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Abstract
Given the expansion of eutrophication in water bodies around the world, the improved manage-
ment of manure to mitigate phosphorus (P) losses to water has become a global concern. This 
chapter seeks to frame manure management strategies and practices to minimize P losses to water, 
with a focus on manure properties, land application, farmstead infrastructure, and farming sys-
tems. Although many options exist to better manage manure, and, more specifically, P in manure, 
doing so requires comprehensive approaches that consider factors far beyond the direct handling 
of manure and require decisions that may compete or conflict with other priorities, most notably 
profits and time management.

Eutrophication is the most pervasive concern to freshwater and estuarine water 
bodies worldwide, with phosphorus (P) pollution continuing to expand the extent of 
eutrophication, its impacts on aquatic life and its disruption of the benefits of eco-
systems to humankind. No sector in agriculture has been more closely tied to the 
accelerated eutrophication of aquatic systems than animal agriculture, principally 
as a result of the generation and management of manure. Although P contributions 
from other sources, agricultural and non-agricultural alike, contribute to the spread 
of eutrophication globally, the economics and structure of animal production systems, 
both in modern times and historically, the concentration of P in manure and around 
animal production zones, and the vagaries of precisely and efficiently using manure 
resources all compound into myriad opportunities for P to be lost from animal pro-
duction systems and transferred to the aquatic environment.

Successful manure management strategies must consider aspects of animal 
production systems that, at first glance, do not appear to connect directly with on-
farm manure management practices such as handling, storage, and application. 
Just as eutrophication manifests itself in water bodies as small as farm ponds and 
as large as the Baltic Sea, P mitigation opportunities must consider manure man-
agement scales that extend well beyond the farm gate. Indeed, successful manure 
management strategies must be viewed through a comprehensive lens that con-
siders long-term factors as well as the immediate consequences of management 
decisions. Options to managers are often difficult to implement, because manure 
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is a byproduct and not the intended product of animal production and its value, 
including its potential liabilities (odor, pathogen source, stigma), require manage-
ment solutions that not only consider social and economic constraints, but take 
advantage of motivations other than P mitigation to affect change.

This chapter seeks to frame and illustrate the diversity of strategies and 
practices for manure management that constitute the state of knowledge and the 
state of the art of managing manures to minimize P losses to water, with a focus 
on manure properties, land application, farmstead infrastructure, farming sys-
tems (Fig. 1). Although examples of manure P management are considered from 
around the world, there is a noteworthy bias toward manure management in 
North America (United States and Canada). Further, this chapter does not contain 
a complete litany of available technologies, even as it strives to highlight recent 
advances and feature the many dimensions of sustainable manure management. 
Through the insertion of case studies, we hope to illustrate the opportunities and 
barriers to manure management options that mitigate P losses to water.

Systemic Factors Affecting Manure Phosphorus, 
within and among Farms

From the standpoint of manure P, it is appropriate to begin a review of manure 
management at the level of the animal production system, including not only the 

Fig. 1. Managing animal manure across scales to minimize phosphorus losses to water. 
These scales and their interactions are explored as themes of this chapter.
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farms producing the manure, but the larger networks that provide animal produc-
ers with P, be it in fertilizers, grains or forages. A systemic perspective on P cycling 
helps to differentiate factors that are under the immediate control of producers and 
those factors outside of a farmer’s capacity to manage. It is well-established that 
the specialization and intensification of modern production systems, vertical inte-
gration of certain animal industries (esp. poultry and swine), and consolidation 
of operations promoted by economies of scale, has wrought great efficiencies in 
resource flows (MacDonald and McBride, 2009). These economic efficiencies have 
promoted the uncoupling of nutrient cycles, promoting the export of nutrients 
from regions with a comparative advantage in producing feeds and forages, and 
the import of nutrients to areas with a comparative advantage in the production of 
animals (Lanyon, 2005). Approximately half of the grain produced in the United 
States is consumed by animals. Despite major improvements in balancing nutri-
ents in feeding regimes, the majority of P fed to animals is not metabolized and 
therefore destined for manure. As a result, hot spots of manure P are regularly 
found in regions with high concentrations of animal production (Fig. 2).

Although the benefits of land-applying manure are manifold, it is often diffi-
cult to directly substitute manure for synthetic, commercial fertilizers. It is bulky 
in nature, low in nutrient density, tending toward stoichiometries that are out of 
balance with crop requirements, unpredictable in nutrient availability to crops, 
malodorous, a source of pathogens, difficult to store and difficult to handle (Rib-
audo et al., 2003; Kleinman et al., 2012). Further, there is a growing number of 
nutrient management standards that mandate additional paperwork, practices and 
effort to use manure as a substitute for commercial fertilizers. As a result, manure 
nutrients are generally undervalued in comparison with commercial nutrient 

Fig. 2. Estimate of annual excretion of phosphorus in manure in 2010, by county, in the 
United States. Adapted from Jarvie et al. (2015), based on data from NuGIS (IPNI, 2012).
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fertilizers, even if their benefits to crop production are nominally appreciated by 
farmers and well-documented by science (Magdoff et al., 1997; Beegle, 2014). Unsur-
prisingly, most manure travels short distances from the barns where it is generated 
to its point of land application, with ranges of 5 to 20 km often cited as a practical 
limit (Bartelt and Bland, 2007; Hadrich et al., 2010). Well-constructed manure trans-
port programs can move some manures (e.g., poultry litter) much further, up to 250 
kg (Herron et al., 2012). If manure’s liabilities could be minimized, many oppor-
tunities can be found to substitute manure for purchased fertilizer P (Bosch and 
Napit, 1992; Carreira et al., 2007). Unfortunately, regions with the most productive 
cropland, such as the mid-western United States, manifest annual deficits in P on 
agricultural lands that are currently met by fertilizers, even as other regions reveal 
theoretical surpluses in P through local generation of manure and its human coun-
terpart, wastewater-treatment-plant biosolids (Fig. 3).

The connection of system-level variables to manure management is par-
ticularly evident in farm P budgeting, including connections between manure 
management and feed use efficiency, fertilizer management, even cropping prac-
tices (Rotz et al., 2002; Tarkalson and Mikkelsen, 2003; Plaizier et al., 2014). As 
illustrated in Fig. 4 for a variety of dairy farming systems in the United States, 
enterprise P budgets can range widely, even within a single industry. The large 
accumulations of manure P on some dairy operations reflect a combination of 
factors, from excess P in dairy rations (e.g., Knowlton et al., 2010), to lesser reli-
ance on forages raised on the farm (Ghebremichael et al., 2008), to unnecessary 
purchases of commercial P fertilizers (Ketterings et al., 2011), to an inability to 
export manure from the farm (Van Horn et al., 1994). Notably, from a whole farm 
budgeting perspective, P losses in runoff, often the driving factor behind manure 

Fig. 3. Comparison of manure and biosolid phosphorus (P) with fertilizer P demand in 2010, 
by county, in the United States. Adapted from Jarvie et al. (2015).
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management regulations, are a minor component of the overall enterprise P bal-
ances and almost negligible in dairies of arid regions, even though the impact of 
these small P losses on the water quality can be great (Sharpley et al., 2003a).

Maintaining a P balance within a farming operation is essential to preventing 
the accumulation of manure P in farm soils–now referred to as “legacy P” due to 
its role as a long-term source of P to agricultural runoff–one of the most profound 
environmental management problems facing agriculture (Sharpley et al., 2013). 
Increasingly, farm P balances have been promoted for guiding strategic decisions 
(e.g., Chaperon et al., 2007; Soberon et al., 2015), differentiating between strate-
gies that are suited to enterprises with net P surpluses (export manures, acquire 
more cropland to use the excess manure nutrients, adjust animal numbers- hence 
manure generation) and enterprises with net P deficits [targeting manure applica-
tion to fields with low soil P and potassium (K), avoiding manure application to 
legumes that don’t require the nitrogen (N)]. These farmgate assessments serve 
as an initial check on the potential for additional manure management practices, 
such as those described below, to meet production and environmental objectives.

For farming systems in which a substantial P surplus exists, manure export 
is often seen as an essential solution to on-farm accumulation of P, particularly 
if costs can be absorbed through subsidy or through value added processes that 
promote the transport of manure off-farm and, preferably, away from local hot 
spots. Increasingly, in vertically integrated industries with a high degree of stra-
tegic coordination (e.g., poultry and swine), new operations are not even designed 
to land apply manure that is produced and manure export may be required in a 
contract. Unsurprisingly, manure export programs tend to involve dry manures, 
either in the form of litters or processed manure solids, which are easier to trans-
port due to their nutrient density (see also discussion below on manure treatment 
systems). Programs to promote manure export have been very difficult to imple-
ment, particularly community programs that involve farm collectives, and, once 
implemented, equally difficult to sustain (Kleinman et al., 2012). Further, there 

Fig. 4. Enterprise budgets for phosphorus (P) in select dairy farming systems of the 
United States, showing P distribution in milk and animals sold, feed sold, environmen-
tal losses, an on-farm manure accumulation (soil build up), as a percentage of the total 
quantity of P exported from the farm. Adapted from Holly et al. (2018).
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Table 1. Key properties of manures surveyed in the Mid-Atlantic region of the United 
States. Mean values are followed with standard deviations in parentheses. Nutrient con-
centrations are expressed on a dry weight equivalent basis. Adapted from Liu et al. (2018a).

  Manure type No. of 
samples pH t Dry matter Total P WEP ‡ WEP/Total P Total Ca Total Mg

        ------------------------------------------------------ % ---------------------------------------------
Cattle, 
dairy                  

Manure – All 275 7.53 9.8 (6.8) 0.60 (0.26) 0.28 (0.13) 46.7 (20.8) 2.96 (2.42) 0.84 (0.36)

    – Liquid 29 7.39 2.3 (1.0) 0.91 (0.40) 0.31 (0.13) 34.1 (19.3) 3.95 (1.85) 1.31 (0.43)

    – Slurry 179 7.49 7.9 (1.4) 0.60 (0.20) 0.30 (0.12) 50.0 (21.1) 2.94 (2.06) 0.84 (0.30)

    – Semi-solid 46 7.58 13.1 (2.35) 0.49 (0.17) 0.23 (0.15) 46.9 (21.4) 3.15 (3.87) 0.70 (0.26)

    – Solid 21 7.71 29.5 (6.90) 0.35 (0.10) 0.16 (0.06) 45.7 (12.7) 1.40 (0.56) 0.41 (0.11)
Cattle, 
beef

Manure – All 12 n.d. 23.1 (5.4) 0.52 (0.19) 0.21 (0.13) 40.4 (15.2) 1.51 (0.55) 0.52 (0.24)

    – Semi-solid 3 n.d. 16.8 (3.9) 0.59 (0.25) 0.34 (0.18) 57.6 (13.0) 1.21 (0.16) 0.49 (0.22)

    – Solid 9 n.d. 25.2 (4.1) 0.50 (0.18) 0.17 (0.08) 34.0 (11.5) 1.61 (0.61) 0.53 (0.25)

Compost 8 n.d. 39.1 (21.6) 0.46 (0.19) 0.11 (0.04) 23.9 (12.3) 2.29 (0.89) 0.62 (0.31)

Swine, 
farrow to 
wean or 
farrow to 
feeder

Manure – All 36 6.63 3.0 (2.9) 2.68 (0.93) 0.56 (0.30) 20.9 (11.6) 4.27 (2.15) 1.75 (0.64)

    – Liquid 31 6.63 2.1 (0.9) 2.51 (0.80) 0.57 (0.33) 22.7 (12.0) 4.02 (1.50) 1.68 (0.58)

Swine, 
wean to 
finish or 
grow to 
finish

Manure – All 35 7.87 4.5 (5.9) 2.37 (0.96) 0.41 (0.19) 17.3 (14.8) 2.62 (0.95) 1.61 (0.52)

    – Liquid 24 7.98 2.0 (0.8) 2.15 (1.02) 0.42 (0.22) 19.5 (16.5) 2.44 (0.78) 1.54 (0.59)

Swine, 
mixed 
stages

Manure – All 153 7.14 7.5 (5.5) 3.58 (1.38) 0.50 (0.33) 14.0 (15.6) 7.84 (5.62) 2.27 (1.06)

    – Liquid 71 7.09 2.2 (1.1) 2.51 (0.70) 0.70 (0.40) 27.9 (16.8) 3.13 (2.56) 1.44 (0.63)

    – Slurry 21 7.66 8.0 (2.3) 3.97 (1.33) 0.38 (0.08) 9.6 (7.4) 8.01 (5.48) 2.44 (0.97)

    – Semi-solid 60 n.d. 13.2 (1.9) 4.59 (1.09) 0.32 (0.07) 7.0 (4.2) 12.78 (3.4) 3.09 (0.75)

Chicken, 
layer

Solid 30 n.d. 80.3 (11.6) 1.12 (0.66) 0.30 (0.18) 26.8 (15.4) 9.11 (2.91) 0.76 (0.49)

Compost 2 n.d. 73.7 (9.4) 2.42 (0.25) 0.51 (0.03) 21.1 (3.6) 9.57 (7.92) 0.99 (0.13)

Chicken, 
broiler

Solid 7 7.73 71.5 (8.3) 1.43 (0.36) 0.35 (0.19) 24.5 (11.5) 2.44 (0.68) 0.60 (0.14)

Compost 4 7.64 67.9 (2.3) 1.82 (0.17) 0.46 (0.08) 25.3 (6.7) 2.52 (0.19) 0.80 (0.13)

Turkey

Solid 10 n.d. 66.8 (6.0) 1.94 (0.61) 0.52 (0.13) 26.8 (6.4) 2.99 (0.99) 0.62 (0.21)

Horse

Solid 17 n.d. 41.6 (14.2) 0.49 (0.19) 0.27 (0.17) 55.1 (17.8) 1.76 (2.02) 0.43 (0.25)

  Compost 7 n.d. 46.8 (15.1) 0.54 (0.33) 0.19 (0.14) 35.2 (22.0) 1.96 (1.63) 0.58 (0.41)

t n.d. = no data

‡ WEP, water extractable phosphorus.
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is a need to ensure that exported manure is used prudently to ensure that the 
exported manure is used in a sustainable fashion (Liu et al., 2016).

Examples of community programs to promote manure transport in the 
United States, many of which have faced and sometimes succumbed to existential 
challenges, include a poultry litter pelletizing, now composting, facility in Dela-
ware (Pipkin, 2017), manure brokering within Chesapeake Bay watershed states 
(Dance, 2017), a manure-to-energy turkey litter incineration plant in Minnesota 
(MacDonald, 2006), poultry litter baling and brokering programs in Arkansas 
(O’Keefe, 2011; Herron et al., 2012), a large scale composting facility in Pennsylva-
nia (Torres, 2010), and a community anaerobic digester for dairies in Wisconsin 
(USEPA, 2015). Internationally, hopeful futures in community manure processing 
programs may be found in manure-to-energy for Finland’s dairy industry (Uuti-
set, 2018) and nutrient recovery systems being trialed by Sweden’s solid waste 
industry (EasyMining, 2018). In all cases, regulatory programs, such as those pro-
moting circular economies (Nesme and Withers, 2016), are required to ensure that 
costs associated with exporting manures from farms and processing them at com-
munity facilities do not undermine investment, development and maintenance.

Manure Properties Affecting Phosphorus Availability 
to Runoff

The connection between agricultural P and manure is profound, with ties to 
the history of modern agriculture and science alike. Phosphorus was the first 
element discovered by modern science 350 yr ago, obtained from urine, albeit 
5500 L of human urine (Sharpley et al., 2018). Bird and bat guano were once the 
major sources of fertilizer P in the 19th Century (Giaimo, 2015), as were, briefly, 
deposits of fossilized dung (Schwarcz, 2017). The relative inefficiency of verte-
brates in metabolizing P from food sources, combined with the reactive nature of 
P, enriches excreta with relatively high concentrations of the element. When these 
excreta are combined with bedding, water, and other materials to form manure, it 
is not surprising that manure characteristics vary widely (He et al., 2016).

The nutrient composition of manures (e.g., Total P, Total Ca, Total Mg in 
Table 1) can be influenced by the biology of the animal as well as by manage-
ment factors. In a survey of 140 manure samples, Kleinman et al. (2005) reported 
distinctive differences in total P by animal species when normalized on a dry 
weight basis: from a low for the major ruminant livestock (0.5% for beef cattle 
and 0.7% for dairy cattle), to higher concentrations in monogastric species (1.6% 
for broiler chickens, 2.6% for layer chickens, 2.4% for turkey, and 2.9% for swine). 
Nutrient compositions in manures are also influenced by animal diets, as well as 
by manure storage and handling processes (Rotz, 2004). For example, Toor et al. 
(2005b) reported a 40% decrease in manure P concentrations after reducing total P 
in dairy diets from 5.1 to 3.6 g kg-1. Eghball (2000) and Preusch et al. (2002) found 
that composting significantly lowered the N to P ratio in manures, as a result of 
volatilization of N at the same time that P was conserved.

As factors such as diet and manure management have changed over time, so too 
have the properties of animal manures. In fact, Liu et al. (2018a) compared properties of 
manures from the earlier survey of Kleinman et al. (2005) with properties of manures 
from the same region approximately one decade later (Table 1). They found that while 
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total P in manure of some animals (beef cattle, broiler chickens and turkeys) remained 
similar at the two points in time, total P in the manure from dairy cattle declined signif-
icantly (- 30%), as did total P in layer chicken manure (- 39%) and swine manure (- 46%). 
In part, these changes are a sign of the recognition of the need for parsimony in dietary 
P to curtail P in manure (e.g., National Research Council, 2001), in no small part due to 
efforts to educate animal producers (Applegate and Angel, 2008). Strategies to manipu-
late animal diets to affect the quantity of P include precisely managing P supplements, 
adjusting the composition of diets (Dou et al., 2002; Toor et al. 2005a, 2005b), as well 
as adding phytase to poultry and swine feed or otherwise breaking down organic P 
forms in feed (Humer et al., 2015). As monogastric animals, poultry and swine lack the 
phytase generating bacteria found in the anaerobic environment of the rumen in cattle, 
sheep and goats (Yanke et al., 1998). Phytin, or phytic-acid, is the dominant form of P 
found in corn and soybeans and must be hydrolyzed to be metabolized. The advent of 
commercial phytase in the late 1990s led to significant changes in feed formulations 
in poultry and swine diets, with well documented reductions in the total P content of 
manure as long as the phytase amendment was tied to a reduction in P supplementa-
tion (Smith et al., 2004; Applegate and Angel, 2008).

While total P in manures is an essential metric for P budgets, it is not necessar-
ily a good indicator of the immediate availability of P in land-applied manure to the 
environment (Moore et al., 1999). Water extractable P (WEP; Kleinman et al., 2007) 
has been widely used to predict the potential for land-applied manure, particularly 
manure applied to the soil surface, to directly transfer dissolved forms of P to runoff 
water (Withers et al., 2001; Kleinman et al., 2002; Brandt and Elliott, 2003). In some 
areas, WEP is used to adjust environmental recommendations for land application 
of manure (Elliott et al., 2006), and WEP is an important variable in the most sophis-
ticated computational models for P runoff (Vadas et al., 2009). Just as total P varies 
widely across animal species, so too does WEP. In the survey of Liu et al. (2018a), WEP 
ranged by an order of magnitude, with the highest average concentrations found in 
manures from turkey and swine manure, followed by chickens (layers and broilers), 
followed by dairy, beef, and horse manures (Table 1). In general, composted manures 
had lesser WEP concentrations. Water extractable P comprised 11 to 58% of total P in 
these manures and composts. Notably, Liu et al. (2018a) found WEP to be negatively 
related to the dry matter content of manures, and positively related to estimates of P 
sorption saturation (total P/[total Ca + Mg + Fe + Al + Mn]). There was also an indica-
tion that increasing pH of dairy and swine manures (from 6.6 to 8.3) reduced WEP. 
All these relationships point to opportunities to lower manure WEP concentrations 
through practices that affect manure physical and chemical traits.

A large body of literature documents the potential to reduce manure WEP 
using various metal salts, borrowing from processes in wastewater treatment 
plants. Perhaps the best accepted amendment for manures is alum (Al2(SO4)3), 
which is used in the production of over 1 billion broiler chickens in the United 
States alone. Notably, alum’s adoption by the broiler industry reflects its contri-
bution to ammonia conservation and documented improvements in the growth 
and health of housed birds (Choi and Moore, 2008). Other salts that have been tri-
aled include ferric chloride (FeCl3), ferric sulfate (FeSO4), aluminum chloride (AlCl3), 
and gypsum (CaSO4), all of which show varying potential to lower WEP in manure 
but none of which have gained widespread acceptance (Xin et al., 2011). Generally, 
a reduction in the solubility of P in manure with salt addition does not significantly 
impact P availability to crops, although the added P sorption capacity from salt 
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amendments in manure can also reduce P solubility in soils, as demonstrated by 
long-term studies with alum-treated poultry litter (Huang et al., 2016). To address 
cost, particularly when an amendment does not offer ancillary benefits that would 
improve profitability of animal production (alum has a benefit to cost ratio of 2 due 
to aforementioned improvement in chicken health; Moore et al., 2000), waste mate-
rials have often been considered (water treatment residuals rich in Al and Fe, Elliott 
et al., 2002; Ca-, Al- and Fe-rich by-products from coal-fired plants, Dou et al., 2003; 
Al and Fe residues from treatment of acid mine drainage, Adler and Sibrell, 2003). 
Notably, in liquid manures, there are acute exposure concerns associated with the 
use of amendments that include S, due to the potential generation of hydrogen sul-
fide (H2S) gas under anaerobic conditions (Fabian-Wheeler et al., 2017).

Farmstead Infrastructure
The management of manure in and around animal production facilities repre-
sents one of the greatest opportunities to control acute losses of P from animal 
production systems. Indeed, modern barns, manure handling and storage sys-
tems, and standards for barnyards and drainage system are intended to prevent 
discharges of manure and its constituents with stormwater. At the core of farm-
stead manure management strategies is the principal of efficiently isolating and 
containing manure by preventing the interaction of farmstead stormwater with 
surfaces and structures where manure is found.

Catastrophic discharges of manure can occur when infrastructure is improperly 
sited, insufficiently maintained, overwhelmed by extreme storm events, or sim-
ply fails (Ogejo, 2009). As climate change accelerates, there is a need for continuous 
reconsideration of how manure infrastructure is designed and managed (Wright et 
al., 2013). For instance, 33 swine lagoons discharged manure and six lagoons suffered 
structural damage in North Carolina as a result of rain and flooding from Hurricane 
Florence of 2018, despite major changes to the siting, design, and management of 
lagoons following in the aftermath of Hurricane Floyd in 1999 (NCDEQ, 2018).

Efforts to mitigate manure P losses to the environment due to farm infrastruc-
ture are regularly hindered by historical inertia, supported by cultural factors 
that resist change, as well as the cost of most infrastructure projects. Around the 
world, past standards (or a lack there-of) and traditional development practices 
often did not consider water quality implications, and even relied on periodic 
flooding or direct discharge to waterways as a form of manure management. As 
late as 2000, an estimated 30 to 70% of China’s animal manure was directly dis-
charged to rivers (Strokal et al., 2016). Even when direct discharge to waterways is 
not a primary factor, inadequate farmstead infrastructure can undermine water-
shed efforts to mitigate P loss. In a classic case study on this matter, Meals (1993) 
reported that barnyard improvement strategies on small, New England dairy 
farms were the most effective practice in mitigating watershed P losses and were 
essential to the success of watershed management activities around Vermont’s 
LaPlatte River. Similarly, modernization of barnyards on small dairy farms was 
a principal feature of New York City’s successful remediation of P pollution in 
watersheds serving as the source of its drinking water (USEPA, 2007).

In addition to the modernization of barnyards, a variety of filtration approaches 
have been used to treat and detain and/or retain stormwater discharge. Traditional 
practices to remove P from stormwater include vegetated filter strips, detention or 
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retention basins, and constructed wetlands (Young et al., 1980; Walker, 1987; Schwer 
and Clausen, 1989; House et al., 1994; Drizo et al., 1997). Invariably, these filters are 
overwhelmed by large volumes of stormwater flow and concentrations of P in runoff 
from farmsteads. While traditional filtration practices can be very effective in con-
trolling particulate P losses from stormwater, assuming they are not undermined 
by preferential flows (Kim et al., 2006), the capacity of traditional practices to bind 
dissolved forms of P in runoff from heavily manured sites tends to be overwhelmed 
by the process of P sorption saturation (Dillaha et al., 1988, 1989; Kleinman, 2017). 
Indeed, due to the reversibility of sorption processes, heavily P-saturated filters can 
become sources of dissolved P to runoff. In an extreme example, a constructed wet-
land used to treat feedlot runoff in Manitoba, Canada eventually became P saturated 

Fig. 5. Examples of on-farm and mobile treatment systems developed in the United 
States to recover phosphorus from liquid dairy and swine manures.
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such that total P concentrations in wetland discharge were 30% greater than concen-
trations in the feedlot runoff (Pries and McGarry, 2002).

Due to concerns related to the efficacy of traditional runoff treatment practices in 
mitigating P loss, options to filter stormwater from farmstead areas and other concen-
trated discharges (e.g., tile and ditch drainage) are growing. Most experience with P 
filtration out of stormwater with these alternatives remains in the research realm, but 
a myriad of opportunities exist to implement these systems around older farmsteads 
that were not developed with modern stormwater management standards (Klein-
man et al., 2012). For instance, Bird and Drizo (2010) describe the design of systems 
to treat milkhouse waste based on residual slag materials, with dissolved P filtration 
efficiencies up to 76%, with a maximum filter media replacement period of five to six 
months. In a review of alternative P filtration systems for nonpoint source runoff, Buda 
et al. (2012) emphasize the extremely high filtration efficiencies ( > 60%) of such sys-
tems, while Penn et al. (2017) highlight retention time and the sorption properties of 
the filter media as critical factors in determining filtration efficacy. To compensate for 
short retention times in stormwater treatment systems, Qin et al. (2018) recommend 
filter media based on Fe and Al sorption, which is more rapid than precipitation of dis-
solved P with Ca. Due to cost, most P filters proposed for agricultural settings employ 
byproduct materials from various industrial processes, although natural P sorbing 
materials have also been investigated (McDowell et al., 2008; Vohla et al., 2011; Buda et 
al., 2012), and there is interest in promoting the use of more expensive P sorbing media 
that would enable the recovery of captured P as a fertilizer product.

Another key consideration in leveraging farmstead infrastructure to mini-
mize P losses to water are manure handling and storage systems. These systems 
are a principal determinants of manure nutrient properties, particularly when 
explaining differences within individual species (Table 1). From a qualitative 
perspective, even manure management strategies aimed at N conservation (e.g., 
separating urine and feces in dairy barns) have implications to P management 
as they can substantially alter N/P, and therefore rates of land application, which 
are frequently driven by crop N demand. Further, systems that generate read-
ily-transportable manures (i.e., dry) or value-added materials (e.g., composts, 
vermicomposts) are generally needed to promote long-distance transport of 
manures from their source. However, because P is conserved across the manure 
handling and storage process, as opposed to N which may suffer significant vola-
tile losses, farm P balances are seldom impacted by handling and storage systems 
without conscientious effort to engage in manure export. Although potentially 
self-evident, this is an important distinction because technologies such as anaero-
bic digesters and solid separators are regularly promoted in watershed mitigation 
programs (e.g., Kleinman et al., 2012), but their impact on watershed P losses is dif-
ficult to enumerate without explicit ties to activities in the field or at the farmgate.

Although P recovery methods are common in municipal wastewater treat-
ment systems, fewer methods exist for livestock manure. A variety of systems 
have been developed, but their economic viability is still in question (Fig. 5). One 
of the most common approaches to P recovery from animal manures is to ‘force’ 
the formation of struvite (NH4MgPO4; Burns and Moody, 2002) by amending the 
manure with Mg, typically the limiting ion for struvite formation in manures 
and then removing the struvite. The formation of struvite is sensitive to the ratios 
of Mg, NH4, PO4, and pH, but in liquid swine manures with low solids content 
(< 2%), the struvite formed can be readily recovered using gravity settling. In one 
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laboratory demonstration, recovery of P in struvite from swine manure slurries 
was as high as 90% (Burns and Moody, 2002). However, the higher solids content 
of dairy manures interferes with the gravity settling of struvite, and so, pretreat-
ment to remove manure solids is required. One approach that has been tested 
uses a fluidized bed reactor to extract P in the form of struvite from anaerobically 
digested dairy manure liquor. Reported extraction efficiencies for this approach 
range from 60 to 80% (Fig. 5) (Washington State University, 2018).

Other manure treatment systems have been proposed that recover Ca-P com-
pounds. For instance, in South Carolina, Vanotti et al. (2005, 2010) developed a full-scale, 
two-stage system for a swine production facility that can treat raw swine manure (Fig. 
5). This system uses a nitrification bioreactor to reduce carbonate and ammonium 
buffers, followed by the addition of Ca(OH)2 to precipitate Ca–P (Vanotti et al., 2005). 
Manure solids containing about 95% of the P are collected after the treatment process 
and are exported for end uses in compost or low-solubility fertilizer. Other benefits of 
this system are the removal of odors and pathogens. Notably, many Ca-based P recov-
ery systems and anaerobic digesters generally volatilize much of the manure N content 
as they adjust pH to favor Ca-P precipitation unless recovery systems are included to 
capture NH3 off-gassed (Karunanithi et al., 2015; Garcia-Gonzales et al., 2016).

Because a substantial amount of P is found in manure solids, liquid–solid sep-
aration systems can be used to recover P, albeit in bulk forms that do not readily 
substitute for commercial fertilizers. Given the costs of bedding, recovery of manure 
solids, and composting is a common practice on many large dairies, recycling the 
associated P within the barn rather than applying it to land. Church et al. (2016, 2017) 
demonstrated that up to 60% of P could be recovered from dairy slurry with liquid–
solid separation technologies (screw press followed by centrifugation). When these 
technologies were combined with chemical treatment, up to 99% of manure P was 
recovered in various solids, leaving a liquid effluent that preserves more than 90% 
of the N in the manure (Digested Organics, 2018; Livestock Water Recycling, 2018; 
Church et al., 2016, 2017, 2018). A mobile version of the solid–separation and chemical 
treatment system, MAnure PHosphorus EXtraction (MAPHEX), was developed to 
treat manure slurries on small dairies (Fig. 5) (Church et al., 2016, 2017, 2018).

Land Application of Manure
Globally, animal manure accounts for over 60% of the N and P applied to land each 
year (Potter et al., 2010), a poignant statistic that, in its magnitude, highlights both the 
potential for manure to substitute for commercial fertilizer and the imperative that 
manure be used sustainably in global food production (Magdoff et al., 1997). The tenets 
of agronomic manure management can be found in the evolving principals of “4 R” 
nutrient management stewardship (Right rate, Right timing, Right placement, Right form) 
as well as in its predecessor, critical source area management (Sharpley et al., 2003b; 
Ehmke, 2014). These principals seek to elevate consideration of P use efficiency by crops 
as well as to curtail the environmental impact of land-applied manure P. While easily 
stated, crop P use efficiency and environmental protection can be extremely difficult 
to achieve, largely due to the complex, site-specific interactions of management and 
environmental factors, but also because P management is but one component of farm-
ing and therefore must accommodate other priorities that impinge on the availability 
of finances, time, technology and land (Syers et al., 2008). Therefore, despite decades 
of continual improvements in manure management options, it remains the rule that 
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land-applied manure P is inefficiently used in crop production, and that historical 
attitudes toward manure management, while evolving, diminish the value of this 
important resource and therefore serve as disincentive for changing manure manage-
ment practices. Thus, as much as the knowledge and management options discussed 
below can contribute to sustainable management of manure P, education is ultimately 
at the heart of advancing the agronomic management of manure P (Genskow, 2012).

To understand how different manure application practices affect P fate in the 
environment, it is useful to characterize manure P losses on the basis of the processes 
and pathways of P transfer from the soils where it is land applied to the waters where 
it accelerates eutrophication. Land applied manure contributes P to runoff directly, 
through the “incidental transfer” or “wash-off” of P in manure, or indirectly, through 
soils that have accumulated P from past manure applications and now lose that P to 
runoff through the processes of erosion, desorption, reductive dissolution and min-
eralization (Buda et al., 2013). The wash-off of manure P from soil is a short-term 
concern, involving transfers of recently applied manure P during the season in which 
it is applied and often characterized by severely elevated P concentrations in run-
off water (surface and subsurface), whereas soil-mediated losses are persistent, albeit 
generally lower in concentration. Most notably, the accumulation of P in soil creates 
so-called “legacy” sources of P that can continue to enrich runoff for years, even 
decades, after manure application ceases (Kleinman et al., 2011; Sharpley et al., 2013).

Manure Application Methods
Surface application of manure by broadcasting, such as with flails, rotors and splash 
plates, continues to be the most common form of land application. Because sur-
face application of manure leaves ammoniacal forms of manure N vulnerable to 

Table 2. Summary of the effects of different manure application methods on runoff and 
water quality relative to broadcast application. Adapted from Maguire et al. (2011).t 

  Runoff volume Erosion Total phosphorus 
load

Dissolved 
phosphorus load

Method Row 
cropland

Pasture/ 
grassland

Row 
cropland

Pasture/ 
grassland

Row 
cropland

Pasture/ 
grassland

Row 
cropland

Pasture/ 
grassland

Chisel Injection

Chisel with sweep -- -- -- -- -- -- -- --

Spike/knife -- -- -- -- 94% less -- -- --

Disk Injection

Shallow disk -- 3-35% lower 0% 68% less 0-91% less 84% less 71-94% 
less --

Tandem disk -- -- -- -- -- -- -- --

Aerator 0-81% lower 28% more 
to 69% less 94% less 0-88% less 96% less 13-90% less

Tillage

by moldboard 
plow

9-56% 
lower -- -- -- 90% less -- 84% less --

by chisel plow 14-66% 
lower -- 0-97% 

more -- 90% more 
to 81% less 0-68% less

by double disk 20% lower -- -- -- -- -- -- --

t Data obtained from Ross et al. (1979), Laflen and Tabatai (1984), Andraski et al. (2003),  Davarede 
et al. (2004), Shah et al. (2004), van Vliet et al. (2006), Butler et al. (2008), Franklin et al. (2007), 
Burcham et al. (2008),  Johnson et al. (2011)
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volatilization (e.g., Dell et al., 2012), it tends to exacerbate N/P imbalances as well as to 
leave manure P vulnerable to wash-off  by runoff . Consequently, a substantial body 
of research explores alternative methods of application that incorporate manure into 
soil where chemi-sorption and immobilization of P can be promoted, preferably with 
minimal disturbance to soils to prevent adverse impacts on soil erosion caused by 
tillage and to permit manure application to perennial forage crops (Table 2).

Incorporation of manure into soil can be achieved via a variety of low-distur-
bance technologies, many of which are compatible with soil conservation objectives, 
some of which are suited to perennial forage crops and all with trade-off s that aff ect 
their adoption. A few examples of technologies compared by Johnson et al. (2011) 
under no-till corn production, as well as the spatial patt ern of manure incorporation, 
are illustrated in Fig. 6. In general, the more manure is removed from the soil surface, 
the less manure P is available to wash-off  processes over the short-term and, where 
tillage is not used, the less soil P is vertically stratifi ed over the long-term. However, 
applicators, such as aerators, may also impact rainfall infi ltration and therefore run-
off  volumes, providing dramatic, short-term improvements in infi ltration (Table 2).

While both agronomic and environmental benefi ts can be quantifi ed with these 
types of technologies (Waldrip et al., 2010; Liu et al., 2016), their adoption by farm-
ers and contract manure applicators can be hampered by a variety of factors, real 
and perceived. Broadcast applicators tend to employ well-established technologies 
that are relatively easy to maintain. In contrast, low disturbance manure incorpo-
ration technologies can be expensive relative to broadcast technologies, all of the 
examples in Fig. 6 would replace a simple splash-plate used in broadcasting liquid 
manure. Injectors and aerators all suff er damage from contact with stones, and their 
performance can be hampered by antecedent soil conditions (e.g., moisture) as well 
as a slope. Further, broadcasting applies manure over wide swaths quickly com-
pared with alternative manure application methods that tend to slow down progress 
toward emptying barns and manure storages–a priority when manure spreading 
periods are brief. Other factors aff ecting adoption include interaction of low distur-
bance incorporation technologies with residue (e.g., the high-pressure system in Fig. 
6 tended to rake corn residue and had to be cleaned and reset regularly), impacts on 
soil surface topography (e.g., mounding of soil by steel ground engagement units), 
and perceived adverse impacts on crop growth (e.g., potential for salt-burning by 
concentrated bands of injected manure, although this has not been documented).

Fig. 6. Examples of low-disturbance manure applicators that improve incorporation of 
manure into the soil: shallow disk injection, aeration and manure banding, and high 
pressure injection. The cartoons below the photographs depict the discrete nature of 
manure (in blue) incorporation into soil.
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Manure Application Rate
Changing manure application rates impacts both the short-term wash-off of 
manure P and the long-term accumulation of legacy soil P. When manure is applied 
to the soil surface, there are clear relationships between the rate of application of a 
particular manure and the loss of dissolved P in runoff in the first few events fol-
lowing application (Kleinman and Sharpley, 2003). This relationship diminishes 
with time and is modified by factors such as manure properties (concentration of 
WEP, moisture content) and the rainfall-to-runoff-ratio (Vadas et al., 2004). Wash-off 
of manure P and the influence of manure application rate are less of a concern when 
manure is fully incorporated into soil (Maguire et al., 2011).

While the punctuated losses of P in the first runoff events following the surface 
application of manure can be dramatic, the gradual build-up of soil P that comes 
with applying manure in excess of crop P uptake can be a more insidious water 
quality concern over the long-term. Left unchecked, the accumulation of manure P 
in soils can build legacy P reserves that may require many decades to reverse, cre-
ating conditions that undermine watershed mitigation programs (Sharpley et al., 
2013). Today, unchecked application of manure is less common than several decades 
ago, but it is still a concern. For instance, a recent study of over 15,000 soil samples 
from the top 20 poultry production counties in Mississippi found that average soil 
test P levels (Mehlich-3) increased from 66 mg kg-1 in 2002 to 187 mg kg-1 in 2012 
(Ramirez-Avila et al., 2017). Given the relatively low N/P of most manures, variable 
rates of manure nutrient mineralization, and general need to purge manure stor-
ages in an expedient fashion, persuading farmers to apply manure at lower rates, 
especially those corresponding to crop P requirement, can be difficult. As a result, 
many areas allow manure application rates calculated to meet crop P needs across 
a longer rotation (e.g., three year rotation of multiple crops), trading off short-term 
risks of wash-off with long-term balances of soil P.

Manure Application over Subsurface Drainage
Managing manure application over tile drains is a complex subject, fraught with trade-
offs that sometimes upend useful generalizations. Subsurface P transport to tile drains 
is greatest when preferential flow pathways such as biopores and cracks minimize con-
tact between infiltrating water and soil, thereby minimizing dissolved P sorption from 
leachate. These macropores may also transmit particulate P. When manure is broad-
cast, tillage prior to manure application may disrupt P leaching via preferential flow 
pathways, but tillage following manure application may translocate manure to lower 
depths where it comes in contact with macropores that serve as conduits for preferen-
tial flow (Kleinman et al., 2009). Similarly, injection of manure may place highly soluble 
forms of manure in contact with macropores, although the action of an injector may 
smear or otherwise destroy macropores around the injection zone (Cooley et al., 2013; 
Feyereisen et al., 2010). Soil properties can substantially influence P leaching losses, 
sometimes counterintuitively. Liu et al. (2012) found that incorporation of swine slurry 
reduced leaching of dissolved P by 64% in a well-structured clay loam soil where P 
transport was dominated by preferential flow pathways, but had little effect in a sandy 
soil where P loss was dominated by matrix flow. Since macropores serving as prefer-
ential flow pathways to tile drains are only found within a few meters of the tile drain, 
strategies to avoid manure application in these areas have been proposed, as have strat-
egies that would isolate tillage to areas in closest proximity to drains (Ruark et al., 2009). 
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Such approaches require knowledge of drainage system layout, technology to perform 
precision management, and, most importantly, an impetus to instigate efforts that can 
be time-consuming and costly.

Winter Manure Management
While manure is ideally applied in warm seasons when nutrients can be best used by 
crops (Ehmke, 2014; IPNI, 2014), manure application in cool seasons of late fall, winter, 
and early spring is not uncommon in many areas of the U.S. and Canada, due to prac-
tical reasons such as the lack of long-term manure storage facilities (Dou et al., 2001), 
and the unavailability of labors and/or unfavorable (wet) field conditions for manure 
applications in spring (Lewis and Makarewicz, 2009; Liu et al., 2018b). This, as a result, 
leads to an elevated risk of P losses, for which winter manure applications on frozen, 
snow-covered, and water-saturated soils have become a particular concern because 
of coincidence of manure nutrient sources with active transport pathways (Sriniva-
san et al., 2006; Williams et al., 2011; Vadas et al., 2017). Furthermore, there are fewer 
management options that can be implemented to minimize the impacts of nutrient 
losses associated with winter manure applications. Although the practice of frost 
injection has been developed, it has only been used at local scales.

Phosphorus runoff associated with winter manure applications is greatly influ-
enced by environmental (e.g., weather, soil, and hydrology) and management (e.g., 
manure, soil, and crop) factors that interactively determine nutrient runoff character-
istics (Steenhuis et al., 1981; Fleming and Fraser, 2000; Srinivasan et al., 2006; Williams 
et al., 2011, 2012; Liu et al., 2017; Vadas et al., 2017, 2018; Stock et al., 2019). In particular, 
P runoff is largely dependent on the extent of manure nutrient infiltration in soil prior 
to and during runoff events, which can be determined by both long-term climatic 
patterns (Vadas et al., 2017) and short-term weather conditions (Collick et al., 2016). 
Due to the complex influential factors, studies have reported conflicting nutrient 
loss trends, with many observing elevated risks of N and P losses following manure 
application to frozen, snow-covered, or water-saturated soils in winter (Midgley and 
Dunklee, 1945; Klausner et al., 1976; Young and Mutchler, 1976; Phillips et al., 1981; 
Maule and Elliott, 2006; Komiskey et al., 2011) but some reporting no impact of winter 
manure application on water quality (e.g., Young and Holt, 1977; Ginting et al., 1998). 
To minimize potential P losses, however, mitigation strategies are needed in place 
wherever winter manure applications are conducted. In a recent study model simu-
lating the efficiencies of a large range of management options on P runoff, Liu et al. 
(2017) found that although winter and fall manure applications increased P runoff as 
compared with spring applications, targeting manure applications to low-risk fields 
(gently sloped fields away from streams) in winter and fall or use of a cover crop 
could reduce P runoff losses to levels below those resulting from spring application 
if low-risk fields were not targeted.

Due to the water quality concerns associated with winter manure applications, 
many countries in the world have developed mandatory regulations or voluntary 
guidelines to guide manure management in this critical season (Liu et al., 2018b). In 
the United States and Canada, there are a diverse set of winter manure management 
directives that vary among states and provinces. The directives range from complete 
prohibition of manure application during winter months to conditional restriction by 
law on when, where, how, and what manure is applied to voluntary adoption of con-
servation practices associated with winter manure applications to no specific directives 
at all (Liu et al., 2018b). It should be noted that a total of 26 states in the U.S. have stricter 
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directives for large-sized animal operations (i.e., Animal Feeding Operations and Con-
centrated Animal Feeding Operations) than for small operations as of December 2014, 
which is due to a greater concern over manure nutrient losses from large operations 
with higher animal densities than from small operations (Liu et al., 2018b). In gen-
eral, the policies have been designed to take into account several factors such as their 
climatic conditions, extents of animal production, and considerations of water qual-
ity sensitivity to nutrients. In particular, the sensitivity of water quality to nutrients 
seems to be the first factor considered when deciding the regulations/guidelines by 
many. In the Chesapeake Bay region in the United States, for example, regulations and 
guidelines are found to be more restrictive in Delaware (Delaware Department of Agri-
culture, 2003) and Maryland (Maryland Department of Agriculture, 2012) that are in 
close proximity to the Bay, in spite of the milder winter conditions compared with the 
more distant, northern states of New York (New York Natural Resources Conservation 
Service, 2013) and Pennsylvania (Pennsylvania Code, 2005; Pennsylvania Department 
of Environmental Protection, 2011). Similarly, in the Lake Winnipeg basin in Canada, 
although Saskatchewan and Manitoba have similar climates and production settings, 
while Saskatchewan allows winter manure applications, Manitoba has banned win-
ter manure applications for many years (for large animal farms since 1998 (Manitoba 
Environment Act, 1998) and for all animal farms since 2013 (Manitoba Sustainable 
Development, 2017) due to its close proximity to Lake Winnipeg.

In-field Stacking of Manure
Stacking of dry manure is a common, short-term management practice in which dry 
manure is staged in the field prior to land application. Although it is recommended 
that manure should be stored under a permanently roofed structure that prevents lit-
ter from exposure to rain (Rasnake et al., 1995; Sylvester, 2007; Ogejo and Collins, 2009; 
Cunningham et al., 2012), it is still common to stack poultry litter in crop fields in antic-
ipation of spreading that manure during a short time frame. To minimize nutrient 
runoff from the manure stacked in the fields, most U.S. states and Canadian provinces 
have developed relevant management guidelines, which require or recommend cov-
ering field stacks with plastic sheeting or with a reinforced, ultraviolet-resistant cover 
(Ogejo and Collins, 2009), having a set-back from environmentally-sensitive areas 
(streams, water wells, drainage ditches, and sinkholes) (Delaware Code Online, 2015; 
Pennsylvania Department of Environmental Protection, 2011), and siting the stacks 
on lands with gentle slopes (Pennsylvania Department of Environmental Protection, 
2011). Covering manure stacks with a plastic sheet can be a cost-effective strategy to 
reduce P and N runoff while better preserving the N value in the manure. While some 
studies have pointed out concerns related to covering a manure stack under certain cir-
cumstances, such as, elevated nutrient leaching by water generated by microorganism 
respiration under aerobic conditions (Dewes, 1995), most of the studies highlight the 
benefits of covering the manure stacks (Zebarth et al., 1999; Sommer, 2001; Felton et al., 
2007; Nicholson et al., 2010; Doody et al., 2012; Liu et al., 2015). In a field study conducted 
on poultry litter stacks, for example, Liu et al. (2015) found that although P losses from 
both covered and uncovered stacks were generally low due to their high capacity to 
hold precipitation water, covering stacks reduced leachate total P losses by 25 to 100 
times such that leachate P losses from covered stacks were similar to that in the con-
trols with no manure stacking. It should be noted, however, that manure stacking could 
result in the development of P “hotspots” in fields (Doody et al., 2013; Liu et al., 2015). 
After two years of poultry litter stacking, for example, Liu et al. (2015) observed WEP 
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concentrations in upper 5-cm soils were as high as 120 to 240 mg kg-1 under the covered 
stack and 140 to 250 mg kg-1 under the uncovered stack. Therefore, relocating stack sites 
is needed when field stacking of manure is practiced.

Predictive Tools for Decision Support 
A large number of decision support tools have been developed to address P loss 
from land applied manure, most intending to differentiate between sites and prac-
tices that will exacerbate runoff losses of manure P, and many intending to identify 
manure management options. Decision support tools range from the P Index, to 
complex watershed models that predict the outcome of different scenarios, to short-
term risk forecasts (Kleinman et al., 2017). Most of these tools include input and 
process information related to source and transport factors (the central construct 
of the critical source area paradigm), but they differ in their representation of P 
cycling, fate and transport processes, as well as in their temporal and spatial scales 
of inference (Radcliffe et al., 2015). These differences are tied to the amount of infor-
mation needed to set up a tool, its computational demands (processing time and 
capability), and the required expertise of end-users (Bolster et al., 2017).

No decision support tool for managing manure P has received more attention 
than the P Index, which has been applied to various conditions around the world to 
assess site potential for P loss (i.e., fields with greatest vulnerability to P loss in run-
off), helping to guide manure and fertilizer management, among other things. The 
P Index originated in the United States (Lemunyon and Gilbert, 1993), prompted 
by federal policy, and was rapidly modified into different versions to address the 
needs of individual states, with up to 47 states identifying this tool as the basis for 
their P-based management guideline (Sharpley et al., 2003b). While most versions 
of the P Index focus solely on P losses via surface runoff from agricultural fields, a 
substantial number of modern P Indices now consider vulnerability to subsurface 
P loss, principally in relationship to artificial drainage (Shober et al., 2017). With 
nearly two decades of experience in using the P Index as a site assessment tool, 
a variety of concerns have been raised, from inconsistency and inaccuracy in its 
assessment of P loss potential to ineffectiveness in promoting change in manure 
management (Sharpley et al., 2017). Even so, the P Index remains the best-accepted 
site assessment tool for P-based manure management, with continuing efforts to 
improve its performance and utility (Ketterings et al., 2017; Kleinman et al., 2017).

The P Index has contributed to the development of other tools intended to help 
animal producer and advisors to comply with state and national nutrient manage-
ment regulations. Tools such as the Pennsylvania Nutrient Balance Worksheet and the 
Manure Management Planner (MMP), assist animal producers or advisors in assem-
bling a comprehensive nutrient management plan by entering information about the 
operation’s fields, crops, storage, animals, and application equipment (Effland, 2010). In 
addition to the P Index, other, more complex, tools have regularly been advanced and 
advocated for site assessment and manure management guidance by farmers and their 
advisors, as well as for support of nutrient management and conservation programs. 
The Annual Phosphorus Loss Estimator (APLE) and its derivative, APLE for Cattle 
Lots (APLE-Lots), are spreadsheet models that employ empirical algorithms to predict 
the consequences of manure management options on annual and sediment-bound P 
loss in surface runoff. The AGricultural Non-Point Source Pollution Model (AGNPS), 
the Agricultural Policy/Environmental eXtender (APEX) and the Soil and Water 
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Assessment Tool (SWAT) are highly calibrated, process-based simulation models that 
predict daily surface and subsurface P losses at field and watershed scales. Although 
these models apply to different scales of inference, many of them have been adapted 
to site assessment, either to bolster the P Index, or to replace the P Index (e.g., White et 
al., 2010). Efforts to further advance the applicability of these models, and other com-
parable models, to manure management decisions remain an area of active research.

All the tools presented in this discussion have been widely evaluated under 
different management scenarios, including the use of different manure sources 
and application methods (Bolster et al., 2017; Collick et al., 2016; Nelson et al., 2017; 
Osmond et al., 2017; Ramirez-Avila et al., 2012; Yuan et al., 2013). Efforts to cor-
roborate the performance of these decision support tools have demonstrated that 
the P Index can perform as well as the other, more complex water quality mod-
els when assessing field-scale P loss vulnerability (Osmond et al., 2017). Notably, 
while APEX, SWAT, and AGNPS have been repeatedly used to satisfactorily 
predict nutrient transport processes, their use in site assessment requires care-
ful calibration to ensure accuracy of their P loss prediction (Baffaut et al., 2017; 
Ramirez-Avila et al., 2017). Furthermore, none of these models were developed 
to simulate the unique processes of subsurface P transport (Radcliffe et al., 2015).

The site assessment tools described above all provide strategic support for manure 
management, as opposed to short-term support for operational decisions that must 
adapt to weather, changing management priorities, and other dynamic factors. In 
response to a perceived need for short-term decision support, a new class of tools has 
been developed that combine short-term weather forecasts with hydrologic modeling 
techniques to identify when and where manure should be applied. Some tools, such 
as Wisconsin’s Manure Advisory System have been adopted by local nutrient manage-
ment programs while others remain in development (Easton et al., 2017).

Conclusions
Manure management has profound implications to the biogeochemical cycling 
of P, both as a result of the specialization and intensification of modern agricul-
tural production systems, and as a result of the many ways in which P can be lost 
from animal production operations, with little economic consequence to opera-
tors. Many options exist to better manage manure, and, more specifically, P in 
manure, to minimize their impact on water quality. However, doing so requires 
comprehensive approaches that consider factors far beyond the direct handling 
of manure and require decisions that may compete or conflict with other priori-
ties, most notably profits and time management.

Increasingly, the connection has been made between manure management and 
long-term food security, recognizing the finite supply of easily-mined P sources 
that minimize its cost and therefore the cost of food (Jarvie et al., 2015). Given the 
large proportion of grain crops, in addition to forages, that support animal produc-
tion, increases in agronomic use efficiency of manure P should not only be seen as 
a benefit to the farmer, but to the whole of modern society. It is in this context that 
the imperative exists to remove the many barriers to P-based manure management.
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