/sir20125185

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

International Joint Commission. 2009. Workgroup report on the nearshore 
framework. Great Lakes Water Quality Agreement Priorities 2007–09 
Series. IJC Spec. Publ. 2009-01. IJC, Windsor, ON. https://legacyfiles.ijc.
org/publications/C224.pdf (accessed 10 Mar. 2019).

Iowa State University. 2013. A general guide for crop nutrient and limestone 
recommendations in Iowa. PM 1688. https://store.extension.iastate.edu/
product/5232 (accessed 10 Mar. 2019).

Jarvie, H.P., D. Flaten, A.N. Sharpley, P.J.A. Kleinman, M.G. Healy, and S.M. King. 2019. 
Future phosphorus: Advancing new 2D phosphorus allotropes and growing a 
sustainable bioeconomy. J. Environ. Qual. doi:10.2134/jeq2019.03.0135

https://doi.org/10.2134/jeq1984.00472425001300030021x
https://doi.org/10.1016/j.jglr.2014.05.001
https://doi.org/10.2134/jeq2016.09.0337
https://doi.org/10.2134/jeq2016.09.0337
https://doi.org/10.1139/er-2018-0101
https://doi.org/10.2134/jeq2004.0415
https://doi.org/10.1016/j.scitotenv.2011.09.082
https://doi.org/10.1016/j.scitotenv.2011.04.049
https://www.wri.org/publication/comparison-tables-state-nutrient-trading-programs-chesapeake-bay-watershed
https://www.wri.org/publication/comparison-tables-state-nutrient-trading-programs-chesapeake-bay-watershed
https://doi.org/10.1016/j.envpol.2018.09.132
https://doi.org/10.2134/jeq2008.0501
https://doi.org/10.2134/jeq2008.0501
https://doi.org/10.2134/jeq2012.0080
https://doi.org/10.1016/0925-8574(95)00029-1
https://doi.org/10.1890/1051-0761(1998)008%5b0559:NPOSWW%5d2.0.CO;2
https://doi.org/10.2134/jeq2003.3440
https://doi.org/10.2134/agronj2017.08.0449
https://doi.org/10.1029/1999WR900058
https://doi.org/10.2166/wst.2011.676
https://doi.org/10.1081/CSS-100104110
http://dx.doi.org/10.2134/jeq2019.03.0107
https://doi.org/10.1002/hyp.10567
https://doi.org/10.1029/WR007i005p01160
https://doi.org/10.1016/j.landusepol.2018.10.054
https://doi.org/10.2134/cs2014-47-4-6
https://doi.org/10.1016/j.jhydrol.2017.12.009
https://doi.org/10.2134/jeq1998.00472425002700020005x
https://www.generalmills.com/en/Responsibility/Sustainability/sustainable-sourcing
https://www.generalmills.com/en/Responsibility/Sustainability/sustainable-sourcing
https://doi.org/10.13031/2013.30514
https://doi.org/10.3133/sir20125185
https://doi.org/10.1029/TR014i001p00446
https://legacyfiles.ijc.org/publications/C224.pdf
https://legacyfiles.ijc.org/publications/C224.pdf
https://store.extension.iastate.edu/product/5232
https://store.extension.iastate.edu/product/5232
http://dx.doi.org/10.2134/jeq2019.03.0135


1188	 Journal of Environmental Quality 

Jarvie, H.P., L.T. Johnson, A.N. Sharpley, D.R. Smith, D.B. Baker, T.W. 
Bruulsema, 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

Jarvie, H.P., A.N. Sharpley, D. Flaten, P.J.A. Kleinman, A. Jenkins, and T. 
Simmons. 2015. The pivotal role of phosphorus in a resilient water–
energy–food security nexus. J. Environ. Qual. 44:1049–1062. doi:10.2134/
jeq2015.01.0030

Jarvie, H.P., A.N. Sharpley, B. Spears, A.R. Buda, L. May, and P.J.A. Kleinman. 
2013a. Water quality remediation faces unprecedented challenges from 
“legacy phosphorus.” Environ. Sci. Technol. 47:8997–8998. doi:10.1021/
es403160a

Jarvie, J.P., A.N. Sharpley, P.J.A. Withers, J.T. Scott, B.E. Haggard, and C. Neal. 
2013b. Phosphorus mitigation to control river eutrophication: Murky 
waters, inconvenient truths, and “postnormal” science. J. Environ. Qual. 
42:295–304. doi:10.2134/jeq2012.0085

Jarvie, H.P., D.R. Smith, L.R. Norton, F. Edwards, M.J. Bowes, S.M. King, P. 
Scarlett, S. Davies, R. Dils, and N. Bachiller-Jareno. 2018. Phosphorus 
and nitrogen limitation and impairment of headwater streams relative to 
rivers in Great Britain: A national perspective on eutrophication. Sci. Total 
Environ. 621:849–862. doi:10.1016/j.scitotenv.2017.11.128

Jin, K.R., N.B. Chang, Z.G. Ji, and R.T. James. 2011. Hurricanes affect the 
sediment and environment in Lake Okeechobee. Crit. Rev. Environ. Sci. 
Technol. 41(S1):382–394. doi:10.1080/10643389.2010.531222

Joosse, P.J., and D.B. Baker. 2011. Context for re-evaluating agricultural source 
phosphorus loadings to the Great Lakes. Can. J. Soil Sci. 91:317–327. 
doi:10.4141/cjss10005

Kalcic, M., C. Kirchhoff, N. Bosch, R.L. Muenich, M. Murray, J.G. Gardner, and 
D. Scavia. 2016. Engaging stakeholders to define feasible and desirable 
agricultural conservation in western Lake Erie watersheds. Environ. Sci. 
Technol. 50(15):8135–8145. doi:10.1021/acs.est.6b01420

Kane, D.L., and J. Stein. 1983. Water movement into seasonally frozen soils. 
Water Resour. Res. 19:1547–1557. doi:10.1029/WR019i006p01547

Khare, Y., G.M. Naja, G.A. Stainback, C.J. Martinez, R. Paudel, and T. Van 
Lent. 2019. A phased assessment of restoration alternatives to achieve 
phosphorus water quality targets for Lake Okeechobee, Florida, USA. 
Water 11:327. doi:10.3390/w11020327

Kieta, K.A., P.N. Owens, D.A. Lobb, J.A. Vanrobaeys, and D.N. Flaten. 2018. 
Phosphorus dynamics in vegetated buffer strips in cold climates: A review. 
Environ. Rev. 26:255–272. doi:10.1139/er-2017-0077

King, K.W., M.R. Williams, G.A. LaBarge, D.R. Smith, J.M. Reutter, E.W. 
Duncan, and L.A. Pease. 2018. Addressing agricultural phosphorus loss in 
artificially drained landscapes with 4R nutrient management practices. J. 
Soil Water Conserv. 73:35–47. doi:10.2489/jswc.73.1.35

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. 2015. Phosphorus transport in 
agricultural subsurface drainage: A review. J. Environ. Qual. 44:467–485. 
doi:10.2134/jeq2014.04.0163

Kladivko, E.J., J.R. Frankenberger, D.B. Jaynes, D.W. Meek, B.J. Jenkinson, and 
N.R. Fausey. 2004. Nitrate leaching to subsurface drains as affected by 
drain spacing and changes in crop production system. J. Environ. Qual. 
33:1803–1813. doi:10.2134/jeq2004.1803

Kleinman, P.J.A., A.L. Allen, B.A. Needelman, A.N. Sharpley, P.A. Vadas, L.S. 
Saporito, G.J. Folmar, and R.B. Bryant. 2007. Dynamics of phosphorus 
transfers from heavily manured coastal plain soils to drainage ditches. J. 
Soil Water Conserv. 62(4):225–235.

Kleinman, P.J.A., R.M. Fanelli, R.M. Hirsch, A.R. Buda, Z. Easton, L. Wainger, 
C. Brosch, M. Lowenfish, A. Collick, A. Shirmohammadi, K. Boomer, 
J. Hubbart, R.B. Bryant, and G. Shenk. 2019. Phosphorus and the 
Chesapeake Bay: Lingering issues and emerging concerns for agriculture. 
J. Environ Qual. doi:10.2134/jeq2019.03.0112

Kleinman, P.J.A., A.N. Sharpley, P.J.A. Withers, L. Bergström, L.T. Johnson, and 
D.G. Doody. 2015. Implementing agricultural phosphorus science and 
management to combat eutrophication. Ambio 44(Suppl. 2):297–310. 
doi:10.1007/s13280-015-0631-2

Kleinman, P.J.A., S. Spiegal, J.R. Rigby, S.G. Goslee, J.M. Baker, B.T. Bestelmeyer, 
R.K. Boughton, R.B. Bryant, M.A. Cavigelli, J.D. Derner, E.W. Duncan, 
D.C. Goodrich, D.R. Huggins, K.W. King, M.A. Liebig, M.A. Locke, S.B. 
Mirsky, G.E. Moglen, T.B. Moorman, F.B. Pierson, G.P. Robertson, E.J. 
Sadler, J.S. Shortle, J.L. Steiner, T.C. Strickland, H.M. Swain, T. Tsegaye, 
M.R. Williams, and C.L. Walthall. 2018. Advancing the sustainability of 
US agriculture through long-term research. J. Environ. Qual. 47:1412–
1425. doi:10.2134/jeq2018.05.0171

Kokulan, V., M.L. Macrae, G.A. Ali, and D.A. Lobb. 2019. Hydroclimatic controls on 
runoff activation in an artificially drained, near‐level Vertisolic clay landscape in 
a prairie climate. Hydrol. Process. 33:602–615. doi:10.1002/hyp.13347

Lam, W.V., M.L. Macrae, M.C. English, I.P. O’Halloran, and Y. Wang. 2016. 
Effect of tillage practices on phosphorus transport in tile drain effluent 
under sandy loam agricultural soils in Ontario, Canada. J. Great Lakes Res. 
42(6):1260–1270. doi:10.1016/j.jglr.2015.12.015

Lemunyon, J.L., and R.G. Gilbert. 1993. The concept and need for a phosphorus 
assessment tool. J. Prod. Agric. 6:483–486. doi:10.2134/jpa1993.0483

Liu, J., J.A. Elliot, H.F. Wilson, and H.M. Baulch. 2019. Impacts of soil 
phosphorus drawdown on snowmelt and rainfall runoff water quality. J. 
Environ. Qual. 48:803–812 doi:10.2134/jeq2018.12.0437

Liu, J., P.J.A. Kleinman, H. Aronsson, M. Bechmann, D.B. Beegle, R.B. Bryant, 
D. Flaten, H. Liu, R.W. McDowell, T.P. Robinson, A.N. Sharpley, and T.L. 
Veith. 2018. Winter manure management guidelines to reduce off-site 
nutrient losses: A global review. Ambio. doi:10.1007/s13280-018-1012-4.

Maccoux, M.J., A. Dove, S.M. Backus, and D.M. Dolan. 2016. Total and reactive 
phosphorus loadings to Lake Erie: A detailed accounting by year, basin, 
country, and tributary. J. Great Lakes Res. 42:1151–1165. doi:10.1016/j.
jglr.2016.08.005

Macrae, M.L., M.C. English, S.L. Schiff, and M. Stone. 2007. Capturing temporal 
variability for estimates of annual hydrochemical export from a first-order 
agricultural catchment in southern Ontario, Canada. Hydrol. Processes 
21:1651–1663. doi:10.1002/hyp.6361

Macrae, M.L., M.C. English, S.L. Schiff, and M. Stone. 2010. Influence of 
antecedent hydrologic conditions on patterns of hydrochemical export 
from a first-order agricultural watershed in southern Ontario, Canada. J. 
Hydrol. 389:101–110. doi:10.1016/j.jhydrol.2010.05.034

Maguire, R.O., D.A. Crouse, and S.C. Hodges. 2007. Diet modification to 
reduce phosphorus surpluses: A mass balance approach. J. Environ. Qual. 
36:1235–1240. doi:10.2134/jeq2006.0551

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

Michalak, A.M., E.J. Anderson, D. Beletsky, S. Boland, N.S. Bosch, T.B. 
Bridgeman, J.D. Chaffin, K. Cho, R. Confesor, I. Daloğlu, and J.V. DePinto. 
2013. Record-setting algal bloom in Lake Erie caused by agricultural and 
meteorological trends consistent with expected future conditions. Proc. 
Natl. Acad. Sci. USA 110(16):6448–6452. doi:10.1073/pnas.1216006110

Miller, W.D., L.W. Harding, Jr, and J.E. Adolf. 2006. Hurricane Isabel generated 
an unusual fall bloom in Chesapeake Bay. Geophysical Res. Lett. 33. 
doi:10.1029/2005GL025658

Moyer, D.L., and J.D. Blomquist. 2017. Summary of nitrogen, phosphorus, 
suspended-sediment loads and trends measured at the Chesapeake Bay 
Nontidal Network stations: Water year 2016 update. USGS. https://cbrim.
er.usgs.gov/data/NTN%20Load%20and%20Trend%20Summary%20
2016_Combined.pdf (accessed 20 Dec. 2017).

Muñoz-Carpena, R., A. Ritter, and Y.C. Li. 2005. Dynamic factor analysis of 
groundwater quality trends in an agricultural area adjacent to Everglades 
National Park. J. Contam. Hydrol. 80(1-2):49–70. doi:10.1016/j.
jconhyd.2005.07.003

Najjar, R.G., C.R. Pyke, M.B. Adams, D. Breitburg, C. Hershner, M. Kemp, 
R. Howarth, M.R. Mulholland, M. Paolisso, D. Secor, and K. Sellner. 
2010. Potential climate-change impacts on the Chesapeake Bay. Estuarine 
Coastal Shelf Sci. 86(1):1–20. doi:10.1016/j.ecss.2009.09.026

Needelman, B.A., W.J. Gburek, G.W. Peterson, A.N. Sharpley, and P.J.A. 
Kleinman. 2004. Surface runoff along two agricultural hillslopes with 
contrasting soils. Soil Sci. Soc. Am. J. 68:914–923. doi:10.2136/
sssaj2004.9140

Newman, S., and K. Pietro. 2001. Phosphorus storage and release in response 
to flooding: Implications for Everglades stormwater treatment areas. Ecol. 
Eng. 18:23–38. doi:10.1016/S0925-8574(01)00063-5

Ockenden, M.C., M.J. Hollaway, K.J. Beven, A.L. Collins, R. Evans, P.D. Falloon, 
K.J. Forber, K.M. Hiscock, R. Kahana, C.J.A. Macleod, and W. Tych. 2017. 
Major agricultural changes required to mitigate phosphorus losses under 
climate change. Nat. Commun. 8:161. doi:10.1038/s41467-017-00232-0

Osmond, D., A. Sharpley, C. Bolster, M. Cabrera, S. Feagley, B. Lee, C. Mitchell, 
R. Mylavarapu, L. Oldham, F. Walker, and H. Zhang. 2012. Comparing 
phosphorus indices from twelve southern US states against monitored 
phosphorus loads from six prior southern studies. J. Environ. Qual. 
41(6):1741–1749. doi:10.2134/jeq2012.0013

Plach, J., W. Pluer, M. Macrae, M. Kompanizare, K. McKague, R. Carlow, and 
R. Brunke. 2019. Agricultural edge-of-field phosphorus losses in Ontario, 
Canada: Implications of the nongrowing season in cold regions. J. Environ. 
Qual. 48:813–821. doi:10.2134/jeq2018.11.0418

Poikane, S., G. Phillips, S. Birk, G. Free, M.G. Kelly, and N.J. Willby. 2019. 
Deriving nutrient criteria to support “good” ecological status in European 
lakes: An empirically based approach to linking ecology and management. 
Sci. Total Environ. 650:2074–2084. doi:10.1016/j.scitotenv.2018.09.350

https://doi.org/10.2134/jeq2016.07.0248
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.1021/es403160a
https://doi.org/10.1021/es403160a
https://doi.org/10.2134/jeq2012.0085
https://doi.org/10.1016/j.scitotenv.2017.11.128
https://doi.org/10.1080/10643389.2010.531222
https://doi.org/10.4141/cjss10005
https://doi.org/10.1021/acs.est.6b01420
https://doi.org/10.1029/WR019i006p01547
https://doi.org/10.3390/w11020327
https://doi.org/10.1139/er-2017-0077
https://doi.org/10.2489/jswc.73.1.35
https://doi.org/10.2134/jeq2014.04.0163
https://doi.org/10.2134/jeq2004.1803
http://dx.doi.org/jeq2019.03.0112
https://doi.org/10.1007/s13280-015-0631-2
https://doi.org/10.2134/jeq2018.05.0171
https://doi.org/10.1002/hyp.13347
https://doi.org/10.1016/j.jglr.2015.12.015
https://doi.org/10.2134/jpa1993.0483
https://doi.org/10.2134/jeq2018.12.0437
https://doi.org/10.1016/j.jglr.2016.08.005
https://doi.org/10.1016/j.jglr.2016.08.005
https://doi.org/10.1002/hyp.6361
https://doi.org/10.1016/j.jhydrol.2010.05.034
https://doi.org/10.2134/jeq2006.0551
https://doi.org/10.2134/jeq2009.0108
https://doi.org/10.1073/pnas.1216006110
https://doi.org/10.1029/2005GL025658
https://cbrim.er.usgs.gov/data/NTN%20Load%20and%20Trend%20Summary%202016_Combined.pdf
https://cbrim.er.usgs.gov/data/NTN%20Load%20and%20Trend%20Summary%202016_Combined.pdf
https://cbrim.er.usgs.gov/data/NTN%20Load%20and%20Trend%20Summary%202016_Combined.pdf
https://doi.org/10.1016/j.jconhyd.2005.07.003
https://doi.org/10.1016/j.jconhyd.2005.07.003
https://doi.org/10.1016/j.ecss.2009.09.026
https://doi.org/10.2136/sssaj2004.9140
https://doi.org/10.2136/sssaj2004.9140
https://doi.org/10.1016/S0925-8574(01)00063-5
https://doi.org/10.1038/s41467-017-00232-0
https://doi.org/10.2134/jeq2012.0013
https://doi.org/10.2134/jeq2018.11.0418
https://doi.org/10.1016/j.scitotenv.2018.09.350


Journal of Environmental Quality	 1189

Powers, S.M., T.W. Bruulsema, T.P. Burt, N.I. Chan, J.J. Elser, P.M. Haygarth, 
N.J. Howden, H.P. Jarvie, Y. Lyu, H.M. Peterson, and A.N. Sharpley. 2016. 
Long-term accumulation and transport of anthropogenic phosphorus in 
three river basins. Nat. Geosci. 9(5):353–356. doi:10.1038/ngeo2693

Radcliffe, D.E., D.K. Reir, K. Blomback, C.G. Bolster, A.S. Collick, Z.M. 
Easton, W. Francesconi, D.R. Fuka, H. Johnsson, K. King, M. Larsbo, 
M.A. Youssef, A.S. Mulkey, N.O. Nelson, K. Persson, J.J. Ramirez-
Avila, F. Schmieder, and D.R. Smith. 2015. Applicability of models to 
predict phosphorus losses in drained fields: A Review. J. Environ. Qual. 
44(2):614–628. doi:10.2134/jeq2014.05.0220

Ranjan, P., C.B. Wardropper, F.R. Eanes, S.M.W. Reddy, S.C. Harden, Y.J. 
Masuda, and L.S. Prokopy. 2019. Understanding barriers and opportunities 
for adoption of conservation practices on rented farmland in the US. Land 
Use Policy 80:214–223. doi:10.1016/j.landusepol.2018.09.039

Rattan, K.J., J.C. Corriveau, R.B. Brua, J.M. Culp, A.G. Yates, and P.A. 
Chambers. 2017. Quantifying seasonal variation in total phosphorus and 
nitrogen from prairie streams in the Red River basin, Manitoba Canada. 
Sci. Total Environ. 575:649–659. doi:10.1016/j.scitotenv.2016.09.073

Reckhow, K.H., P.E. Norris, R.J. Budell, D.M. Di Toro, J.N. Galloway, H. 
Greening, A.N. Sharpley, A. Shirmhhammadi, and P.E. Stacey. 2011. 
Achieving nutrient and sediment reduction goals in the Chesapeake 
Bay: An evaluation of program strategies and implementation. National 
Academies Press, Washington, DC.

Reimer, A.P., and L.S. Prokopy. 2014. Farmer participation in US Farm Bill 
conservation programs. Environ. Manage. 53(2):318–332. doi:10.1007/
s00267-013-0184-8

Reimer, A.P., A.W. Thompson, and L.S. Prokopy. 2012a. The multidimensional 
nature of environmental attitudes among farmers in Indiana: Implications 
for conservation adoption. Agric. Human Values 29:29–40. doi:10.1007/
s10460-011-9308-z

Reimer, A.P., D.K. Weinkauf, and L.S. Prokopy. 2012b. The influence of 
perceptions of practice characteristics: An examination of agricultural best 
management practice adoption in two Indiana watersheds. J. Rural Stud. 
28:118–128. doi:10.1016/j.jrurstud.2011.09.005

Richards, R.P., D.B. Baker, and K.P. Crumrine. 2009. Improved water quality in 
Ohio tributaries to Lake Erie: A consequence of conservation practices. J. 
Soil Water Conserv. 64:200–211. doi:10.2489/jswc.64.3.200

Richards, R.P., D.B. Baker, J.P. Crumrine, J.W. Kramer, D.E. Ewing, and B.J. 
Merryfield. 2008. Thirty-year trends in suspended sediment in seven Lake Erie 
tributaries. J. Environ. Qual. 37(5):1894–1908. doi:10.2134/jeq2007.0590

Robertson, D.M. 1997. Regionalized loads of sediment and phosphorus to Lakes 
Michigan and Superior: High flow and long-term average. J. Great Lakes 
Res. 23:416–439. doi:10.1016/S0380-1330(97)70923-7

Roper, W.R., D.L. Osmond, J.L. Heitman, M.G. Wagger, and S.C. Reberg-
Horton. 2017. Soil health indicators do not differentiate among agronomic 
management systems in North Carolina soils. Soil Sci. Soc. Am. J. 81:828–
843. doi:10.2136/sssaj2016.12.0400

Ross, J.A., M.E. Herbert, S.P. Sowa, J.R. Frankenberger, K.K. King, S.F. 
Christopher, J.L. Tank, J.G. Arnold, M.J. White, and H. Yen. 2016. A 
synthesis and comparative evaluation of factors influences the effectiveness 
of drainage water management. Agric. Water Manage. 178:366–376. 
doi:10.1016/j.agwat.2016.10.011

Ross, J.Z., and S. Omelon. 2018. Canada: Playing catch-up on phosphorus 
policy. Facets 3:642–664. doi:10.1139/facets-2017-0105

Roy, D., H.D. Venema, S. Barg, and B. Oborne. 2007. Lake Winnipeg 
management options: Lake science and lessons from international best 
practices. International Institute for Sustainable Development, Winnipeg. 
MB, Canada.

Saha, A.K., S. Saha, J. Sadle, J. Jiang, M.S. Ross, R.M. Price, L.S. Sternberg, and 
K.S. Wendelberger. 2011. Sea level rise and south Florida coastal forests. 
Clim. Change 107:81–108. doi:10.1007/s10584-011-0082-0

Schindler, D.W. 1977. The evolution of phosphorus limitation in lakes. Science 
195:260–262. doi:10.1126/science.195.4275.260

Schindler, D.W., R.E. Hecky, and G.K. McCullough. 2012. The rapid 
eutrophication of Lake Winnipeg: Greening under global change. J. Great 
Lakes Res. 38(Suppl. 3):6–13. doi:10.1016/j.jglr.2012.04.003

Schoumans, O.F., F. Bouraoui, C. Kabbe, O. Oenema, and K.C. van Dijk. 2015. 
Phosphorus management in Europe in a changing world. Ambio 44(Suppl. 
2):180–192. doi:10.1007/s13280-014-0613-9

Sharpley, A. 2018. The drive to improve water quality via conservation adoption: 
Who’s at the wheel and where are we headed? Agric. Environ. Lett. 
3:180041. doi:10.2134/ael2018.08.0041

Sharpley, A.N., D. Beegle, C. Bolster, L. Good, B. Joern, Q. Ketterings, J. Lory, R. 
Mikkelsen, D. Osmond, and P. Vadas. 2012. Phosphorus indices: Why we 
need to take stock of how we are doing. J. Environ. Qual. 41:1711–1719. 
doi:10.2134/jeq2012.0040

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., H. Jarvie, D. Flaten, and P. Kleinman. 2018. Celebrating the 
350th anniversary of phosphorus discovery: A conundrum of deficiency 
and excess. J. Environ. Qual. 47:774–777. doi:10.2134/jeq2018.05.0170

Sharpley, A., P. Kleinman, H. Jarvie, and D. Flaten. 2016. Distant views and 
local realities: The limits of global assessments to restore the fragmented 
phosphorus cycle. Agric. Environ. Lett. 1:160024. doi:10.2134/
ael2016.07.0024

Sharpley, A.N., P.J.A. Kleinman, P. Jordan, L. Bergstrom, and A.L. Allen. 2009. 
Evaluating the success of phosphorus management from field to watershed. 
J. Environ. Qual. 38:1981–1988. doi:10.2134/jeq2008.0056

Sharpley, A.N., J.L. Weld, D.B. Beegle, P.J.A. Kleinman, W.J. Gburek, P.A. 
Moore, Jr., and G. Mullins. 2003. Development of phosphorus indices for 
nutrient management planning strategies in the United States. J. Soil Water 
Conserv. 58(3):137–152.

Shook, K., and J. Pomeroy. 2012. Changes in the hydrological character of rainfall 
on the Canadian Prairies. Hydrol. Processes 26:1752–1766. doi:10.1002/
hyp.9383

Shortle, J., and R.D. Horan. 2017. Nutrient pollution: A wicked challenge for 
economic instruments. Water Econ. Policy 3:1650033. doi:10.1142/
S2382624X16500338

Smit, A.L., J.C. van Middelkoop, W. van Dijk, and H. van Reuler. 2015. A 
substance flow analysis of phosphorus in the food production, processing 
and consumption systems of the Netherlands. Nutr. Cycling Agroecosyst. 
103:1–13. doi:10.1007/s10705-015-9709-2

Smith, D.R., R.D. Harmel, M. Williams, R. Haney, and K.W. King. 2016. 
Managing acute phosphorus loss with fertilizer source and placement: Proof 
of concept. Agric. Environ. Lett. 1:150015. doi:10.2134/ael2015.12.0015

Smith, D.R., C. Huang, and R.L. Haney. 2017. Phosphorus fertilization, soil 
stratification, and potential water quality impacts. J. Soil Water Conserv. 
72(5):417–424. doi:10.2489/jswc.72.5.417

Smith, D.R., K.W. King, L. Johnson, W. Francesconi, P. Richards, D. Baker, 
and A.N. Sharpley. 2015a. Surface runoff and tile drainage transport of 
phosphorus in the midwestern United States. J. Environ. Qual. 44:495–
502. doi:10.2134/jeq2014.04.0176

Smith, D.R., K.W. King, and M.R. Williams. 2015b. What is causing the 
harmful algal blooms in Lake Erie. J. Soil Water Conserv. 70:27A–29A. 
doi:10.2489/jswc.70.2.27A

Smith, D.R., and S.J. Livingston. 2013. Managing farmed closed depressional 
areas using blind inlets to minimize phosphorus and nitrogen loss. Soil Use 
Manage. 29:94–102. doi:10.1111/j.1475-2743.2012.00441.x

Smith, D.R., S.J. Livingston, B.W. Zuercher, M. Larose, G.C. Heathman, and C. 
Huang. 2008. Nutrient losses from row crop agriculture in Indiana. J. Soil 
Water Conserv. 63:396–409. doi:10.2489/jswc.63.6.396

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

Smith, K.R. 2015. Assessing the relationship between soil health and water 
quality in the St. Joseph river watershed. Master’s thesis, Purdue University. 
https://docs.lib.purdue.edu/dissertations/AAI1603120/.

Soil Health Institute. 2016. Improving soil quality through soil health. https://
soilhealthinstitute.org/wp-content/uploads/2016/11/case-summary-
water-final-101316.pdf (accessed 10 Mar. 2019).

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

Tiessen, K.D.H., J.A. Elliott, M. Stainton, J. Yarotski, D.N. Flaten, and D.A. 
Lobb. 2011. The effectiveness of small-scale headwater storage dams and 
reservoirs on stream water quality and quantity in the Canadian Prairies. J. 
Soil Water Conserv. 66:158–171. doi:10.2489/jswc.66.3.158

Ulen, B., M. Bechmann, L. Oygarden, and K. Kyllmar. 2012. Soil erosion in 
Nordic countries: Future challenges and research needs. Acta Agric. Scand. 
Sect. B 62(Suppl. 2):176–184.

Ulrich-Schad, J.D., S. Garcia de Jalon, N. Babin, A. Pape, and L.S. Prokopy. 2017. 
Measuring and understanding agricultural producers’ adoption of nutrient 
best management practices. J. Soil Water Conserv. 72(5):506–518. 
doi:10.2489/jswc.72.5.506

USDA Natural Resources Conservation Service. 2011a. Assessment of the 
effects of conservation practices on cultivated cropland in the Chesapeake 
Bay region. USDA. https://www.nrcs.usda.gov/Internet/FSE_
DOCUMENTS/stelprdb1042076.pdf (accessed 10 Mar. 2019).

https://doi.org/10.1038/ngeo2693
https://doi.org/10.2134/jeq2014.05.0220
https://doi.org/10.1016/j.landusepol.2018.09.039
https://doi.org/10.1016/j.scitotenv.2016.09.073
https://doi.org/10.1007/s00267-013-0184-8
https://doi.org/10.1007/s00267-013-0184-8
https://doi.org/10.1007/s10460-011-9308-z
https://doi.org/10.1007/s10460-011-9308-z
https://doi.org/10.1016/j.jrurstud.2011.09.005
https://doi.org/10.2489/jswc.64.3.200
https://doi.org/10.2134/jeq2007.0590
https://doi.org/10.1016/S0380-1330(97)70923-7
https://doi.org/10.2136/sssaj2016.12.0400
https://doi.org/10.1016/j.agwat.2016.10.011
https://doi.org/10.1139/facets-2017-0105
https://doi.org/10.1007/s10584-011-0082-0
https://doi.org/10.1126/science.195.4275.260
https://doi.org/10.1016/j.jglr.2012.04.003
https://doi.org/10.1007/s13280-014-0613-9
http://dx.doi.org/10.2134/ael2018.08.0041
https://doi.org/10.2134/jeq2012.0040
https://doi.org/10.2134/jeq2013.03.0098
https://doi.org/10.2134/jeq2018.05.0170
http://dx.doi.org/10.2134/ael2016.07.0024
http://dx.doi.org/10.2134/ael2016.07.0024
https://doi.org/10.2134/jeq2008.0056
https://doi.org/10.1002/hyp.9383
https://doi.org/10.1002/hyp.9383
https://doi.org/10.1142/S2382624X16500338
https://doi.org/10.1142/S2382624X16500338
https://doi.org/10.1007/s10705-015-9709-2
http://dx.doi.org/10.2134/ael2015.12.0015
https://doi.org/10.2489/jswc.72.5.417
https://doi.org/10.2134/jeq2014.04.0176
https://doi.org/10.2489/jswc.70.2.27A
https://doi.org/10.1111/j.1475-2743.2012.00441.x
https://doi.org/10.2489/jswc.63.6.396
https://doi.org/10.2489/jswc.73.1.48
https://docs.lib.purdue.edu/dissertations/AAI1603120
https://soilhealthinstitute.org/wp-content/uploads/2016/11/case-summary-water-final-101316.pdf
https://soilhealthinstitute.org/wp-content/uploads/2016/11/case-summary-water-final-101316.pdf
https://soilhealthinstitute.org/wp-content/uploads/2016/11/case-summary-water-final-101316.pdf
https://doi.org/10.2134/jeq2009.0219
https://doi.org/10.2489/jswc.66.3.158
https://doi.org/10.2489/jswc.72.5.506
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1042076.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1042076.pdf


1190	 Journal of Environmental Quality 

USDA Natural Resources Conservation Service. 2011b. Assessment of the effects 
of conservation practices on cultivated cropland in the Great Lakes region. 
USDA. https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/
stelprdb1045480.pdf (accessed 10 Mar. 2019).

USDA Natural Resources Conservation Service. 2011c. Restoring soil health and 
function for cleaner water. USDA. https://www.nrcs.usda.gov/Internet/
FSE_DOCUMENTS/nrcs144p2_030973.pdf (accessed 10 Mar. 2019).

USDA Natural Resources Conservation Service. 2018. Recommended soil 
health indicators and associated laboratory procedures. Soil Health 
Technical Note No. SH-XX.USDA, Washington, DC.

US Office of Management and Budget. 2017. Chesapeake Bay restoration 
spending crosscut. Report to Congress. https://www.whitehouse.gov/
sites/whitehouse.gov/files/omb/legislative/reports/2017_chesapeake_
bay_crosscut.pdf (accessed 10 Mar. 2019).

van Dijk, K.C., J.P. Lesschen, and O. Onema. 2016. Phosphorus flows and 
balances of the European Union member states. Sci. Total Environ. 
542:1078–1093. doi:10.1016/j.scitotenv.2015.08.048

Van Esbroeck, C.J., M.L. Macrae, R.R. Brunke, and K. McKague. 2017. Surface 
and subsurface phosphorus export from agricultural fields during peak 
flow events over the nongrowing season in regions with cool, temperate 
climates. J. Soil Water Conserv. 72:65–76. doi:10.2489/jswc.72.1.65

VȨȨnȨnen, R., M. Nieminen, M. Vuollekoski, and H. Ilvesniemi. 2006. 
Retention of phosphorus in soil and vegetation of a buffer zone area during 
snowmelt peak flow in southern Finland. Water Air Soil Pollut. 177:103–
118. doi:10.1007/s11270-006-9106-1

Verma, S., R. Bhattarai, N.S. Bosch, R.C. Cooke, P.K. Kalita, and M. Markus. 
2015. Climate change impacts on flow, sediment and nutrient export 
in a Great Lakes watershed using SWAT. Clean: Soil, Air, Water 
43(11):1464–1474.

Vollmer-Sanders, C., A. Allman, D. Busdeker, L.B. Moody, and W.G. Stanley. 
2016. Building partnerships to scale up conservation: 4R Nutrient 
Stewardship Certification Program in the Lake Erie watershed. J. Great 
Lakes Res. 42(6):1395–1402. doi:10.1016/j.jglr.2016.09.004

Voora, V., M. McCandless, D. Roy, H.D. Venema, B. Osborne, and R. Grossman. 
2009. Water quality trading in the Lake Winnipeg Basin: A multi-
level trading system architecture. International Institute for Sustainable 
Development. https://www.iisd.org/sites/default/files/publications/
water_quality_trading_lake_wpg_basin.pdf (accessed 18 July 2019).

Wang, L., D. Flanagan, Z. Wang, and K. Cherkauer. 2018. Climate change 
impacts on nutrient losses of two watersheds in the Great Lakes region. 
Water 10:442. doi:10.3390/w10040442

Whitehead, P.G., R.L. Wilby, R.W. Battarbee, M. Kernan, and A.J. Wade. 2009. 
A review of the potential impacts of climate change on surface water 
quality. Hydrol. Sci. J. 54:101–123. doi:10.1623/hysj.54.1.101

Williams, M.R., K.W. King, and N.R. Fausey. 2015. Drainage water management 
effects on tile discharge and water quality. Agric. Water Manage. 148:43–
51. doi:10.1016/j.agwat.2014.09.017

Wilson, R.S., M.A. Beetstra, J.M. Reutter, G. Hesse, K.M. DeVanna Fussel, L.T. 
Johnson, K.W. King, G.A. Labarge, J.F. Martin, and C. Winslow. 2019. 
Commentary: Achieving phosphorus reduction targets for Lake Erie. J. 
Great Lakes Res. 45:4–11. doi:10.1016/j.jglr.2018.11.004

Wilson, R.S., G. Howard, and E.A. Burnett. 2014. Improving nutrient 
management practices in agriculture: The role of risk-based beliefs in 
understanding farmers’ attitudes toward taking additional action. Water 
Resour. Res. 50:6735–6746.

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. 48:6523–6530. doi:10.1021/
es501670j

Zhang, J., R.T. James, and P. McCormick. 2008. Lake Okeechobee protection 
program: State of the lake and watershed. In: 2008 South Florida 
environmental report. South Florida Water Management District, West 
Palm Beach. Chapter 10.

Zhang, Q., D.C. Brady, and W.P. Ball. 2013. Long-term seasonal trends of 
nitrogen, phosphorus, and suspended sediment load from the non-tidal 
Susquehanna River basin to Chesapeake Bay. Sci. Total Environ. 452–
453:208–221. doi:10.1016/j.scitotenv.2013.02.012

Zhang, W., R.S. Wilson, E. Burnett, E.G. Irwin, and J.F. Martin. 2016. What 
motivates farmers to apply phosphorus at the “right” time? Survey evidence 
from the Western Lake Erie basin. J. Great Lakes Res. 42:1343–1356. 
doi:10.1016/j.jglr.2016.08.007

Zhu, J.C., C.J. Gantzer, S.H. Anderson, E.E. Alberts, and P.R. Beuselinck. 
1989. Runoff, soil, and dissolved nutrient losses from no-till soybean with 
winter cover crops. Soil Sci. Soc. Am. J. 53:1210–1214. doi:10.2136/
sssaj1989.03615995005300040037x

Zobeck, T.M., and A. Ritchie, Jr. 1984. Relation of water table depth and soil 
morphology in two clay-rich soils of northwestern Ohio. Ohio J. Sci. 
84:228–236.

https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1045480.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1045480.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs144p2_030973.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs144p2_030973.pdf
https://www.whitehouse.gov/sites/whitehouse.gov/files/omb/legislative/reports/2017_chesapeake_bay_crosscut.pdf
https://www.whitehouse.gov/sites/whitehouse.gov/files/omb/legislative/reports/2017_chesapeake_bay_crosscut.pdf
https://www.whitehouse.gov/sites/whitehouse.gov/files/omb/legislative/reports/2017_chesapeake_bay_crosscut.pdf
https://doi.org/10.1016/j.scitotenv.2015.08.048
https://doi.org/10.2489/jswc.72.1.65
https://doi.org/10.1007/s11270-006-9106-1
https://doi.org/10.1016/j.jglr.2016.09.004
https://www.iisd.org/sites/default/files/publications/water_quality_trading_lake_wpg_basin.pdf
https://www.iisd.org/sites/default/files/publications/water_quality_trading_lake_wpg_basin.pdf
https://doi.org/10.3390/w10040442
https://doi.org/10.1623/hysj.54.1.101
https://doi.org/10.1016/j.agwat.2014.09.017
https://doi.org/10.1016/j.jglr.2018.11.004
https://doi.org/10.1021/es501670j
https://doi.org/10.1021/es501670j
https://doi.org/10.1016/j.scitotenv.2013.02.012
https://doi.org/10.1016/j.jglr.2016.08.007
https://doi.org/10.2136/sssaj1989.03615995005300040037x
https://doi.org/10.2136/sssaj1989.03615995005300040037x

