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Abstract: The pig and poultry industries continue to grow across the world and together they provide
the majority of meat consumed. The European Union (EU) in particular has the highest global relative
meat production by monogastrics (i.e., pig and poultry). The fate of phosphorus (P) in pig and poultry
farming was studied, accounting for P content in feed, animals, manure, soil, and runoff. P input
from manure, and P offtake in crops receiving manure, were plotted against each other to arrive
at “safe” P loading rates, in order to minimize soil P surpluses along the lines of the EU Nitrogen
Expert Panel in their work with nitrogen (N). However, it was observed that it is the N/P ratio and
the background soil P levels that determine whether a certain manure will end up producing surplus
levels of soil P. Critical N/P weight ratios were derived over different crop P offtake rates when
applying stored manure to croplands. At spreading rates of 170 and 250 kgN/ha/year and a crop
P offtake of 15 or 30 kgP/ha/year, stored pig and chicken manure result in soil P surpluses. An
important factor in determining effective N/P ratios is the plant availability of N in stored manure,
which runs at around 47%, estimated from previously published results. The minimization of N
losses to the atmosphere and to groundwater in housing, storage, and spreading of manure has a
major impact on the N/P weight ratio of the manure that ends up on fields. In most cases, half
of the ex-animal N content has been lost in stored or degraded manure, with N/P weight ratios
running at two and less. Following only the EU Nitrates Directive, which allows for a maximum of
170 kgN/ha/year in NVZs (Nitrate Vulnerable Zones), will often result in soil P surpluses leading
to runoff losses to adjacent water bodies. Therefore, for the pig and poultry industries to continue
thriving, measures are required to better manage manure, including improved storage and spreading
techniques, acidification, separation, struvite extraction and ammonia stripping of pig slurry, and
drying and pelleting of poultry litter. This way, excess manure and derived biofertilizers from animal
farms can find their way back into the commercial market, instead of ending up as legacy P in
watersheds and coastal zones.
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1. Introduction
1.1. Pig and Poultry Farming in the European Union

Pig and poultry (mainly chicken) have become the mainstay source of meat protein
within the world and the European Union (EU) over the past 60 years (Meat produc-
tion by livestock type—EU, 1961–2018 (https://ourworldindata.org/grapher/global-meat-
production-by-livestock-type (accessed on 24 October 2021)). Of the almost 50 million
annual tons of consumed meat in the EU (2018), 15 million tons were from poultry (https://
ec.europa.eu/eurostat/web/products-eurostat-news/-/DDN-20190325-1 (accessed on 24
October 2021)), (82% broiler chickens) (https://ec.europa.eu/info/sites/default/files/food-
farming-fisheries/farming/documents/poultry-meat-dashboard_en.pdf (accessed on 24
October 2021)), and 24 million tons were from pigs (https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Agricultural_production_-_livestock_and_meat&oldid=427096
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#Pig_meat (accessed on 24 October 2021)), which is the largest source of meat protein in the
EU. Within EU-27 in 2019 (EUROSTAT, 2019 (http://appsso.eurostat.ec.europa.eu/nui/
show.do?dataset=apro_mt_pann (accessed on 24 October 2021)) there were 247.5 million
slaughtered pigs, 7 billion slaughtered poultry, and 366 million egg-laying chickens (https:
//ec.europa.eu/info/sites/info/files/food-farming-fisheries/farming/documents/eggs-
dashboard_en.pdf (accessed on 24 October 2021)) producing 6.9 million tons of eggs/year.

The density of pig and broiler farms varies across the EU (Figure 1). The major
pig production zone extends from Germany (Nordhein-Westfalen and Niedersachen) to
Belgium (Vlaams Gewest) and accounts for 30% of EU sows; however, there are other
important regions, such as Catalonia and Murcia (Spain), Lombardia (Italy), Bretagne
(France), and some areas of central Poland and Northern Croatia [1]. The hotspots within
the EU that are receiving attention for P overloading from poultry farming are Germany,
Poland, UK, France, Spain, and Italy; for pigs, the hotspots are Spain, Germany, France,
Netherlands, Poland, Denmark, and Italy [2,3].

Almost three-quarters of the EU pig production (www.europarl.europa.eu/RegData/
etudes/BRIE/2020/652044/EPRS_BRI(2020)652044_EN.pdf (accessed on 24 October 2021))
was concentrated in six countries, namely: Spain (21%), Germany (18%), France (9%),
Denmark (9%), the Netherlands (8%), and Poland (7%). For poultry (https://ec.europa.eu/
eurostat/web/products-eurostat-news/-/DDN-20190325-1 (accessed on 24 October 2021)),
three-quarters of the EU production was concentrated in seven countries, namely: Poland
(17%), the UK (13%), France (11%), Spain (11%), Germany (10%), Italy (9%), and Hungary
(4%). The overall environmental impacts of livestock [4] include biodiversity loss, land
degradation, increased water use, and impacts emanating from manure (i.e., ammonia and
greenhouse gas emissions and nutrient losses to groundwater and surface water leading to
eutrophication). Indeed, the sector is growing in size and significance and urgently requires
cross-cutting policy interventions in order to better meet environmental limitations, while
providing the protein requirements of the world’s growing human population.

1.2. Objectives of the Paper and Central Research Questions

The objective of this work is to review and assess the fate of phosphorus in intensive
pig and poultry farms within the EU, from feed to manure production and its reuse, to soil
and runoff. The work is based on extracting data from literature sources and applying some
simple mass balance, efficiency calculations, and associated calculations regarding optimal
and environment-friendly uses of manure. The work draws attention to phosphorus (P)
content in relation to nitrogen (N) content when manure is used as a fertilizer and soil
amendment. It emphasizes the importance of balancing the N/P content of manure input
against crop offtake potential in order to minimize soil nutrient surpluses and eventual
losses to runoff. It also points out the central importance of manure N losses through
housing, storage, and spreading in determining surplus P. Implications for EU policies
such as the Nitrates Directive (https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/
?uri=CELEX:01991L0676-20081211&from=EN; https://ec.europa.eu/environment/water/
water-nitrates/index_en.html (accessed on 24 October 2021)) and the Farm to Fork Strategy
(https://ec.europa.eu/food/farm2fork_en (accessed on 24 October 2021)) are also assessed.

This article includes an overview of relevant literature on the following: limited P
efficiency in pig and poultry (monogastric animals); P surpluses from the reuse of pig and
poultry manure as fertilizer; P mass balance calculations from typical pig and poultry farms;
calculation of manure N/P ratios and their influence on surplus P; an overall systems
“mind-map” of P flows and efficiencies of the feed–animal–manure pig and poultry system;
and finally, a discussion surrounding the limitations of current legislation when it comes to
integrating N and P management with the example of the Baltic Sea, which is particularly
sensitive to surplus P.
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Figure 1. Annual number of heads of live swine (a) and 1000s of heads of broiler chicken (b) in each of the NUTS2 Regions
in 2016 for all farm size categories from 2 to over 100 ha (generated in 2021 by the authors from https://ec.europa.eu/
eurostat/data/database (accessed on 24 October 2021)).

1.3. Monogastrics Are P-Inefficient in Digesting Feed

Pigs and poultry are monogastrics that lack the digestive enzymes to degrade phytate,
the main plant storage form of phosphate. This means they are particularly inefficient
in their use of P, so P feed supplements are required to achieve profitable growth rates.
Compared with cattle, which are ruminants that digest phytate more efficiently, pigs and
poultry produce higher relative levels of P in their manure. Typical manure P levels are:
dairy 7 g P/kg, poultry 14 g P/kg, and pig 32 g P/kg dry manure [5]. Indeed, there is
a need to increase the efficiency of P management in pig and poultry farms [6–8]. This
can be accomplished by optimizing feed regimes, adding phytase to feed [9], reducing
phytate levels in feed grain, optimizing P utilization through animal genetics and gut
microbiota [10], optimizing farm P-management practices and reuse, manure management,
and runoff control [7].

Poultry accounts for approximately 50% of animal feed phosphate consumption
worldwide [11]. Cereal grains dominate the content of monogastric feed formulations, and
these are characteristically low in Ca and high in P and most of this P is in the form of
phytate with poor digestibility. Poultry feed formulations have improved by shifting to
all plant material—including high available P feed or low phytate feed—and by adding
phytase to increase P-phytate bioavailability [12]. Moreover, there is a better understanding
of Ca and P metabolism through endocrine and vitamin D regulation [13]. With all these
positive developments, inorganic P feed supplements have decreased but P levels in feed
still remain excessive, resulting in unnecessarily high levels of P, especially in poultry
manure and litter [14]. It should also be remembered that there are attempts to increase
N use efficiency and reduce manure ammonia N losses through modification of feed—
especially for poultry. Amino acids and crude protein digestion can reduce N excretion
by up to 40%, with a 25% increase in N digestion using enzyme supplements [15]. The
proportion of monogastrics among total livestock is higher in the EU than any other region
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of the world (ca 50% of the livestock units (LSUs) per continent). This has continued to
increase by 10% over the past 50 years, making pig and poultry nutrient use efficiency a
central question globally [16].

1.4. Manure Production, Storage, and Reuse—Impacts on N and P Content

Within EU-27 countries, it is estimated that 1.4 to 1.8 billion tons of manure are
produced by livestock animals (https://www.biooekonomie-bw.de/en/articles/news/
what-to-do-with-manure (accessed on 24 October 2021)) [17,18]. This is composed of 58%
from cattle, 30% from poultry, and 14% from pigs. The share of manure P production
within EU-28 countries for different livestock is 52% for cattle, 20% for pigs, and 14%
for poultry (https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Archive:
Agriculture_and_environment_-_pollution_risks&direction=next&oldid=336933#Further_
Eurostat_information (accessed on 24 October 2021)). The relatively high stocking densities
of pigs and poultry in particular produce surplus nutrient hotspots [1,19].

Application of animal manure on cropland is commonly based on the manure N
content and N utilization needs of crops [20–22]. The amount of N added to soil through
fertilizers and animal manure often exceeds the amount removed through animal and crop
products and this is the same for P [23]. Long-term application of inorganic fertilizer or
animal manure has been shown to result in elevated levels of P and even potassium (K) in
many cropland areas adjacent to livestock facilities [24–26].

The accumulation of P in the soil has been shown to increase with increasing applica-
tion rates of cattle feedlot manure [27], anaerobically digested poultry manure [28], poultry
litter [29], and swine and poultry manure [30]. Animal manure contains P fractions that
are not susceptible to adsorption by a calcium carbonate layer in the soil and would, thus,
be more likely to leach deeper into the soil than inorganic fertilizer P [31]. As a result,
farmers are being advised not to apply animal manure on soils with high P content [32],
also alternating with N-fixing legumes and no added fertilizer every third year [33].

Manure is often stored (e.g., in outdoor tanks, concrete or earthen pits, and composts)
in such a way that there are significant N losses via ammonification (production of NH3
gas), denitrification (production of N2 gas), and nitrification (production of NO3 ions) [34].
In particular, the storage of pig manure creates anaerobic conditions resulting in N losses
of up to ca. 50% [35]; therefore, stored animal manure often has available N/P ratios
running from around 2:1 to as low as 0.5:1. Since farmers apply manure based on the N
requirements of crops and the N content of the manure, excessive P applications to soils
have resulted [20,36,37]. This means that, for maize and wheat with N/P weight ratios of
around 5–6:1 [21], P is sometimes applied in excess by 5–10 times the levels necessary for
sustainable crop production. Most soils will be able to accumulate much of this oversupply
for several years, but eventually erosion and runoff will lead to increased eutrophication
of freshwater and brackish water, as well as of water in coastal zones [38]. Additionally,
even more importantly, this represents a mammoth waste of the world’s finite commercial
phosphate resources. P-enriched soil has therefore become a significant source of P loading
to water bodies and has been labelled “legacy P” [39]. It can take decades for these high
soil P levels to decrease to “normal” levels through soil P mining by crops [40,41].

What is required to achieve nutrient sustainability in agriculture is nutrient balancing
at the farm level (https://lpelc.org/whole-farm-nutrient-balance/ (accessed on 24 October
2021)). By measuring the nutrient input (in imported feed, animals, and fertilizer) and
output (in harvested crops, exported animals, and eggs), an overall nutrient balance for
a farm can be calculated and expressed as the percentage of the nutrient fraction remain-
ing per unit area or product. Any excess can lead to nutrient enrichment of the soil and
eventually drainage/runoff losses. To reduce this overloading or surplus, manure needs to
be spread over larger areas or transported to farms with nutrient deficits. Alternatively,
animal densities need to be reduced and improvements in feed and manure management
introduced [33]. Indeed, work in Denmark has estimated the varied added costs in trans-
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porting manure from P-sufficient to P-deficient areas to accommodate the excess P in dairy,
pig, poultry, and mink manure [42].

1.5. Phosphorus Loading and Runoff

Intensification of livestock farming, concentration of animal production, and exces-
sive application of manure in specific regions within the EU is a major part of the problem
of P overloading. Indeed, the soil P levels indicate a preponderance for increased P levels
in the central part of the EU (Figure 2). Within the EU, manure-based P additions to agri-
cultural land are now (2018) larger than those from chemical fertilizer—1.6 compared to 1.1
megatons/year, respectively (https://ec.europa.eu/eurostat/statistics-explained/index.
php/Agri-environmental_indicator_-_risk_of_pollution_by_phosphorus#Key_messages
(accessed on 24 October 2021)). Several hotspots can be identified within the EU, where
manure production is well beyond what can be used on local agricultural lands (e.g.,
UK, Netherlands, Belgium, Denmark, Germany, France (Brittany), and the Baltic Sea
Region) [43,44]. Attention to improved management of the manure from farm animals
will help lead the way to develop more sustainable practices; however, management of
animal farms is only part of the story. The nutrient footprint from these farms extends to
the feed farms, which can be on other continents. Some 30% of all arable land around the
world is designated for growing feed crops [4].
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Runoff contains water and particulate matter arising from soil erosion—this makes
precipitation and soil quality important determining factors. Even though fertilizer use
has dropped significantly within the EU over the past 30 years [46], legacy P in upper
soil layers, originating from decades of manure application and fertilizer use, remains
a major source. The Baltic Sea is particularly sensitive to P overloading and legacy P
from the drainage basin and anoxic deep benthic zones [47]. Intensive seasonal blooms of
cyanobacteria are triggered by the excess P. These “blue-green algae” are nitrogen fixers
and import some 370,000 tons of N per year into the Baltic Sea, which is greater than the
riverine input of 352,000 tons N [48]; thus, controlling P in runoff and drainage from animal
farms will have significant impact on N input.

Although soil erosion is most often seen as the main source of runoff P, the other major
factor that contributes to drainage losses to receiving waters is that croplands are drained
(with so-called tile drainage) in order to improve root development and significantly
increase yields of crops such as corn, soybeans, wheat, oats, and hay [49]. Tile drainage and
ditching have major impacts on soluble N and P losses since the drainage water funnels
directly into surface streams [50].

1.6. Managing Nitrogen in Manure Applications

Based on the EU Nitrates Directive priority to manage manure N additions to soil [51],
an assessment was carried out by the EU Nitrogen Expert Panel in 2015 [52]. Using N use ef-
ficiency (NUE) to determine a desirable range for N crop output and soil surplus, the result
provided a desirable minimum N output of 80 kgN/ha/year, and while keeping to between
50 and 90% NUE, the desirable maximum surplus was estimated to be 80 kgN/ha/year
(Figure 3). The total of 160 kgN/ha/year is close to the Nitrates Directive stipulated loading
rate maximum of 170 kgN/ha/year for NVZs (Nitrate Vulnerable Zones).
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desired N output (80 kgN/ha/year) and a maximum desired surplus of 80 kgN/ha/year [52]. With
permission from the EU Nitrogen Expert Panel (Oene Oenema).

This work beckons the question as to whether a similar relationship can be erected for
P. Indeed, methods of calculating agronomic P use efficiency (PUE) for crops have been put
forward, based on balancing input against output (or crop offtake) [53,54]. In addition, this
work questions whether one can calculate a “systems” PUE, also including animal digestion
and retention of feed P (i.e., integrating both the agronomic and animal components). Here,
factors such as metabolism, animal phase feeding, phytate content of feed grains, and
phytase supplement additions to feed come into play [55]. Additional factors would even
include fate of surplus soil P in terms of runoff erosion losses. Here, such factors as contour
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ploughing, buffer zones, sedimentation ponds, and constructed wetlands come into play;
therefore, management of P spans the initial need for soil P measurements through to
the use of P indices and farmgate balancing [56]. The EU still lacks clear regulations on
agricultural P management which would complement the Nitrates Directive. National
regulations have been drafted and implemented in several EU countries to deal with this
gap [57,58]. Indeed, recent data from Northern Ireland, for example, indicate significant
reductions in P surpluses over the past 15 years [59].

1.7. Critical Phosphorus Ranges for Safe Application of Manure

For any cropland, critical P levels can be derived from the amount of P in soil and the
resulting crop yield. Adding more P to the soil than that required by the crop for optimal
yield results in a surplus, which can eventually lead to losses from the cropland through
runoff (Figure 4). This underlines the need to measure the available P levels in soil on
a regular basis, in order to know whether the soil requires P additions from manure or
fertilizer. The methods for determining the soluble reactive P (SRP) level in soil samples
vary between countries and there are at least five different soil extraction methods used
(Mehlich 3, ammonium lactate, double lactate, Olsen-P, and Morgan-P) [60]. This affects
the estimates of the critical levels determining safe levels of surplus P and as a result, there
is no agreement on a single fertilizer application or surplus level [61] similar to the Nitrates
Directive. Guidelines for safe P balances also depend on soil type (adsorption capacity),
the crop type and rotations (level of P in crop offtake), and the ability to reduce runoff. For
soils already high in P (e.g., class IV > 8 mgP-AL/100 g soil) [62], additions of manure or
fertilizer P are only advised if the crop can absorb the added P; for example, in the cases of
sugar beet, potato, and maize, which have relatively high P requirements [63]. Because of
these variables coming into play, farms should be carrying out soil P analyses and field
balances (input minus offtake) to determine just what the surpluses are with the aim of
keeping these as low as possible. Advisories on allowable rates of P fertilization exist for
several countries (e.g., Germany, The Netherlands, N. Ireland (UK), Flanders, Sweden,
Denmark, Slovenia, Estonia, Norway, and Finland). However, this is not the case in Austria,
Czech Republic, Greece, Hungary, Italy, Lithuania, Latvia, Poland, Spain, and Switzerland,
which all rely on an indirect regulation based on the Nitrates Directive.
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2. Methods
2.1. Mass Balance of P for Typical Pig and Poultry Farms and Scenarios to Increase PUE and
Reduce P Losses

Phosphorus mass balances for typical pig and poultry farms were constructed based
on published data sources, which are provided in the results section. These intensive farms
have feed as the source of nutrients and the main biproduct is manure, in the form of slurry
or litter. A simple flow model was constructed based on the P levels in feed, the animals,
manure, offtake in crops receiving manure, and excess remaining in soil eventually leading
to runoff. The data were illustrated using Sankey diagrams (www.sankeyflowshow.com
(accessed on 24 October 2021)).

Phosphorus use efficiencies (PUE) were calculated in two ways. An animal-based
PUE was calculated as follows:

PUE =
P f eed − P manure

P f eed
× 100% (1)

This PUE is relevant for farms that import all feed and export all manure (most
commonly, intensive poultry farms). These farms produce animals for slaughter, eggs for
marketing, and manure for onsite treatment, storage, and export. The surplus P in the
manure is exported off the farm.

A farm-based PUE was calculated as follows:

PUE =
P f eed − [P manure − P crop o f f take]

P f eed
× 100% (2)

which combines the animal P use efficiency and the crop P use efficiency following manure
applications. This is relevant for farms that import all feed and reuse all the manure to grow
non-feed crops, some of which can be exported off the farm. This is more common for pig
farms. The surplus P in the manure is reused as a cropland soil amendment and fertilizer.

In both cases it is important to optimize the animal housing, manure storage and
manure spreading methods in order to reduce N losses from ammonification, denitrifica-
tion, and nitrification. Reducing N losses will result in higher N/P weight ratios in the
manure, allowing for it to be spread over larger areas of cropland (assuming that manure
is being spread on the basis of its N content and the N requirements of the crop). Assum-
ing unchanged manure N application on the field level, lowered N/P ratios in degraded
manure will result in P overloading and soil surpluses, potentially leading to runoff losses.
So, in addition to assessing P use efficiencies, we have assessed loading. P surpluses and
PUEs were calculated for scenarios where manure was spread on the basis of the Nitrates
Directive (170 kgN/ha/year) and for comparison based on actual crop P offtake levels.

Increasing PUE also involves animal feed manipulations in order to optimize the
digestion and retention of P, ultimately leading to the reduction in feed P and manure
P. There is a host of literature dealing with feed manipulations (low phytate grains) and
supplements (phytase) to increase PUE in poultry [64] and pigs [65]. These are described
further below, when taking a systems view of pig and poultry farming.

2.2. Relating Manure P Input to Crop P Output to Determine Safe Levels of Manure Spreading
without Excess P

Inspired by the work of the EU Nitrogen Expert Panel [52] (Figure 3), manure P input
(kgP/ha/year) was plotted against crop P output (or offtake) (kgP/ha/year), and lines for
90% and 67% crop PUE were added. A safe zone for “optimal” yield and a maximum P
surplus of 10 kgP/ha/year was then plotted. This so-called “safe” balance is based on the
German Fertilizer Ordinance, where soil with low levels of P receive fertilizer [66].

2.3. The Role of N/P Ratios in Stored Manure to Determine Safe Loading Rates of P

A series of graphs were then drawn, plotting the N/P ratio of applied manure vs.
surplus P over a range of different manure N loading rates (80, 170, and 250 kgN/ha/year)

www.sankeyflowshow.com
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and, at the same time, at crop offtake rates of 15 and 30 kgP/ha/year. The plots revealed
the critical N/P ratios that could ensure safe spreading of manure, resulting in low or no
P surpluses. The plots also revealed N/P ratios resulting in net soil P mining. Central to
these calculations was use of the finding from published EU-wide surveys [67] that not
all applied manure N is plant-available due to atmospheric losses of N and the presence
of organic N compounds. For the purposes of these computations, plant availability was
determined to be, on average, 47% for pig and poultry slurry and solid manures. The N/P
ratios of the applied manure were adjusted by multiplying them by 0.47, producing an
“effective” N/P ratio. It was this adjusted ratio that was used in the above-described plots.

The results were then integrated by plotting the effective critical N/P ratios that would
prevent surplus soil P against crop P offtake for the three levels of N loading (80, 170, and
250 kgN/ha/year). In addition, various types of manure (comparing pig and poultry
manure, both ex-animal and ex-storage, or degraded manure with significant N losses)
were masked onto this plot to illustrate the impact the manure N/P ratio has on P surplus.

2.4. Taking a Systems Overview on P Management in Pig and Poultry Farming

The systems-encompassing “Pegasus” project (https://era-susan.eu/content/pegasus
(accessed on 24 October 2021)), was undertaken within the EU ERA-NET SusAn program
(https://www.era-susan.eu/ (accessed on 24 October 2021)) on sustainable animal pro-
duction systems. Between 2017 and 2021 partners from Germany, Northern Ireland (UK),
Denmark, Italy, and Sweden (the authors of this paper) studied the dynamics of P utiliza-
tion in pig and chicken farming within the EU. The project examined various aspects of the
P value chain including feed, animal digestion and retention, manure, reuse, soil surplus,
and potential runoff losses [7,10,68]. The project performed feed trials and animal physio-
logical studies as well as bioeconomic assessments of various policy options attempting to
restrict soil P surpluses from spreading manure on croplands.

A conceptual systems “mind-map” was constructed to pull together the possible
impacts encountered when combining the various steering factors to manage P, these can
include the impacts of:

• The available area for manure spreading.
• Feed P variables: phytase additions to feed, phase-feeding, and low phytate feed.
• Animal P physiology variables: retention of P, digestibility of P.
• Manure N variables: attempts through improved housing, storage, and spreading to

reduce N losses from ammonia, nitrous oxide, nitrogen gas, and nitrate in order to
increase the N/P ratio of the final manure in the soil.

• Manure P variables: varying the intensity of manure application to crops on the basis
of their P or N requirements, resulting in different numbers of hectares fertilized.

• Soil and crop P variables: crop offtake, cover crop, and soil retention.
• Drainage and runoff P losses: precipitation levels, tiling of fields, controlled flows,

green ditching, sedimentation ponds, buffer zones, and constructed wetlands.

3. Results
3.1. Phosphorus Mass Balance Flows in Typical Pig and Poultry Farms

What, then, can be observed from P budgets, as derived from pig and poultry farms?
Based on data derived from Otten and Van den Weghe [69], the P flow in six intensive pig
farms (NW Germany) that were studied over five years is visualized in Figure 5. Here,
14,000 kg of P in feed is consumed per year by 300 sow (breeder) units and 1000 finisher
units, resulting in 4600 kg P in slaughtered animals, 2520 kg P retained in sow and piglet
growth, and 6880 kg P in manure. This amounts to an animal PUE of 51%, based on
Formula (1), which is close to the data from Poulsen for studies in France, Denmark, and
the Netherlands [70].

https://era-susan.eu/content/pegasus
https://www.era-susan.eu/
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Figure 5. Annual mass balance of P (kgs) in a typical pig farm with 300 sow (breeder) units and 1000 finisher units. Feed
input represents 14,000 kg P. The cropland area receiving manure was 183 ha. Based on data derived from [69].

Assuming that 425 kg P is returned from treated slaughter byproducts, a total of
7300 kg is available for spreading on land. In this baseline case, the manure was applied
to 183 ha at a rate of 40 kgP/ha/year, 28 of which went to crop offtake (ca 4860 kg P) and
12 of which ended up as surplus in the soil (2440 kg P) (Table 1). This surplus follows the
German Fertilizer Ordinance closely, with a surplus of 10 kgP/ha/year [66] and the system
PUE amounts to 82.5% based on Formula (2). The same calculation was carried out for two
additional scenarios, one based on the Nitrates Directive—applying manure at the rate
of 170 kgN/ha/year, which would need to use 97 ha—and the other based on the P crop
requirement of 28 kgP/ha/year, which would need to use 260 ha (Table 1). The resulting
surplus for the former case is 47 kgP/ha/year, an increase of ca. 4-fold over the baseline
scenario, with a resulting PUE of 67.3%. For the latter case, the surplus is zero and the
resulting PUE is 100%.

Table 1. P-loading scenarios for the application of pig manure (7300 kg P/year from Figure 5) to
different areas of cropland based on the actual baseline case and P crop requirements. PUE calculated
using Formula (2).

Scenario ha kg P/ha/Year PUE (%)

P Load Crop Offtake Surplus

Actual baseline * 183 40 28 12 82.5
Max legal 170 kgN/ha/year 97 75 28 47 67.3
Based on P crop requirement 260 28 28 0 100

* Data for the baseline case derived from Figure 5. [69].



Agronomy 2021, 11, 2228 11 of 27

Based on typical temperate zone brown earth soils (https://en.wikipedia.org/wiki/
Brown_earth (accessed on 24 October 2021)) and levels of precipitation, and a topsoil
that is not saturated with P, runoff for this system is estimated to be 3 kg P/ha/year [71];
subsequently, the net loss to receiving waters for this pig farm is estimated to be 550 kg P.
Therefore, although the farm in the baseline case produces a surplus of 2440 kg P (Figure 5),
the soil has the ability to retain most of it; however, runoff losses are site-specific, depending
on soil type, soil P levels, topography, precipitation, and the presence of buffer strips,
artificial wetlands, ditches, and ponds.

Poultry litter can contain 2- to 4-fold the specific levels of P, compared with pig and cat-
tle manure [71]. This—plus the fact that poultry farms have much higher confined animal
densities than pig or dairy farms—can lead to even greater soil P surpluses and potential
runoff losses [41,71]. A typical broiler farm (Figure 6) shows rather low P retention, where
70% of the feed P ends up in the manure, compared with 50% for pig farms [30,41,65,66].
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Figure 6. Relative annual P flow dynamics for broilers with feed set to 100% (based in part on data from Sharpley [71]).
Soil deposition level and runoff losses will vary from case to case, depending on local soil type, soil P levels, cover crops,
precipitation, and topographic conditions.

For comparison with the above pig farm calculation, a broiler farm with the same
annual feed supply (14,000 kgP) was assessed. Based on data from Anzai [72] a P bud-
get was calculated for a broiler farm producing 50,000 birds per year, which is typical
within the EU [19]. The published feed, production, and manure data were scaled from
kgP/head/year arriving at annual totals of 14,000 kg P in feed, 4500 kg P in production, and
9500 kg P in manure. The data for N were 69,000 kg N in feed, 27,500 kg N in production,
29,500 kg N in manure, and 12,500 kg N lost to ammonia volatilization. The resulting area
used for applying chicken manure to meet the Nitrates Directive (170 kgN/ha/year) is
100 ha, while it would have to increase to 339 ha if the same applied manure was to meet a
crop P offtake of 28 kgP/ha/year (Table 2), which is the same offtake used in the case of
the above pig farm in Table 1.

https://en.wikipedia.org/wiki/Brown_earth
https://en.wikipedia.org/wiki/Brown_earth
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Table 2. P-loading scenarios for the application of broiler manure (9500 kg P/year) to different areas
of cropland, based on N and P crop requirements for a farm producing 50,000 birds per year. PUE
was calculated using Formula (2). Base unit data for feed, production, and manure derived from [72].

Scenario ha kg P/ha/Year PUE (%)

P Load Crop Offtake Surplus

Based on max legal 170
kgN/ha/year 100 95 28 67 52.1

Based on P crop requirement 339 28 28 0 100

Comparing the data for the pig farm with that of the broiler farm, one sees that the feed
input was the same at 14,000 kg P per yr, and the required areas for manure spreading to
meet the Nitrates Directive (170 kgN/ha/year) were also similar (97 and 100, respectively).
However, since the broiler farm PUE (formula 2) was lower than that of the pig farm (52 vs.
67%, respectively), the resulting P surplus was higher (67 vs. 47 kgP/ha/year, respectively).
The need for more land, when attempting to reach a PUE of 100% (i.e., a zero P surplus), is
much higher for the broiler farm (i.e., 339 ha compared to 260 ha for the pig farm); therefore,
conforming with the Nitrates Directive, without adhering to critical loading rates for P,
leads to significant P surpluses. The need to manage both N and P together when applying
manure to croplands is thus highly advisable in order to reduce excess nutrients.

Large intensive pig and poultry farms with high LSU densities, which import feed
and produce manure that exceeds the amount that can be used in the same farm, cannot
be managed using agronomic methods alone. Here, large poultry farms producing, for
example, 100,000 broilers, and pig farms producing 5000 finishers per year stand out.
BATs (best available techniques) have been drawn up under the EU Industrial Emissions
Directive IPPC (Integrated Pollution Prevention and Control) [3] to manage emissions to
prevent pollution from such large facilities. Here, intensive farms are defined as having
more than 40,000 places for poultry, 2000 places for pigs (>30 kgs), and 750 places for
sows. Although the document refers extensively to manure storage techniques, manure
spreading techniques, and the Nitrates Directive maximum level of application of manure
N to croplands, it offers no advice regarding parallel impacts of P from manure. Based
on excretion data from the IPPC document which generated the maximum allowable
number of heads per ha in order to conform to the Nitrates Directive application rate of
170 kgN/ha/year [3], minimum areas for manure spreading were computed (Table 3) for
the farms defined above, with 300 sows, 1000 finishers, and 50,000 broilers. The sow farms
would require 37–56 ha, the fattener farms would require 44–77 ha and the broiler farms
would require 68–152 ha in order to conform with the Nitrates Directive.

Table 3. Maximum allowable numbers of animals per ha to comply to the Nitrates Directive manure
application of 170 kgN/ha/year with their corresponding farm sizes and minimum numbers of ha
for manure spreading for large intensive pig and poultry farms. Based, in part, on data in the EU
IPPC BATs Reference Document [3].

Animal Type Farm Size
Heads/Year

Max Heads/ha to
Conform with the
Nitrates Directive

Computed Minimum ha
at a Spreading Rate of

170 kgN/ha/Year

Sows with piglets 300 5.3–8.1 37–56

Fattening pigs 1000 13–23 44–77

Broilers 50,000 327–739 68–152

Comparing these data with the computations from Tables 1 and 2, one can see that the
minimum farm sizes required to conform to the Nitrates Directive are similar (97 for the
pig farm and 100 for the broiler farm); however, in all cases, the farm areas conforming to
the Nitrates Directive would produce P surpluses. The calculated minimum areas from
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Tables 1 and 2 to ensure zero P surpluses were 260 ha for the pig farm and 339 ha for the
broiler farm (i.e., 2–3 times higher).

3.2. Determining Safe Levels of P Loading from Manure

Inspired by the findings of the EU Nitrogen Expert Panel (Figure 3) [52], we propose
a somewhat modified graph (Figure 7), depicting the critical range for the input of P
fertilizer/manure required to achieve optimal yields that minimize soil P surpluses. A
surplus level of 10 kgP/ha/year (averaged over 6 years) is indicated, following the German
Fertilizer Ordinance [66]. Data above 100% PUE represent net soil P mining by the crop.
Data below 100% PUE represent net soil P surpluses. This graph can be used as a sliding
tool to determine safe limits, depending on the minimum offtake for specific cases, all
depending on crop and soil types, and local conditions. It is important to remember that,
with the same amount of applied P, apparent PUE will be lower with low soil P status
because of stronger binding of applied P to soil constituents (e.g., Fe, Al, and Ca) [73]
compared with a situation with higher soil P status [74]. Moreover, an addition of manure
to fields is usually only relevant for the lower levels of soil P that can benefit from fertilizer
additions. Higher soil P levels should not be receiving P fertilizer, unless the crops require
it [32].
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90% and 67% PUE and the 10 kgP/ha/year surplus line from the German Fertilizer Ordinance [66].
The “desirable” minimum offtake is only indicative as is the “desirable zone” of PUE and surplus.
These would need to be estimated from case to case, depending on crop, soil, and local conditions.

In deciding whether croplands should be fertilized with P, soil P levels need to be
determined; therefore, it is necessary to assess what a surplus application of P means in
terms of changes to soil P levels. The following calculation was carried out to determine
this. First, the amount of affected topsoil per ha was calculated based on the LUCAS (https:
//esdac.jrc.ec.europa.eu/projects/lucas (accessed on 24 October 2021)) soil bulk density
data from Ballabio [75] and Makovinikova [76]. Bulk density of soil in EU agricultural
areas varies from 1.2 to 1.4 tons/m3; subsequently, a value of 1.3 was used here. The tilled
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depth of topsoil that is relevant to P erosion is 20 cm, according to the LUCAS data [75],
and 15–20 cm according to the SERA-17 Task Force (https://sera17dotorg.wordpress.
com/ (accessed on 24 October 2021)) [77]. A value of 0.2 m was therefore used in the
calculation. This resulted in an estimate of 2700 tons of topsoil under 1 ha of cropland. The
surplus of 10 kgP/ha was divided by this estimated amount resulting in a concentration of
0.37 mgP/100 g soil. Since the manure P is understood in terms of total P, and 80–100% of
this is plant-available [78], we are working off the assumption that this remains the same
after addition to the soil.

1.3
tons
m3 × 10,000 m2 × 0.2 m = 2700 tons soil (under 1 ha)

10
kgP
ha

= 10
kgP

2700 ton
= 0.37

mgP
100 g

Based on the data from Bai [79], an Olsen-P level of 40 mg/kg soil represents the lowest
critical boundary that risks P loss, due to erosion and leaching from different soil types.
Similar critical boundary levels data have been published by Wang [80] and the range
29–36 mg/kg was published by Hu [81]. The 40 mg/kg level is equivalent to 3.6 mgP/100 g
using the P-AL method [82]. This means that both class I and II P-AL soils represent safe
levels (class I contains up to 2 and class II between 2 and 4 mgP/100 g soil, respectively).
Therefore, a surplus of 10 kgP/ha can be seen as safe, if the background (start) level is at a
maximum of 3.23 mgP-AL/100 g. A surplus of 20 kgP/ha would be safe if the background
soil P is at a maximum of 2.86 mgP-AL/100 g.

Taking a conservative approach, topsoils containing more than 3.6 mgP/100 g should,
in principle, not be receiving any P fertilizer or manure until the levels have been mined
downwards by successive crop rotations. For certain conditions, this process can take
decades [40,71,83]. Moreover, crops are very efficient, with the P they use showing high
efficiencies; thus, reinforcing the fact that they do not respond to increases in added P
beyond their inherent critical requirements [84]. This paper, along with the recent work of
Piccoli [85] are, thus far, the only known attempts to devise (in graphic form) the critical P
input–output levels in order to minimize P surpluses in croplands that receive fertilizer
or manure.

3.3. Calculation of Critical N/P Ratios in using Manure as a Soil Amendment

Phosphorus, however, cannot be managed alone. The even more important objective
of this work was to investigate P input–output–surplus data, integrating the impact of
both N and P. The hypothesized mechanism to manage P balances is through knowledge
about the manure N/P weight ratio. By reducing N losses in the housing, storage, and
spreading of manure, N/P ratios can be kept higher. Since farmers most often gauge
manure application on the basis of N content and crop requirements for N, a higher N/P
ratio will result in lower P loading rates and, thus, lower soil P surpluses. The goal is to
assess the combined impact of N and P in manure, in order to best meet crop requirements,
since the critical values of N or P alone are inadequate as agronomic management tools. It
is the N/P weight ratio of the applied manure that needs to be used to better meet a crop’s
N/P requirements. That there is no EU directive that integrates both N and P fertilization
has created a gap in sustainable manure management, including the associated objectives
regarding nutrient recovery and reuse.

Crops have differing N/P requirements—i.e., the N/P offtake weight ratios are 5.3
for barley, 5.7 for oats, 7.9 for rye, 4.6 for sorghum, 4.6 for oilseed rape, 3.5 for sunflower,
7.5 for potato, 4.6 for wheat, 5.9 for maize, 4.2 for rice, 13.4 for soybean, and 14.9 for chick
pea [86]. The interaction with N is crucial in order to determine the level of P offtake and
surplus P. Based on a broad selection of crops, P offtake tends to range between 13 and
30 kgP/ha/year at optimal soil N and P levels [32,87]. Higher P offtake levels (reaching 40)
occur in soils with higher P, and the highest offtake levels (reaching almost 50) are found in
perennial grasslands [61].

https://sera17dotorg.wordpress.com/
https://sera17dotorg.wordpress.com/
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The other very important factor is that not all N in manure ends up being plant-
available. Based on general farm practices, types of manure, soil, and target crops, the
plant availability of N in ex-storage manure (averaging pig and chicken slurry and solid
forms) is estimated to be 45–50% due to ammonia volatilization losses and the low avail-
ability of organic complexes of N [67,88,89]. It is for this reason that an application of
170 kgN/ha/year (following the Nitrates Directive in NVZs—Nitrate Vulnerable Zones)
can be seen, effectively, to be closer to 80 kgN/ha/year (i.e., 47%). About 45–70% of P in
animal manure is inorganic, i.e., plant-available [90]. The rest, which is organic, can be
degraded and mineralized by soil micro-organisms and made plant-available. If the soil
P is low (e.g., class I), adsorption to soil particles will reduce plant availability to about
50% [88]; however, for normal fertilized soils from mid to higher soil P levels, 80–100% of
the P in manure is considered available [78,88].

According to the above reasoning, a manure application rate of 80 kgN/ha/year is,
in effect, 38 kgN/ha/year of plant-available N (Figure 8) and the effective N/P ratios are
reduced to the same extent. At an offtake level of 15 kgP/ha/year, the safe N/P ratio needs
to come up to 2.5 to avoid a surplus. Higher P offtake levels are just not possible at such a
low application rate of N.
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Figure 8. Graphic showing the relationship between the effective N/P ratio of manure applied at
80 kgN/ha/year and the resulting soil P surplus for crops at an offtake of 15 kgP/ha/year. A minus
surplus represents “mining” of the P reserves in the soil.

In comparison, if one increases the level of manure application to 170 kgN/ha/year,
which is the EU regulation for NVZs, the plant-available N becomes 80. At a crop offtake
level of 15 kgP/ha/year, surplus soil P can only be avoided if the N/P ratio comes up to
5.2 (Figure 9). At a higher crop offtake level of 30 kgP/ha/year, the safe N/P ratio goes
down to 2.7, which is getting closer to the levels of stored manures [35].

For manure applied at a rate of 250 kgN/ha/year (Figure 10), which is quite common
in derogation non-NVZs, the plant-available N is 118 kg/ha/year, according to the above
reasoning. At an offtake level of 15 kgP/ha/year, soil P surpluses occur at N/P ratios
less than 8, which is much higher than levels in stored manure. At an offtake level of
30 kgP/ha/year, soil P surpluses occur at N/P ratios less than 4, which is still greater than
the expected levels in stored manure.
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To summarize the findings in Figures 8–10, a plot was composed, comparing the
manure N/P ratios with the level of crop P offtake necessary to avoid soil P surpluses
for the three levels of applied N (80, 170, and 250 kgN/ha/year) (Figure 11). This figure
also contains documented ranges in N/P ratios for ex-animal and ex-storage pig and
chicken manure. Ex-housing, ex-storage, and ex-spreading N/P ratios are always lower
than ex-animal ratios. This is due to the loss of N as ammonia, nitrous oxide, N2 gas, and
nitrate leaching [91].
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that are required to avoid surplus soil P at stored manure application rates of 80, 170, and 250 kgN/ha/year. The area under
each line represents a situation with potential surplus P. Band 1 represents the range of N/P values in ex-animal manure
from sows, piglets, and fattening pigs (Danish norms) [92]; band 2 is the N/P range for pig manure ex-storage [91]; bands 3
and 4 are the N/P ranges for ex-animal and ex-storage manure from broiler and egg-laying chickens (Finnish and Danish
norms [92,93] and [34].

The higher application rates of 170 and 250 require manure N/P ratios ranging from
2.7 and upwards, which is above the ex-storage manure levels; therefore, both of these
application rates will result in excess soil P.

For the lowest manure application rate of 80 kgN/ha/year, and at crop P offtake levels
of 15 kgP/ha/year, the minimum N/P ratio to avoid soil P surplus is 2.5. Neither pig nor
chicken ex-storage manure come up to this level. So, in all practicality, this level of crop
offtake is insufficient to avoid excess soil P. The figure also includes a data point for a crop
offtake level of 30 kgP/ha/year at a manure application rate of 80 kgN/ha/year. This is a
hypothetical case that is not achievable for agricultural crops due to N limitation; therefore,
although the minimum N/P ratio to avoid soil P surplus would be 1.3, which is met by
both types of manure (ex-storage), there would be no crop yield in this case.

The diagram shows that, in practice most common applications of degraded manure
will result in P surpluses. The lower N/P ratios result in surplus levels of soil P if the
manure is being applied on the basis of its N content. In practice, to use ex-storage manures
that are running at N/P ratios of 2 and less, this would mean having to spread less manure
per ha to avoid P balances while adding synthetic N fertilizer (e.g., urea or ammonium
nitrate) to meet crop requirements.
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3.4. Taking a Systems View on Nutrient Management in Pig and Poultry Farms

A “mind map” was put together with an overview of the optimal conditions to
improve P efficiency in pig and chicken farms. This should be seen as a potential projection
when implementing currently available practices backed up by policies, some of which
have yet to be fully implemented. Along the P value chain, several steps can be taken
to increase efficiency, as depicted in Figure 12. By using low phytate grains, P content
in feed can be decreased by 50–60% while increasing P availability by 70–90% [64]. In
addition, efficiency can be increased by 25–50% by supplementing feed with phytase, and
by a further 25–50% by supplementing with vitamin D [13]. Additionally, pelleting and
growth phase-based feeding in chickens will increase efficiencies by 5–10% [94]. These
improvements, when combined, can lead to an overall increase in P digestion and retention
by 20–30% leading to an overall decrease in manure P by 15–20% [65]. With improved
handling, storage, and spreading of manure, losses of ammonia, nitrogen gas, and nitrate
can be reduced [35,95]—resulting in manure with higher N/P content. This can lead to
lowered manure application rates of 20–25 kgP/ha/year.
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4. Discussion
4.1. Feed Modification to Avoid P Balances and Increase PUEs

Pigs and chickens are monogastric animals and, therefore, do not digest P efficiently.
Data from this work show that, based on P levels in feed conversion to manure, pigs are
about 50% efficient, while broilers are 30% efficient. This is in direct contrast with ruminants,
where upwards of 90% of the P in feed is digestible, due to rumen microbial phytase (https:
//lpelc.org/phosphorus-mass-balance-on-livestock-and-poultry-operations/ (accessed
on 24 October 2021)). Well-managed pig farms using feed supplemented with phytase,
low phytate grains, and other feed manipulations—plus spreading of manure to avoid
excessive P—were found to be relatively efficient in their use of P. In Germany, when
keeping to the national fertilizer regulations for P surpluses (10 kgP/ha/year averaged
over a 6 yr period), pig farm PUEs were computed to be around 80%. However, if the same
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farms were to follow the Nitrates Directive and spread manure at 170 kgN/ha/year, the
PUE drops to 65%. For broiler farms, PUEs are lower, running at 50%.

Much can be done in pig and poultry farms to reduce P content in feed and increase N
and P animal digestion and their retention of P. If feed is modified using phytase additions,
PUE can be increased by 25–35% (Ibid.) and even up to 50% in some cases [64]. Pelleting
and reduction in the size of feed particles for poultry can increase efficiency by an additional
5–10% (Ibid.).

P-based BMPs (best management practices) include feed modification (enzymes and
crop hybrids), manure modification (chemical and physical treatments and composting),
transportation to farms with P deficits, land aspects (conservation tillage, critical area
fertilizer targeting, buffer zones, and soil testing), and grazing management (duration and
intensity, and stream bank fencing) [71].

4.2. Importance of Housing, Manure Treatment and Storage Factors Preventing N Losses to
Optimize N/P Ratios and Minimize Excess P

When it comes to housing, manure treatment and storage systems, as well as the
spreading of manure on fields, measures can be taken to decrease N losses via ammonia,
nitrous oxide, N2 gas, and nitrate leaching. All this is meant to increase N and P use
efficiencies, retain as high as possible N/P ratios in manure, and reduce losses of N and
P to the environment. The global consequences of N losses are significant, in that nitrous
oxide is a strong greenhouse gas [97,98]. Locally, the losses affect air quality (ammonia)
and groundwater (nitrate pollution). Fertilizer that is wasted is the third consequence. Few
countries have taken initiatives to restrict N losses from manure in a systematic fashion.
One exception is Denmark, which has been working on the “Harmony Rule” since the
mid-1980s [99]. Since then, restricted N fertilizer quotas have resulted in reductions in
nitrate leaching by 45% and ammonia losses in livestock operations by 50%. Recently,
requirements for N use efficiencies have been set at 75% for cattle slurry and at 80% for
pig slurry.

In order to prevent significant surplus levels of P in soil, with crop offtake at
30 kgP/ha/year, the N/P weight content of manure needs to be kept above 1.3 if the
stored pig and chicken manure is being spread at 80 kgN/ha/year (Figure 11). At spread-
ing rates of 170 and 250 kgN/ha/year, at the same level of crop P offtake, stored pig and
chicken manure will result in soil P surpluses. At crop offtake levels of 15 kgP/ha/year, all
three spreading rates will result in soil P surpluses. It is only at very high crop offtake levels
(such as 45 to 60 kgP/ha/year, that are found, for example, in cut perennial grasslands [61])
that high soil P surpluses can be avoided.

Overall, the most important factor that can help prevent excess soil P in spreading
manure is to prevent N losses to the atmosphere. As long as N is lost at levels of 50% of the
ex-animal N through housing, storage, and spreading processes, manure will continue to
have relatively low N/P ratios. Reductions in P levels in manure from pigs and poultry,
through alterations in feed (low phytate, phytase supplements, pelleting, and growth-
phase feeding), will reduce P levels in manure; however, these efforts will have less impact
if the manure is left untreated, unmanaged, or stored in ways that result in significant
atmospheric losses of N2, NH3, and N2O.

Sharpley et al. [71] showed that soluble P and total P in runoff can be reduced by over
90% by applying poultry manure, based on soil test P requirements, to produce optimal
crop yields, as compared with basing it on the crop N requirements. The mechanism behind
this is the N/P weight ratio of the manure litter. Basing manure applications solely on N
crop requirements and N content of manure will lead to large overloading of P, surplus
soil P, and ultimately, P losses in drainage and runoff. Practices such as buffer strips,
constructed wetlands, modified ditches with vegetative growth, sedimentation ponds, and
contour ploughing all reduce runoff losses [71].
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4.3. Policy Aspects Relating to P Surpluses

Although phosphorus rock and extracted phosphate were placed on the EU Critical
Raw Materials List [100], phosphate in agriculture still remains a somewhat neglected
environmental issue within the EU. Indeed, in the official EU Agricultural Outlook for
2017–2030 [101], P is hardly mentioned. Manure N has been regulated through the Nitrates
Directive since 1991, but P has not received a similar focus. The one-sided emphasis
on N has created a gap in manure P management within the agriculture sector. This
has contributed to elevated levels of nutrients in areas near livestock facilities [25,26].
The need for increased P management becomes obvious when P-limited freshwater and
coastal water bodies show signs of eutrophication, such as neuro-toxic blue-green algal
blooms and anoxic benthic zones, due to excessive nutrients in runoff [47]. Indeed, the
P agriculture management problem has received increased attention in recent years by
several experts [8,102,103]. Attempts to standardize P indices (requiring data inputs of
soil P, crop P requirements, and soil erosion risk) have been found challenging, due to
the complexities involved with bridging research science with farm practices and site
specificity [56,104]. Impacts on widespread governance and policy implementation remain
limited [105].

In the absence of a harmonized system regulating P losses from agricultural activities,
some EU member states address P surpluses and losses through national and regional
legislation or directives. Phosphorus is most commonly “managed” indirectly by default in
implementing the Nitrates Directive within National Action Plans, the Water Framework
Directive (https://ec.europa.eu/environment/water/water-framework/index_en.html
(accessed on 24 October 2021)) (WFD)(2000/60/IEC), in terms of River Basin Management
Plans and the Common Agricultural Policy of the EU (CAP) [57]. As of 2007, six EU
countries had developed national regulations for P application to farm fields [106]. This
increased to ten countries by 2014 [57]. Germany is the only EU country with a P fertilizer
application norm based on a defined surplus. In 2010, this norm was reduced from 20 to
10 kg P/ha/year (averaged over six years) [66].

Since 2017, the EU has issued BAT (best available techniques) under the IPPC (Inte-
grated Pollution Prevention and Control) Directive [3], which is aimed at larger pig and
poultry farms. This puts limits to the amounts of P and N that can be discharged from
farms and it dictates methods to manage wastewater. However, these BATs do not protect
arable lands from surplus applications of P. Today, manure is spread mainly based on its
N content, as dictated by the Nitrates Directive; however, what is needed is a modified
directive that manages both N and P. Indeed, water bodies that are particularly sensitive to
P loading, such as the Baltic Sea and most freshwater lakes and rivers, need to be protected.

Reducing the impact of excessive P from farming practices needs also to be dealt
with through the CAP (https://ec.europa.eu/info/food-farming-fisheries/key-policies/
common-agricultural-policy/cap-glance_en (accessed on 24 October 2021)) (EU Common
Agriculture Policy) by encouraging the use of artificial wetlands, ditches, sedimentation
ponds, riparian buffer zones, contour ploughing, and other methods to reduce runoff.

Separation of pig slurry into liquid and solid fractions, as well as the drying of
poultry litter, allow for more economic transportation from intensive animal farms to
crop farms that have P deficits. This sort of activity should be encouraged within the
CAP and be part of the enormous subsidies that amounted to ca. 1 billion Euros per
week in 2019 (https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-
agricultural-policy/cap-glance_en (accessed on 24 October 2021)). Production of biofertil-
izers from manure—such as ammonium sulphate, struvite, and compost—need to also be
encouraged within the EU in order to make better use of excess manure resources.

If manure is to be added to soils, it needs to be regulated around the N and P re-
quirements of growing crops and soil P levels. If realized, this could have considerable
impacts on forcing agriculture to become more sustainable, as follows: optimizing the size
of intensive livestock farms; optimizing N/P levels in feed; encouraging the processing
of manure (e.g., acidification (http://balticslurry.eu/reports-2/ (accessed on 24 October

https://ec.europa.eu/environment/water/water-framework/index_en.html
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/cap-glance_en
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2021)) to retain nitrogen, and slurry water separation to reduce transport costs); using
cover crop legumes (green manure) to fix atmospheric nitrogen; basing crop rotations on
soil P levels; encouraging soil and manure P testing to refine application rates. Manure
should, therefore, not be added to soils with high P content. For low-P soils (e.g., class I
and II P-AL), manure application is acceptable based on a maximum P surplus—of, for
example, 10 kgP/ha/year—which may require additional N chemical fertilizer to meet
the crop requirement. For high-P soils and P-vulnerable zones (depending on catchment
characteristics) a zero surplus is called for.

4.4. Relevance to Baltic Sea Region Nutrient Management

Of all the EU marine areas, the Baltic Sea is the most sensitive to excess P. This is due
to annual large-scale blooms of cyanobacteria that carry out N fixation, which are driven
by the available excess P and legacy P from both the drainage basin and anoxic benthic
zones [107].

Nitrogen fertilization with livestock manures is regulated on the basis of the EU
Nitrates Directive, limiting this to 170 kgN/ha/year in NVZs (Nitrate Vulnerable Zones).
Direct regulation of P fertilization of farmland is to be based on the EU Water Frame-
work Directive (WFD) but is not implemented in several Baltic Sea Region (BSR) coun-
tries. The WFD does not impose P fertilizer limits, nor does it apportion P reduction
goals between agriculture and the wastewater treatment sector. The lack of P man-
agement from animal farms represents a major gap in environmental protection gov-
ernance; moreover, the Baltic Sea and other vulnerable areas are, consequently, still suf-
fering from excessive P loads. There is a need to close the “P fertilization policy gap”
by recommending measures to retain the highest possible N/P ratio in livestock ma-
nure, through reducing N losses in animal housing and manure storage and field spread-
ing. The EU Farm to Fork Strategy (https://eur-lex.europa.eu/resource.html?uri=cellar:
ea0f9f73-9ab2-11ea-9d2d-01aa75ed71a1.0001.02/DOC_1&format=PDF (accessed on 24 Oc-
tober 2021)) aims, from 2020 to 2030, to reduce nutrient losses by at least 50% and use of
fertilizers by at least 20%. P is not specifically named but it is clearly implied. Technical
solutions, whereby both N and P are managed together, to support the development of
Integrated Nutrient Management Action Plans (INMAPs) and the Farm Sustainability
Tool (FaST) (https://fastplatform.eu/ (accessed on 24 October 2021)) are called for. In this
way, manure can be better used to both meet crop requirements and to avoid unnecessary
nutrient surpluses in soil and associated catchment areas.

HELCOM (Baltic Marine Environment Protection Commission) has recommended a
maximum application rate of 25 kgP/ha/year for Baltic states as a goal in manure-based
applications to agricultural land (https://helcom.fi/about-us/convention/annexes-to-the-
convention-2/annex-iii/ (accessed on 24 October 2021)). This is with the background en-
forcement of the Nitrates Directive which dictates a maximum of 170 kgN/ha/year in
NVZs; therefore, the N/P ratio of such a maximal application is 6.8, which is close to the
requirements of grain crops (wheat, maize, rye, oats, sorghum, and barley) [86]. However,
most stored and degraded manures are much lower than 6.8—often less than 4 for ex-animal
levels, and less than 2 for ex-storage levels (Figure 11). Consequently, while striving to meet
the 170 kgN/ha/year limit, farmers will be applying levels of 60–80 kgP/ha/year. With a
crop offtake of 20–40 kgP/ha/year, this would leave a surplus of 20–60 kgP/ha/year. In or-
der to meet the German Fertilizer Ordinance requirement for environmental safety, a surplus
of 10 kgP/ha/year [66] would require maximal loading rates of 30–40 kgP/ha/year. This
means reducing the N loading to half, i.e., ca. 85 kgN/ha/year. The impact of this restriction
would be the requirement to spread the manure over a larger surface area and possibly
supplement with N fertilizer. An official critique of HELCOM, made by the Government
of Poland (https://portal.helcom.fi/meetings/AGRI%209-2020-726/MeetingDocuments/4-
2%20Polish%20comments%20on%20the%20revision%20of%20Annex%20III%20part%202%
20of%20the%20Helsinki%20Convention.pdf (accessed on 24 October 2021)), claims that if
a maximum spreading rate of 25 kgP/ha/year is to be followed, this would result in an
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insufficient amount of N applied to fields. That is, on average, N application would be
around half of the allowable 170 kgN/ha/year. This implies an N/P ratio closer to 3.4
which is close to the values given in Figure 11; however, taking into account the fact that
only about half of the applied manure N is plant-available, this ratio is rendered to be,
effectively, only 1.6. The statement from Poland corroborates the findings of this paper. The
EU Strategy for the Baltic Sea Region (https://www.balticsea-region-strategy.eu/ (accessed
on 24 October 2021)) has yet to address this problem.

Average sizes of animal farms around the Baltic Sea area range from 155 ha in Germany,
to 67 ha in Denmark, to 10 ha in Poland [108]. The UAAs (utilized agricultural areas) for
cattle, pig, and poultry farms together in ha were 3.6, 14.4, and 2.6 million, respectively
for the three countries. The total numbers of pigs (heads) were 3.2, 12.1, and 11.3 million,
respectively. The critical parameter determining production of nutrient surpluses is the
density of animals (LSU/ha) which was 0.75, 1.58, and 0.64, respectively [108]; consequently,
of these three countries, Denmark has the highest tendency for nutrient surpluses.

4.5. Practical Impacts of Using P-, along with N-Based Manure Applications

What, then, would the impacts be if animal manure were to be spread on the basis of
its P content and not just its N content? For P-vulnerable areas and soils with already high
levels of P, several changes can be hypothesized as follows:

• Larger areas of cropland would need to be used to meet the P requirements of the
target crops. In some cases, this could mean doubling the area. In worst cases, no
manure would be spread on fields until the soil P levels were mined down (e.g., 5 years
depending on the local situation).

• Alternatively, if cropland areas cannot be increased, animal farms would need to
produce less manure by reducing animal density and downsizing their operations.

• Cutting back on manure applications to reduce excessive farmgate P balances could
require additional N fertilizer to meet the needs of the crops. This would create added
costs, e.g., in the purchase of N fertilizer or crop rotating with green manure.

• Manure could be transported to farms that have P deficits. For this to be economical,
the manure would need to be separated (for slurry) or dried and pelleted (for litter).
These would be added costs, but presumably the products would increase in value.

• Farmers especially, running large intensive animal farms, would value manure more
as a fertilizer instead of as a waste product from animal production.

• By focusing more on the importance of N/P ratios, N would end up being managed
better with incentives to reduce N losses in manure handling, storage, and spreading.

• P wastage would be reduced significantly by upwards of 50% in many cases.
• The new EU CAP (Common Agriculture Policy) could take on some of these costs by

building in provisions for improved P management of soils.

5. Conclusions

This paper presents an alternative pathway for managing N and P in pig and poultry
farming, by examining the limits to N/P weight ratio content of manure that are applied
to cropland. Using basic mass balance calculations, the paper shows how the PUE (P use
efficiency) can be deduced, in order to assess the status of a specific farm. The change
in management paradigm that is recommended in this paper requires the reformation of
existing regulations and an increased harmonization in policy across the EU.

The paper introduces novel work, relating critical input and offtake levels for P from
manure as a compliment to the work of the EU Nitrogen Expert Panel and echoing a “safe”
surplus of ca. 10 kgP/ha/year for low soil P levels. The paper provides estimates of critical
N/P ratios that determine the level of surplus depending on the P input and offtake at
various levels of N input (80, 70 and 250 kgN/ha/year). The conclusion is that manure
needs to be managed with much more care in housing, storage, and spreading, in order
to reduce N losses. By doing so, higher N/P ratios can be achieved, and less P would be
spread on fields, resulting in less P surplus, losses, and waste.

https://www.balticsea-region-strategy.eu/
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The paper identifies a clear conflict between the regulation of manure spreading based
on N compared to basing it on P. N levels in manure are reduced due to losses in ammonia,
nitrous oxide, and nitrogen gas to the atmosphere—as well as nitrate to groundwater, in the
process of manure housing, storage, and spreading. This process of degrading the nutrient
quality of pig and poultry manure results in N/P ratios that are reduced by at least half,
compared with ex-animal levels. This is the main reason that following only the Nitrates
Directive ends up causing excess P. The map of P levels in Northern European topsoil
(Figure 2) clearly shows the impact of long-term overloading with P. Moreover, it also
confirms the ability of soil to retain this excess P. Regulating only N in the application of
manure to cropland is clearly a short-sighted practice, especially for P-sensitive catchment
areas, such as freshwater rivers, lakes, and coastal zones. The Baltic Sea is the EU’s most
sensitive and largest body of water that is suffering from excessive loading with P. The EU
Strategy for the Baltic Sea Region has yet to centrally address this problem. The new Farm
to Fork Strategy, which sets a goal of reducing losses of fertilizer by at least 50% and use of
fertilizer by at least 20% during the period 2020–2030, is the first sign of possible action;
however, the importance of the co-management of N and P has yet to be mentioned.
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