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Opportunities to 
recycle phosphorus-
rich organic materials 
Lead authors: 	 Will J. Brownlie, Ruben Sakrabani

Co-authors: 	 Geneviève S. Metson, Martin S.A. Blackwell, Bryan M. Spears

Recycling phosphorus-rich organic 
residues and manures is critical 
for phosphorus sustainability 
and a transition to a more circular 
economy for phosphorus. Beyond 
agronomic benefits, the win-wins 
are numerous, with benefits to 
society, environment, economy, 
and business growth. However, to 
significantly increase phosphorus 
recycling, education, awareness-
raising, investment in technology 
and infrastructure, and policy 
support are urgently needed.

Left: Cattle eating hay on a farm 
in the New Forest District, UK. 
Manure is a valuable phosphorus 
resource; its use as an organic 
fertiliser should be optimised 
and carefully managed to avoid 
phosphorus losses. Photographed 
by Annie Spratt on www.unsplash.
com - www.anniespratt.com

Suggested citation for this chapter: W.J. Brownlie, R. Sakrabani, G.S. Metson, M.S.A. Blackwell, B.M. Spears. (2022). Chapter 6. 
Opportunities to recycle phosphorus-rich organic materials, in: W.J. Brownlie, M.A. Sutton, K.V. Heal, D.S. Reay, B.M. Spears (eds.), 
Our Phosphorus Future. UK Centre for Ecology & Hydrology, Edinburgh. doi: 10.13140/RG.2.2.33143.29605
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Challenge 6.1: Organic wastes and residues are often treated as 
pollutants and not nutrient resources
Organic materials are often managed as pollution rather than as a valuable nutrient resource. 
Consequently, improvements in the management of phosphorus-rich organic materials are necessary 
including collection and storage, processing, and application practices. Farmers and stakeholders may 
reject recycling some organic materials as fertilisers because of negative perceptions over the safety of 
their use in food production; these concerns must be overcome. 

Challenge 6.2: Manure and waste production is often 
‘decoupled’ from croplands where it can be recycled
In many regions, the distances between the production of phosphorus-rich organic materials and 
arable land are increasing, driven by the expansion of specialised and intensive farming, urbanisation, 
and globalised trade. This can make transporting such materials to areas where they can be recycled 
prohibitively expensive. Decoupling of livestock and arable farming systems is particularly problematic 
for farmers producing organic foods and feeds. This is because ‘conventional’ mineral phosphorus 
fertilisers, and in some cases manures from confined animal feeding operations, cannot be used to 
fertilise organic crops.

Challenge 6.3: The reliability of phosphorus-rich organic 
materials is often lower than mineral fertilisers
The concentrations of phosphorus in organic materials are variable, not easy to determine quickly 
and lower than mineral phosphorus fertilisers, representing a challenge for farm-scale nutrient 
management. The bioavailability of phosphorus in organic materials varies and influences their 
performance as fertilisers, and can be affected by soil type, pH, and crop breed. The bulky nature of 
many organic materials can make them difficult to spread consistently, affecting their reliability as a 
fertiliser. 

Challenge 6.4: Some phosphorus-rich organic materials can 
contain contaminants
Pathogens, hormones, antibiotics, potentially toxic elements, and microplastics can be present in some 
phosphorus-rich organic materials. It is important to ensure contaminants are removed, destroyed or 
concentrations reduced to safe levels in any phosphorus-rich organic materials to be used as fertilisers. 
In some cases, contaminants can accumulate in soils and may pose a risk to human and animal health 
and environmental quality.

Challenge 6.5: Policy, infrastructure, and financial support are 
lacking for phosphorus recycling
There is a lack of coordinated policy and regulation to support an increase in the recycling of 
phosphorus-rich organic materials. In some regions, there is little economic incentive for farmers to 
switch from mineral phosphorus fertiliser to phosphorus-rich organic materials. Some farmers can face 
legal and certification barriers stopping them from recycling certain phosphorus-rich organic materials.
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Solution 6.1: Treat waste streams as valuable nutrient resources
A paradigm shift in how we view waste streams is needed; from pollutant to valued nutrient resource. 
Key actions in delivering this shift include raising awareness of the costs of phosphorus losses and 
benefits of phosphorus recycling, providing education and extension services to encourage stakeholders 
to recycle phosphorus, and mobilising investment in infrastructure and technology to make 
phosphorus recycling safe, easy, and efficient.

Solution 6.2: Optimise the spatial integration of arable and 
livestock agricultural systems
Landscape planning can integrate arable and livestock farming to maximise nutrient recycling. 
Whilst efforts should be made to ensure animal densities in livestock farming do not exceed nutrient 
needs, some farming systems must rely on disposal/utilisation contracts. Arable-livestock farming 
partnerships can support the exchange of crops, grains, and manures, and coordinate land-use to 
support more regionally closed feed-manure loops.

Solution 6.3: Utilise available technology and tools and 
provide education
The reliability of phosphorus-rich organic materials as fertilisers can be improved by processing to 
improve fertiliser quality, and developing better systems to help farmers assess the phosphorus content 
and phosphorus bioavailability of the materials. Furthermore, farmers can be better supported to 
optimise the application of recycled phosphorus products and other nutrients in order to maximise 
phosphorus uptake by plants. However, critical to this is a sufficient understanding of farm- and local-
scale nutrient budgets.

Solution 6.4: Process organic materials appropriately and 
provide safety certification schemes
Most phosphorus-rich organic materials need some processing to reduce contaminants and pathogens 
to safe levels for use in food production. Reducing livestock dietary intake of potentially toxic 
elements and imposing strict limits on the non-therapeutic use of antibiotics in livestock, will reduce 
levels of these contaminants in manure and biosolids. Assurance that fertiliser products derived from 
phosphorus-rich organic materials are safe for their intended use should be provided to end-users.

Solution 6.5: Develop policies, regulations, and financial 
instruments that support phosphorus recycling
Improved coordination between relevant government bodies and relevant stakeholders is required to 
develop coherent, holistic policies and create markets for recovered phosphorus fertiliser. Investment 
in infrastructure and technologies supported by cross-sectorial innovation, co-creation and sharing 
of knowledge can help to make phosphorus recycling simple and efficient. The economic benefits for 
society of recycling phosphorus need to be better quantified and used to encourage stakeholders to 
recycle phosphorus more efficiently. The value of recovering phosphorus can be maximised by selecting 
methods to process organic materials that produce additional co-benefits.
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6.1 Introduction
In the natural biogeochemical phosphorus 
(P) cycle, P is released into ecosystems 
by the weathering of phosphate rock 
(PR). Rivers and food webs slowly cycle 
P through landscapes until ultimately it 
is deposited into the oceans (Huang et 
al., 2020). Over millions of years, new PR 
deposits are created in ocean sediments. 
By mining PR, we have accelerated global 
P mobilisation fourfold (Falkowski et al., 
2000). Currently, the main input of P to 
the anthropogenic P cycle is P mined from 
phosphate rock. Around 85% of mined P is 
used for fertilisers applied to soils to grow 
crops, which are either consumed directly 
by humans or used to feed livestock (de 
Boer et al., 2019). Significant P losses 
occur throughout the food production 
system (see Chapters 4, 5 and 8). However, 
much of this lost P remains on land, and 
can be considered misplaced (Dawson and 
Hilton, 2011), and therefore potentially 
recyclable within the agricultural system 
(see Chapter 4). In this chapter, we discuss 
potential opportunities to recycle this 
misplaced P, valuing it as a resource as 
opposed to waste.

6.1.1 Defining phosphorus 
recycling, phosphorus losses 
and the circular economy.
In the literature, the terms P recycling, P 
recovery and P reuse have been blurred. 
A common and general definition of 
recycling is a process that converts waste 
materials into new materials. In this 
report, we define P recycling as the use 
of P from residue streams (e.g. manure, 
biosolids, food wastes) in the production 
of food (e.g. crops and vegetables) and 
non-food agricultural products (e.g. fibre 

and timber). This definition highlights a 
key goal of P recycling, which is to offset 
demand for P from mined sources. The 
most direct method of P recycling is the 
application of manures and biosolids to 
cropland, in which P is returned to soils, 
where plants can assimilate it back into 
agricultural products.

In some cases, P must be ‘recovered’ from 
wastes before they can be recycled safely 
and effectively. Phosphorus recovery refers 
to processes used to isolate high-quality 
P from organic matter into raw materials 
that can be used to make recovered P 
fertilisers, or materials for use in the 
chemical industries. Whilst the use of P 
recovered from waste materials to produce 
fertilisers could be considered recycling 
(i.e. a waste material converted into a 
new material), in this report, we consider 
it only a stage in the P recycling process, 
as it is yet to be used in agriculture. This 
definition is used to distinguish P recycling 
and P recovery and is illustrated in Figure 
6.1. The only exception to our definition of 
P recycling could be when recovered P is 
used to produce raw materials not related 
to soil fertilisation (e.g. to make food 
additives). However, to our knowledge, this 
is not done at large scale (and thus this 
pathway is not included in Figure 6.1). 
It is important to note that policies that 
enforce P recovery from waste streams, as 
in some EU countries, may not enforce P 
recycling. In this chapter, we focus on the 
use of P-rich organic materials as a source 
of nutrients to fertilise agricultural soils. 
Processes to recover P from waste streams 
to produce raw materials that can then 
be used to make customised recovered P 
fertilisers, and other specialised products, 
are discussed in Chapter 7.
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The term ‘reuse’ is commonly used alongside 
P recovery (i.e. ‘P recovery and reuse’). Reuse, 
in the context of recycling, has been defined 
as the transfer of products to new owners 
(Fortuna and Diyamandoglu, 2017). In this 
report, we use the term P recycling but not 
P reuse, though acknowledge that P reuse is 
used in the literature (Cordell et al., 2011; 
Karunanithi et al., 2015; Sun et al., 2018).

The term ‘P losses’ are commonly used to 
describe P inputs to anthropogenic systems 
that do not contribute to productive output 
and underpin P use efficiency (PUE) 
calculations (see Chapter 4). A more 
accurate description of P losses is perhaps 

P dissipation (Dawson and Hilton, 2011). 
The extent to which P is dissipated, to some 
degree, defines how easy it is to recycle. 
For example, P that enters the oceans can 
be considered truly ‘lost’ (Dawson and 
Hilton, 2011), when compared with P in 
human wastes (i.e. faeces and urine), which 
can be more easily captured, recovered 
through processing (where necessary), 
and recycled. Phosphorus losses occur 
at all stages of the food production and 
consumption chain, enabling a circular 
economy approach to be implemented 
when framing the opportunities around 
recycling and recovery (Geissler et al., 2018) 
(Figure 6.2). A circular economy can be 

Phosphorus rich organic 
materials 

(e.g. wastes, residues, manures)

Phosphorus 
recovery

Agricultural products

Recovered 
phosphorus 
raw material

Recovered 
phosphorus 

fertiliser

Human/animal 
consumption

Applied to agricultural 
soil

Technical P recovery

Phosphorus recycling

Basic processing
(e.g. dewatering, 

composting, 
vermicomposting 

etc.)

Figure 6.1 Conceptual diagram to illustrate the boundaries used in this report to distinguish between phosphorus (P) 
recycling and P recovery, demonstrating the circularity of P once it is in the agricultural/food system. Recycling P from 
organic wastes without technical P recovery is discussed in this chapter, whilst technical P recovery (which can be considered 
a stage in recycling P rich organic wastes) is examined in Chapter 7. 
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considered an alternative approach to a 
traditional linear economy (i.e. make, use, 
dispose of ) in which resources are kept in 
use for as long as possible, then recovered 
to regenerate new products and materials. 
Whilst various definitions of a circular 
economy exist, and have been discussed 
in the literature (Kirchherr et al., 2017), 
a central aim shared amongst definitions 
is to decouple economic growth from 
the consumption of finite resources. The 
recycling of P to reduce consumption of 
finite PR reserves, is, therefore, a key driver 
in the transition towards a more circular P 
economy (Geissler et al., 2018) (Figure 6.1), 
as set out generally by regional (European 
Commission, 2015) and international 
initiatives (UNEP, 2017).

6.2 Sources, 
types, and fates of 
phosphorus-rich 
organic materials
There is abundant P present in organic 
residue streams that can be used to improve 
soil fertility to optimise crop yields (Figure 
6.2). Current P-rich residue streams have 
been identified to support P recycling 
including:

•	 crop residues ( Jat et al., 2015; Espinosa 
et al., 2017);

•	 manures and slurry (Komiyama 
et al., 2014; Omara et al., 2017; 
Kumaragamage and Akinremi, 2018);

•	 food processing residues, including from 
aquaculture (Hamilton et al., 2017);

•	 abattoir residues (especially bone meal 
which is high in P) (Darch et al., 2019);

•	 domestic food wastes (Nakakubo et 
al., 2012);

•	 sewage derived biosolids (Deeks et al., 
2013; Pawlett et al., 2015; Antille et 
al., 2017);

•	 wastewaters (Egle et al., 2016; Cieślik 
and Konieczka, 2017).

In most cases, farmers can apply crop 
residues and urine to croplands directly 
without the need for potentially costly 
recovery processing. However, P-rich 
organic materials may require processing to 
remove contaminants, concentrate nutrients, 
reduce volumes for transport, and improve 
P bioavailability (Figure 6.2). Direct 
manure spreading may be environmentally 
acceptable for some small-scale organic 
farming systems. However, Font-Palma 
(2019) argued that the direct spreading 
of cattle manure onto land carries the risk 
of potential release of greenhouse gases, 
odour, contaminants and pathogens into 
the environment and that in the future 
biological or thermochemical conversion 
technologies should be more widely applied 
to reduce these undesirable effects.

Phosphorus in waste streams, soils or 
waters can be extracted through biological 
assimilation into microorganisms, 
plants and animals to support recycling 
(Guterstam, 1996; Gifford et al., 2007; 
Naylor et al., 2009; Spångberg et al., 2013). 
This has been done as part of environmental 
restoration efforts (Delorme et al., 2000; 
Novak and Chan, 2002) and to clean waste 
streams, and in some cases, the extraction 
media (e.g. algae) can then be applied to 
soils as a P source. However, in such cases, 
the risk of negative human health effects 
associated with the ingestion of toxins (e.g. 
toxin-producing cyanobacteria, Chapter 5) 
should be carefully assessed.
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Phosphorus-rich organic materials can also 
be used to make bioenergy (Huygens and 
Saveyn, 2018), biogas (Lansing et al., 2010; 
Insam et al., 2015), and biochar (Lehmann 
et al., 2006; Atkinson et al., 2010; Blackwell 
et al., 2015; Trazzi et al., 2016), producing 
P-rich residues as a by-product. Biochar 
and biogas residues can be applied to soils 
directly, and are effective slow-release 
P fertilisers under certain conditions 
(Tsachidou et al., 2019; Glaser and Lehr, 
2019). Further information on common 
treatment processes of P-rich organic 
materials is summarised in Table 6.1. Some 
of these processes can be further combined 
with other physical, chemical, or biological 
treatment options to create more specific 
fertiliser products (see Chapter 7), especially 
in the case of human excreta related waste 
streams (Harder et al., 2019).

6.2.1 Mineral phosphorus 
inputs accommodate high 
phosphorus losses
The recycling of organic materials from 
residue streams is sub-optimal, and the need 
to ‘close the P loop’ is widely acknowledged 
(Elser and Bennett, 2011; Bateman et al., 
2011; Cordell and White, 2014; Scholz and 
Wellmer, 2018; Withers et al., 2018).

iThe International Fertiliser Association forecasts an 0.8% annual increase in consumption of P2O5 in fertiliser in the short term, based on a 
three-year average of 2017, 2018 and 2019, and the end of its outlook forecast in 2024 (IFA, 2020).

If all P losses could be recycled (i.e. closing 
the anthropogenic P cycle), additional P 
inputs would only be needed to support 
population growth and replace the ~1.0 Mt 
P year-1 lost in dead human bodies (which 
tends not to be recycled) (Dawson and 
Hilton, 2011). This estimate is in terms 
of mineral P and is based on an average 
person containing 780 g P (CRC, 2005). 
However, in 2020, 21 Mt of mineral P 
was added to the anthropogenic P cycle 
( Jasinski, 2021), 85% of which was used 
in mineral fertilisers (de Boer et al., 2019) 
(see Chapter 2). Increasing the relative 
proportion of recycled versus mineral P (i.e. 
PR derived P) is essential to redress the 
global anthropogenic flow of P, which was 
identified as having passed its planetary 
boundary a decade ago (Carpenter and 
Bennett, 2011). During the same decade, 
global consumption of mineral P fertiliser 
increased and is projected to continue 
for at least the immediate future (IFA, 
2020)i. Without implementing sustainable 
P management to reduce P losses and 
increase P recycling, environmental damage 
will continue to increase with potentially 
irreversible consequences (Steffen et al., 
2015; Rockström et al., 2020; see also 
Chapter 5).
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6.2.2 Recycling phosphorus-
rich organic materials deliver 
multiple benefits
Assessments have identified that recycling 
P from waste streams can significantly 
support a reduction in mineral P fertiliser 
requirements, whilst increasing soil fertility, 
in the UK (Bateman et al., 2011), Sweden 
(Akram et al., 2019; Lorick et al., 2021), the 
EU (van Dijk et al., 2016), India (Naresh et 
al., 2018), Pakistan (Akram et al., 2018), the 
USA (Metson et al., 2016), China (Bai et 
al., 2016a) and globally (Menzi et al., 2010). 
Improvement in soil fertility and function 
due to the application of organic materials 
can include an increase in nitrogen, 
micronutrients, organic carbon and water 
retention (Schröder, 2005; Lashermes et 
al., 2009; Diacono and Montemurro, 2010). 
Furthermore, converting waste products 
into useable products can support the 
growth of new businesses and contributes to 
the circular economy (Kabbe, 2019).

Alongside the agronomic benefits of 
recycling P-rich organic materials, the 
wins-wins of recycling P-rich organic 

materials are numerous, with benefits to 
society, the environment, and the economy. 
Organic fertilisers, when available in 
sufficient quantities, provide beneficial soil 
organic matter that improves soil health, 
fertility, structure, and water retention 
capacity, and adds micronutrients essential 
for plant growth and for boosting the 
nutritional value of crops. Mineral and 
organic fertilisers can play complementary 
roles, with mineral fertilisers supplementing 
the nutrients provided by organic fertilisers 
with concentrated, consistent nutrients 
that are immediately available for plant 
uptake. Greater recycling of P-rich 
organic materials will help to deliver on 
the objectives of multiple United Nations 
Sustainable Development Goals (SDGs) 
including SDG 1- Poverty Alleviation, 
SDG 2 - Zero Hunger,  SDG 6 - Clean 
Water and Sanitation, SDG 12 - 
Responsible Consumption, SDG 12 - Life 
on Water,  SDG 15 - Life on Land. In the 
following section, we discuss the challenges 
and solutions for recycling phosphorus-rich 
wastes and manures.
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6.3 Challenges

Challenge 6.1: Organic wastes 
and residues are often 
treated as pollutants and not 
nutrient resources

Organic materials are often 
managed as pollution rather than 
as a valuable nutrient resource. 
Consequently, improvements in 
the management of phosphorus-
rich organic materials are 
necessary including collection 
and storage, processing, and 
application practices. Farmers and 
stakeholders may reject recycling 
some organic materials as fertilisers 
because of negative perceptions 
over the safety of their use in food 
production; these concerns must 
be overcome.

In an assessment of global P flows in 2013, 
it was estimated that about 30% of the P 
in animal manures (equivalent to ~4 Mt P 
year-1) and 85% of the P in human excreta 
and other human wastes (equivalent to 
~6 Mt P year-1) were not recycled (Chen 
and Graedel, 2016). These values vary 
widely between countries and assessments. 
National P flow assessments are often not 
comparable because the quality of data 
for ‘recycling rates’ or ‘recovery rates’ vary, 
as do operational definitions of ‘recycling’ 
and ‘recovery’ (e.g. Chowdhury et al., 2014; 
van Dijk et al., 2016; Rahman et al., 2019). 
Nevertheless, it is evident that in all regions, 
valuable nutrients in organic residue streams 
are being lost to the environment or landfill, 
at all stages throughout the food value 

chain (Figure 6.2). These losses are not 
only a waste of P but also a pollution risk 
(see Chapter 5). In some cases, significant 
amounts of manure and organic residues are 
discharged directly into waterbodies (Sattari 
et al., 2014; Strokal et al., 2016).

Livestock manures represent the greatest 
source of P-rich organic material. The 
amount of nutrients excreted by livestock 
globally is uncertain because of poor 
data on the intake and consumption of 
livestock feed (Menzi et al., 2010). The 
global livestock excretion rate is estimated 
at 16 Mt P year-1 (Chen and Graedel, 
2016). Cattle contribute about 40% of the 
total livestock P excretion, whilst pigs and 
poultry contribute about 20% each (Menzi 
et al., (2010). In the EU, about 1500 Mt 
of animal manure is produced annually 
(Holm-Nielsen et al., 2009), of which 70% 
is recycled (van Dijk et al., 2016). However, 
in other regions manures are less effectively 
handled, such as in China, where in some 
catchments up to 64% of the P in manure 
can be discharged to rivers (Strokal et al., 
2016). Similarly, high manure P losses, and 
low recycling rates, have been documented 
in countries across East and South-East 
Asia, and South America (Menzi et al., 
2010; Teenstra et al., 2014). In many parts 
of the world, more sustainable manure 
management is hindered because it is still 
considered a 'waste', rather than a valuable 
nutrient source (Menzi et al., 2010).

Phosphorus losses from domestic and 
food processing residues (e.g. abattoir 
residues), and human excreta and other 
human wastes has been estimated at ~11 
Mt P year-1 (Chen and Graedel, 2016). 
Recycling of the P in these waste streams is 
low (<20%), with significant amounts lost 
to the environment or discarded to landfills 
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(Ott and Rechberger, 2012; Chowdhury 
and Chakraborty, 2016; Bai et al., 2016b; 
Rahman et al., 2019). Currently, in the 
EU about 20% of municipal wastes (which 
include food waste and wastewater) are 
recycled (van Dijk et al., 2016). More than 
10 Mt of biosolids (weight of dry solids) are 
produced annually in the EU (Laturnus et 
al., 2007), and this value was predicted to 
rise to 12.8 Mt year-1 by 2020 (European 
Commission, 2008a). Whilst food waste 
is also increasing, already one-third of the 
food produced for human consumption is 
lost or wasted globally, amounting to 1,300 
Mt year-1 (FAO, 2011). Whilst collection 
of household food wastes for compost is 
common in parts of the EU (Sörme et 
al., 2019), in 2017 only 17% of the EU’s 
municipal wastes were composted with the 
remainder ending up in mixed wastes that 
are landfilled or incinerated (European 
Environment Agency, 2020). Concentrated 
centres of consumption and disposal, such 
as restaurants, hotels, service stations, 
businesses, schools, universities, army 
barracks and hospitals, have an opportunity 
to collect large amounts of food waste and 
human excreta for recycling (Drangert, 
2012). Phosphorus recycling is particularly 
relevant to abattoirs. Animal bone has a 
very high P content compared to other 
animal wastes and residues. For example, 
the P content of bovine and poultry bone 
is about 10% of its dry weight (Beighle 
et al., 1993; Hemme et al., 2005). Indeed, 
85–88% of the P in vertebrates exists in the 
skeleton (Hua et al., 2005). However, in 
the EU, alone, some 4 Mt year-1 of animal 
bone biomass is produced (Someus and 
Pugliese, 2018), most of which is discarded 

iA full list of the components considered in the definition of municipal wastes is available in the European Commission guidance on 
municipal waste data collection (European Commission, 2017).

to landfills (Ayllón et al., 2005; Dawson and 
Hilton, 2011).

Poor sanitation is allowing P-rich excreta 
to pollute waterbodies (WWAP, 2017). 
In low-income countries, only 8% of 
wastewaters undergo treatment, and 
globally over 80% of wastewaters are 
discharged without treatment (WWAP, 
2017), contributing to environmental 
degradation (see Chapter 5). In Europe 
and North America, as much as 50% of 
sewage sludge is processed for agricultural 
use (Nizzetto et al., 2016). Currently, 
there are 33 megacities in the world, with 
populations >10 million (United Nations, 
2019). With the global trend towards 
greater urbanisation, P will be increasingly 
concentrated in urban regions due to food 
consumption and excretion (Powers et al., 
2019). Whilst this carries an increased 
risk of point sources of pollution, it also 
represents opportunities to upscale P 
recycling within coupled agri-urban food 
systems. However, currently, most cities 
do not take full advantage of this potential 
(Metson et al., 2015). For example, in 
Montreal, Canada, only 6% of the P in 
municipal waste streams is recycled (noting 
municipal wastes include more than human 
excreta wastes, e.g. food wastes, grass 
cuttings)i. There are few studies to evidence 
the potential for urban P recycling, this 
is probably the reason why recycling of P 
in coupled agri-urban food systems does 
not feature more heavily in city plans. 
Therefore, if more assessments of this 
opportunity were carried out, including 
evaluation of economic and environmental 
costs compared to the current approach, this 
might change (Metson and Bennett, 2015).
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A further complication is that farmers 
may choose not to use some organic 
materials as fertilisers because of negative 
perceptions over the safety of their use in 
food production. This may be because they 
fear that consumers will not want to buy 
their products and/or because they can lose 
certain certifications for farming practices 
required by consumers (discussed below) 
(Bengtsson and Tillman, 2004; Moya et al., 
2019a). This concern is especially evident 
for organic materials derived from human 
excreta, even if appropriately processed 
to ensure they are safe to use as fertilisers 
(Bengtsson and Tillman, 2004; Metson and 
Bennett, 2015; Moya et al., 2019a).

When farmers do apply recycled sources 
of P to soils, inefficient practices can 
result in the P being subsequently lost 
to the environment (discussed in further 
detail in Chapter 5). Phosphorus losses 
from soil occur through soil erosion or 
leaching processes. Leaching of P is usually 
limited due to its low solubility but may 
be higher in soils saturated with P, or with 
preferential flow pathways if the waste 
products are not incorporated (Glaesner 
et al., 2016). Poor manure management 
can result in significant P losses to the 
environment in surface runoff (Kleinman 
et al., 2011; Chapter 4), and long-lasting 
P losses from soils that have received 
repeated excess manure applications (Qin 
and Shober, 2018) (see Chapter 4). For 
example, organic sources of P such as 
slurries and manures are often applied in 
winter in the EU (van Es et al., 2006) and 
the USA (Williams et al., 2010) which 
can coincide with heavy rainfall and 
with frozen fields (in northern latitudes) 
leading to increased losses through run-
off (Komiskey et al., 2011). In the EU, as 

enforced under the Nitrates Directive of the 
European Union (91/676/EEC; Council 
of the European Communities, 1991), 
areas of land that drain into waters affected 
by nitrate pollution can be designated as 
Nitrate Vulnerable Zones (NVZ). Farmers 
in NVZs are required to comply with 
measures laid out in action programmes 
designed to restore water quality, which 
may include: 

•	 reducing the amount of 
fertiliser applied; 

•	 prohibiting application of fertiliser 
during the winter when runoff is 
greatest and uptake by plants at a 
minimum; and 

•	 changing the times when animal 
manures aree applied to the land and 
holding manures and slurries in tanks 
until application. 

Whilst such legislation focuses on N 
pollution, it can serve to also reduce P 
pollution (Amery and Schoumans, 2014).
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Challenge 6.2: Manure and 
waste production is often 
‘decoupled’ from croplands 
where it can be recycled

In many regions, the distances 
between the production of 
phosphorus-rich organic materials 
and arable land are increasing, 
driven by the expansion of 
specialised and intensive farming, 
urbanisation, and globalised trade. 
This can make transporting such 
materials to areas where they can 
be recycled prohibitively expensive. 
Decoupling of livestock and arable 
farming systems is particularly 
problematic for farmers producing 
organic foods and feeds. This is 
because ‘conventional’ mineral 
phosphorus fertilisers, and in some 
cases manures from confined 
animal feeding operations, cannot 
be used to fertilise organic crops.

Temporal and spatial separation between sites 
of P accumulation (livestock farms and cities) 
and P demand (croplands) means P-rich 
organic materials must often be stored for 
long periods and/or transported long distances 
before use (Metson et al., 2016). Intensive 
and specialised farming is decoupling arable 
and livestock systems, and can result in crops 
being grown increasingly in areas that are not 
close to livestock (Gerber et al., 2005; Sutton 
et al., 2013; Lemaire et al., 2014; Watson et 
al., 2019).

Intensive livestock production systems are 
expanding rapidly globally, especially in 
Latin America, and East and South-East 
Asia (Stenfield et al., 2006; Menzi et al., 

2010). The geographical concentration of 
livestock in areas with little or no arable 
farming can result in stockpiling of manures 
(Tamminga, 2003; Menzi et al., 2010), 
manure mismanagement and P losses leading 
to pollution of waterbodies (Tamminga, 
2003; Gerber et al., 2005; Watson et al., 2019; 
Glibert, 2020). Consideration of scale when 
assessing livestock density is important. A 
region or country may appear to have a low 
overall livestock density, which conceals areas 
of high livestock density at smaller scales, 
and in which animal wastes can quickly 
exceed the local carrying capacity of the 
landscape (Tamminga, 2003). For example, 
the Netherlands farms more cows, chickens, 
and pigs than any other country in the EU, 
with 80% of dairy farms producing more 
animal manure than they can recycle on 
their land. Strict limits on the application 
of manure to croplands have been imposed 
in the Netherlands since 1998, mainly 
due to ammonia emissions (Erisman et 
al., 2005), although unpleasant odours can 
also significantly impact local communities 
(Sutton et al., 2013), and hence influence 
policy. Farmers pay an estimated €550 million 
each year for manure removal, although, it has 
been reported that farmers are avoiding costs, 
with up to 40% of manures spread illegally 
(Dohmen et al., 2017).

Simultaneously, arable farm systems are 
increasing in size. For example, in the USA 
there is a trend toward larger farm sizes, 
with the median USA cropland area on 
farms almost doubling from 1982 to 2007, 
from 238 to 447 cropland ha per farm 
(MacDonald et al., 2013). The availability 
of mineral P fertilisers, relative to organic 
P fertilisers, has allowed arable farming to 
increase dramatically, with low recycling of 
nutrients from livestock or human waste 
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products (Gerber et al., 2005; Watson et al., 
2008, 2019). In some regions, such as Asia 
and North and Central America, arable 
farming has become highly reliant on mineral 
P fertilisers to replenish the P removed in 
the harvest (MacDonald et al., 2011), and 
has contributed to a reduction in soil fertility 
(Watson et al., 2019).

Decoupling of organic livestock and organic 
arable farming systems is particularly 
problematic for farmers producing organic 
foods and feeds. This is because ‘conventional’ 
mineral P fertilisers cannot be used to fertilise 
organic crops in order to meet regulations 
and fulfil ‘organic food’ certifications from 
most international organic food associations 
(e.g. Demeter, Bioland, Naturland) 
(Stabenau et al., 2018). In this context, 
‘conventional’ mineral P fertilisers include 
diammonium phosphate, monoammonium 
phosphate, single superphosphate, and triple 
superphosphate. In the EU, this is regulated 
under European Commission Regulation 
(EC) No. 889/2008 (European Commission, 
2008b) and in the USA, under the National 
Organic Program (US Government, 2020). 
In some regions, such as the EU, regulations 
also recommend the use of organically 
produced animal manure (i.e. manure from 
animals fed only organic feedstuffs) but allow 
the use of conventionally produced manure, 
provided that it is not the output of ‘factory 
farming’ (European Commission, 2008b). 
Alternatively, in the USA, manures from 
conventional systems are allowed in organic 
production, including manure from livestock 
grown in confinement and from those that 
have been fed genetically engineered feeds 
(Coleman, 2012; US Government, 2020). 

iFor the EU, a full list of fertilisers, soil conditioners and nutrients permitted for use in organic farming systems is provided in Annex 1 of the 
European Commission Regulation (EC) No. 889/2008. https://www.legislation.gov.uk/eur/2008/889/annexes
iiUnder the European Commission Regulation (EC) No. 889/2008, products or by-products of animal origin include blood, bone, and fish 
meal, and must not be applied to edible parts of the crop.

In a study of 28 organic farms, Foissy et al. 
(2013) demonstrated that organic farms 
without livestock, or access to sufficient 
manures, were depleting soil P and were 
therefore unsustainable. The alternative for 
organic farmers is to use fertilisers made with 
P recovered from wastesi (e.g. food wastes, 
seaweeds, biochar, products or by-products 
of animal originii), but these can be expensive 
and difficult to source. Ground phosphate 
rock can also be applied to soils, and is allowed 
in organic production systems, but is not an 
effective source of P in most soils, except those 
with low pH (Nesme et al., 2012).

The global trend of urbanisation (United 
Nations, 2019) is increasing the distance 
between centres of human excretion and 
agriculture (Metson et al., 2015, 2016). 
Similarly, globalised trade is increasing the 
disconnect between food and feed production 
and consumption at international scales 
(Fader et al., 2013; Hamilton et al., 2018). 
Some countries are becoming increasingly 
dependent on food imports due to land and 
water constraints, with 16% of the world 
population reliant on international trade to 
cover their demand for agricultural products 
(Fader et al., 2013). Multiple countries now 
consume more crop products than they could 
produce domestically (even under scenarios 
of arable land expansion and increased 
water use efficiency) (Fader et al., 2013). 
The global flows of P make ‘closing the P’ 
loop increasingly complicated as it requires 
balancing the P imported (e.g. in foods, 
feeds and fertilisers) with the P exported at 
the country/regional scale (Withers et al., 
2015; Hamilton et al., 2018).
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Challenge 6.3: The reliability 
of phosphorus-rich organic 
materials is often lower than 
mineral fertilisers

The concentrations of phosphorus 
in organic materials are variable, not 
easy to determine quickly and lower 
than mineral phosphorus fertilisers, 
representing a challenge for farm-
scale nutrient management. The 
bioavailability of phosphorus 
in organic materials varies and 
influences their performance as 
fertilisers, and can be affected 
by soil type, pH, and crop breed. 
The bulky nature of many organic 
materials can make them difficult to 
spread consistently, affecting their 
reliability as a fertiliser.

To optimise P applications to soils for 
maximum plant uptake and minimal losses 
(i.e. fertiliser ‘reliability’) farmers need 
accurate information on the P content of 
the fertilisers they use and the P content 
of their soils. However, the concentration 
of P in some organic materials is highly 
variable. For example, the P concentration 
in manures (by dry weight) can range from 
4 to 26 g P kg-1, whilst in human excreta, 
it can range from 5 to 38 g P kg-1. In 
comparison to mineral P fertilisers, which 
contain ~200 g P kg-1, most unprocessed 
P-rich organic materials have relatively low 
P concentrations (Roy, 2017) (Figure 6.3).

Good agricultural practices adopted across 
many EU member states aim to limit 
nutrient applications to optimise crop 
uptake and include guidance on sludge 
and manure application to soils (Liu et al., 

2018). However, the P content of P-rich 
organic materials is not easily determined 
meaning that farmers have low confidence 
in application rates to meet crop demands. 
The bulky nature of many organic materials, 
compared to mineral P fertilisers, can 
make it difficult to spread, which can also 
reduce fertiliser reliability (Westerman and 
Bicudo, 2005).

A further consideration for farmers using 
P-rich organic materials as recycled 
fertilisers is the proportion of P that 
is immediately bioavailable to plants 
(see Chapter 5). The bioavailability 
of P is variable between and within 
the different organic materials but is 
often not considered in substance flow 
analyses when assessing opportunities 
to recycle P (Hamilton et al., 2017). 
Relative Agronomic Efficiency (RAE) 
is an estimate of the fraction of P in 
organic material that will enter the readily 
available soil P pool and substitute for 
water-soluble mineral P fertiliser. In 
assessing RAE, soil P stocks are divided 
into a readily available P pool (the P 
immediately available to plants) and a 
residual P pool (from which P becomes 
available to plants only through microbial 
or chemical processes) (Hamilton et al., 
2017). Mineral P fertiliser has an RAE 
of 100% (i.e. all of the P is considered 
water-soluble and readily available for 
plant uptake). In contrast, RAE values are 
lower and variable between P rich organic 
sources, e.g. cattle manure (82%), sheep/
goat manure (75%), pig (77%), poultry 
(63%), horse (55%), sewage sludge (75%), 
meat and bone meal (treated with heat 
and pressure) (19%), food waste (compost) 
(39%) and food waste (digestate) (55%) 
(Hamilton et al., 2017). 
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However, it is important to note that 
whilst RAE may be a useful indicator, 
the bioavailability of P in organic 
materials is heavily impacted by local 
conditions including soil properties, crop 
types, drainage, weather, and farming 
practices such as ploughing (Roy, 2017). 
The challenge for farmers is, therefore, 

not only to assess how much P is in the 
organic material being applied, but also 
the proportion that is bioavailable for crop 
uptake, and the rate at which site-specific 
microbial and chemical processes and soil 
conditions can convert residual P stocks 
into bioavailable phosphorus.

0 20 40 60 80 100 120 140 160 180 200 220

Anearobic digestates (liquid fraction, wet)
Bivalve biomass (dry)

Human urine (wet)
Willow stem or leaf (dry)

Vermicompost (dry)
Rooted macrophytes (dry)

Fish biomass (dry)
Anaerobic digestates (soild fraction, dry)

Livestock manure (dry)
Algae (dry)

Floating aquatic macrophytes (dry)
P-hyperaccumulator plant biomass (dry)

Human urine (dry)
Human feces (dry)

Filter materials in constructed wetlands (dry)
Phosphate rock

Bone meal or meat & bone meal (dry)
Mineral P fertiliser

Grams of phosphorus per kilogram

Figure 6.3 Range of phosphorus (P) concentrations (g P kg−1) of different materials, including mineral P fertiliser, phosphate 
rock, and several organic P materials discussed in this chapter and Chapter 7. Data source: supplementary data in Roy (2017). 
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Challenge 6.4: Some 
phosphorus-rich organic 
materials can contain 
contaminants

Pathogens, hormones, antibiotics, 
potentially toxic elements, and 
microplastics can be present in 
some phosphorus-rich organic 
materials. It is important to ensure 
contaminants are removed, 
destroyed or concentrations 
reduced to safe levels in any 
phosphorus-rich organic 
materials to be used as fertilisers. 
In some cases, contaminants can 
accumulate in soils and may pose a 
risk to human and animal health and 
environmental quality.

Phosphorus-rich organic materials can 
contain contaminants including pathogens, 
potentially toxic elements, hormones, 
antibiotics and microplastics (Kinney et al., 
2008; Ng et al., 2018; Hill et al., 2019). If 
P-rich materials used as fertilisers are not 
sufficiently treated, contaminants can persist 
and accumulate in soils. In some cases, these 
contaminants can pose a risk to human 
health and the environment.

Human and animal faeces can contain 
significant amounts of pathogenic 
microorganisms, such as Escherichia 
coli (E. coli), Campylobacter, Salmonella, 
Leptospira, Listeria monocytogenes, Shigella, 
Cryptosporidium, hepatitis A virus, rotavirus, 
Nipah virus and avian influenza virus. The 
extent to which pathogenic microorganisms 
from biosolids and manures applied to 
agricultural soils can survive and adversely 
affect human and animal health remains 
uncertain (Laturnus et al., 2007; Cieslik 

et al., 2015; Malomo et al., 2018). A study 
of E. coli in manure heaps revealed that 
the pathogen could survive for up to 47 
days, 4 months, and 21 months in bovine, 
aerated ovine, and nonaerated ovine manure, 
respectively (Kudva et al., 1998). Whilst 
risks vary between regions, they should 
not be underestimated in wastes intended 
for use as organic fertilisers that are not 
appropriately treated and used to produce 
food (Malomo et al., 2018). For example, 
outbreaks of E. coli infection have been 
associated with water and food, directly 
and indirectly, contaminated with animal 
manure (Chapman et al., 1997; Cody et 
al., 1999; Crump et al., 2002; Sharma and 
Reynnells, 2018).

Concerns regarding the accumulation of 
potentially toxic elements (PTEs) in soils 
receiving applications of P-rich organic 
material are mixed. For example, Deeks et al. 
(2013) and Pawlett et al. (2015) observed no 
significant build-up of PTEs in soils applied 
with biosolids, whilst Guo et al. (2018a) 
reported PTE accumulation (especially 
copper and zinc) in soils under long-term 
application of pig manure. Bloem et al. 
(2017) reported that PTE concentrations 
(including lead, cadmium, mercury and 
arsenic) were generally lower in livestock 
manure than biosolids. The PTE content 
of organic P sources will be largely defined 
by the PTE consumption of the animals 
and humans producing them. For example, 
in 31 intensive farming systems in China, 
most poultry and livestock feeds contained 
PTE concentrations above ‘National 
Hygienic Standards for Feeds’, and hence 
the corresponding manures were also high 
in PTEs (Cang et al., 2004). In the EU, 
PTE concentrations in sewage are regulated 
under the EU Sewage Sludge Directive 
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(86/278/EEC). However, in many regions 
of the world, such as Africa, regulations 
are lacking in this respect (Tembo et al., 
2017; Fijalkowski et al., 2017). Potentially 
toxic elements in manure originate mainly 
from feed additives (e.g. copper and zinc to 
improve feed utilisation, growth promotion 
and disease prevention) (Bolan et al., 2004). 
Mineral P fertilisers, especially those made 
using sedimentary PR, can also contain 
cadmium amongst other PTEs (see 
Chapter 2).

Antibiotics (e.g. tetracyclines, sulfonamides, 
β-lactams and its metabolites such as 
sulfonamides and macrolides) can be found 
in livestock manure (Bloem et al., 2017; 
Mullen et al., 2019; Menz et al., 2019), 
biosolids (Boxall, 2018; Magee et al., 
2018; Barancheshme and Munir, 2019), 
wastewaters (Sanseverino et al., 2018; Gudda 
et al., 2020), and aquaculture wastes (Topp 
et al., 2018). For decades, multiple varieties 
of antibiotics have been used together in 
concentrated animal feeding operations 
(CAFOs) and aquaculture for prophylactic 
(prevention), metaphylactic (control), and 
therapeutic (curative) purposes (Van Boeckel 
et al., 2015; Zaman et al., 2017; Manyi-Loh 
et al., 2018). A detailed list of veterinary 
medicines used in livestock farming, 
including aquaculture, is provided in Tavazzi 
et al. (2018). Up to 90% of antibiotics 
administered to livestock are not metabolised 
and are excreted without change (Thiele-
Bruhn, 2003; Kumar et al., 2005; Sarmah et 
al., 2006). Some antibiotics in manures will 
degrade during manure storage, with half-
lives in the order of days (e.g. β-lactams and 
macrolides such as tylosin, Kolz et al., 2005; 
Boxall and Long, 2005). Others may persist 
for months to years (e.g. oxytetracycline, 
tetracycline and amprolium), enabling the 

transfer of some antibiotics from spread 
manure to the soil, and aquatic environments 
through runoff (Hamscher et al., 2002; De 
Liguoro et al., 2003; Song et al., 2007). In a 
recent review, the antibiotics present in the 
highest concentrations in raw and treated 
manures were enrofloxacin, oxytetracycline 
and chlortetracycline, with a high risk of 
release into the environment (Ghirardini 
et al., 2020). The dispersal of antibiotics in 
untreated manures is contributing to the 
growth of antibiotic-resistant bacteria (ARB) 
in soils and wastewaters (Sanseverino et 
al., 2018; Gudda et al., 2020). This poses a 
potential human health risk by increasing 
human exposure to soil-borne ARB and 
through ARB contamination entering the 
human food chain (Kumar et al., 2005; 
Sarmah et al., 2006; Heuer et al., 2011; 
Bloem et al., 2017; Barancheshme and 
Munir, 2019). The increasing prevalence 
of ARB is a pressing and growing 
clinical challenge (Zaman et al., 2017; 
Barancheshme and Munir, 2019).

A range of natural and synthetic hormones 
are used in livestock production to promote 
animal growth, and in human populations 
for therapeutic and contraceptive purposes. 
The potential exists for hormones consumed 
by humans or animals to pass into sewage 
sludge, wastewaters, and animal manures. If 
these materials are then used as agricultural 
fertilisers, without first being properly 
treated, hormones can be transferred to soils 
and adjacent aquatic environments posing 
an environmental concern (Lorenzen et al., 
2004). Exposure of various organisms to 
exogenous natural and synthetic hormones, 
including 17β-estradiol, progesterone, 
testosterone, zeranol, trenbolone, and 
melengestrol acerate, has been shown to have 
endocrine-disrupting effects, which include 
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a variety of developmental and physiological 
effects (Lange et al., 2002). Estrogenic 
hormones, such as estrone, 17α-estradiol and 
17β-ethynylestradiol, have been detected 
in swine manures at concentrations ranging 
from 17 to 4728 ng l-1, 8 to 542 ng l-1 and 
182 to 357 ng l-1, respectively (Cheng et al., 
2018; Singh et al., 2019). Multiple studies 
have shown livestock manures and poultry 
litter can be a source of estrogenic hormones 
to the water environment (Hanselman et 
al., 2003), for example in rivers in China 
(Yuan et al., 2014), Denmark (Kjaer et al., 
2007) and the UK ( Johnson et al., 2006). 
Several studies have shown that estrogenic 
compounds can damage human and animal 
reproduction, immune and nervous systems, 
inducing deformity of reproductive organs 
(Witorsch, 2002; Safe, 2004; Caldwell et al., 
2008). Intestinal and environmental microbes 
can transform steroids in excrements, but 
their activity may not be sufficient for rapid 
and complete elimination of hormonal 
activity, especially for synthetic hormones 
(Lange et al., 2002). However, in a review of 
multiple risk assessments, Jeong et al. (2013) 
reported that natural steroid hormones, and 
synthetic hormone-like substances, have 
negligible human health impacts when used 
under recommended veterinary practices 
(i.e. for therapeutic reasons only). That 
withstanding, Jeong et al. (2013) also noted 
that hormones and antibiotics are used 
illegally, as well as legally, for the growth 
promotion of livestock animals. Future 
studies on the environmental concentrations, 
biodegradability, bioavailability and 
bioconcentration factors of endogenous and 
exogenous hormones are necessary to come 
to a better understanding of their potential 
impacts on human and wildlife health 
(Lange et al., 2002; Adeel et al., 2017).

Microplastics (MPs; plastic items with the 
longest dimension <5 mm) have emerged 
as a global concern due to their ubiquitous 
presence in the environment and potential 
interaction with biota (Ng et al., 2018; Wang 
et al., 2019; Qi et al., 2020; Crossman et 
al., 2020). Synthetic fibres originating from 
domestic washing machines are a major 
source of MPs in sewage (Ziajahromi et al., 
2017; Henry et al., 2019). Whilst media 
attention has identified plastic microbeads 
in personal care products (included in some 
kinds of toothpaste, soaps and facial scrubs) 
as a key source of MPs in wastewaters, Duis 
and Coors (2016) argue their contribution 
to the aquatic environment is minimal in 
comparison to other sources. Fortunately, 
wastewater treatment plants can efficiently 
remove over 90% of MPs from wastewaters 
(Carr et al., 2016; Corradini et al., 2019). 
However, this concentrates MPs into 
sewage sludge (Corradini et al., 2019), and 
does not address the problem in regions 
where wastewaters are discharged without 
treatment (see Chapter 5). As discussed 
earlier, the use of sewage sludge as fertiliser 
for agricultural applications is often 
economically advantageous and is common 
in many developed regions (Nizzetto et al., 
2016). In some regions, the application of 
biosolids to soils may represent a significant 
source of MPs to agricultural systems since 
biosolids can contain up to 1.4 x 104 MP 
particles kg-1 (Crossman et al., 2020). In the 
EU, the USA, China, Canada and Australia, 
approximately 26,000, 21,000, 14,000, 1,500 
and 1,000 t year-1 of MPs, respectively, are 
added to farmlands in biosolids (Mohajerani 
and Karabatak, 2020). Data on the existence 
and transfer processes of MPs in soils 
are much less available than for aquatic 
environments, and the implications of MPs 
for the soil environment and consequences 
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for food security require further assessment 
(Nizzetto et al., 2016; Wang et al., 2019). 
While agricultural soils may be among the 
largest environmental reservoir for MPs, 
studies assessing the scale of contamination 
are conspicuously absent (Nizzetto et al., 
2016). However, concerns have been raised 
that MPs may act as vectors for other forms 
of pollutants, such as PTEs and endocrine 
disruptors, aiding their accumulation in 
soils (Turner and Holmes, 2015; Nizzetto 
et al., 2016; Wang et al., 2019; Qi et al., 
2020). Furthermore, MPs can break down 
and create nanoplastics (NPs), which, due to 
their smaller size (<1 μm), can be absorbed 
by plant cells. Nanoplastics can decrease 
microbial mass and enzyme activity within 
soils (Mohajerani and Karabatak, 2020). 
Preliminary lab studies by Bosker et al. 
(2019) showed nanoplastics can accumulate 
in seed capsules and provide a short-term 
and transient delay in germination and root 
growth. Whilst data for impacts of MPs 
in soils is growing, the transfer of MPs 
from land to aquatic systems is already 
acknowledged (Ng et al., 2018; Wang et 
al., 2019; Qi et al., 2020; Crossman et al., 
2020). In a study of three agricultural fields 
in Ontario, Canada, receiving applications 
of biosolids containing MPs, >99% of MPs 
applied from biosolids were estimated to 
be exported to the aquatic environment 
(Crossman et al., 2020).

The issues above highlight a key challenge: 
how to ensure that the recycling of manure 
and biosolids, as a key P sustainability 
measure, does not contribute to an increase 
in human exposure to PTEs, pathogens, 
ARBs, antibiotics, endocrine disrupters, and 
MPs and their dispersal and accumulation 
into the environment.

Challenge 6.5: Policy, 
infrastructure, and financial 
support are lacking for 
phosphorus recycling

There is a lack of coordinated policy 
and regulation to support an increase 
in the recycling of phosphorus-rich 
organic materials. In some regions, 
there is little economic incentive 
for farmers to switch from mineral 
phosphorus fertiliser to phosphorus-
rich organic materials. Some farmers 
can face legal and certification 
barriers stopping them from 
recycling certain phosphorus-rich 
organic materials.

Farmers often work within narrow profit 
margins and may not be willing to take the 
risk of reducing their mineral P fertiliser 
application rates in favour of P-rich organic 
materials (or recovered P fertilisers), unless it 
is guaranteed to be equally or more profitable 
(e.g. supported by subsidies) or enforced 
through policy and regulation (Kleinman et 
al., 2015). In comparison to the use of P-rich 
organic materials as fertilisers, the tools, 
knowledge, and infrastructure to support 
mineral P fertiliser use are well established 
(Sommer et al., 2013; Case et al., 2017). As 
a result, in many regions, it can be cheaper 
and/or easier to fertilise soils with mineral P 
fertiliser than most P-rich organic materials. 
That withstanding, for farms that integrate 
crops and livestock, animal manures are 
available at no cost beyond the cost of land 
application, whilst mineral P fertilisers must 
be purchased. However, managing urine and 
liquid manure, especially in non-mechanised 
situations and on smaller farms, requires 
investments in infrastructure and innovation 
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and can be further constrained by labour 
requirements (Teenstra et al., 2014). In low-
income countries, a lack of access to credit 
for simple manure storage and application 
equipment remains a key barrier for P 
recycling (Teenstra et al., 2014). Investment 
is needed to provide producers of P-rich 
wastes (e.g. livestock farmers, abattoirs) 
better access to organic waste processing 
facilities, such as building local facilities or 
improving waste collection and transport 
systems. As acknowledged above, investment 
is also needed to improve transport 
infrastructure where it may be limiting 
farmer access to P-rich organic materials 
(Case et al., 2017).

Manure is the most prevalent source of 
P-rich organic material so efficient P 
recycling is underpinned by sustainable 
manure management. Although manure 
management policies are common in Asia, 
Africa and Latin America, enforcement 
has been weak (Teenstra et al., 2014). This 
was particularly apparent where multiple 
regulatory bodies were involved, resulting 
in a complex regulatory system and, as a 
result, policy incoherence. Nevertheless, the 
absence of a mandatory manure policy does 
not indicate the absence of good manure 
management practices (Teenstra et al., 
2014). For example, despite the absence 
of manure policies in El Salvador, farmers 
routinely apply manures to crops and some 
large farms use biodigesters to process 
manure and apply digestates to soils. Indeed, 
schemes for better nutrient use efficiency on 
farms are often voluntary, as seen in many 
farming communities in the USA, where 
a combination of volunteer and litigated 
nutrient management strategies have been 

iGLOBALG.A.P. (formally EurepGAP) is a farm assurance programme that audits farms and agricultural products, with an internationally 
recognised set of farm standards dedicated to Good Agricultural Practices (G.A.P).

applied (Sharpley et al., 2012; Kleinman et 
al., 2015). However, whether imposed by 
regulation or adopted voluntarily, the success 
of these strategies relies on having adequate 
local information and stakeholder support 
(Kleinman et al., 2015). A lack of appropriate 
information can result in policies that do not 
reflect the needs of the local communities. 
This was observed in a policy in Arkansas 
USA, where mandated manure export from 
poultry farms (for environmental reasons), 
adversely affected beef producers who had 
to purchase extra mineral P fertiliser to 
meet the shortfall in poultry litter they had 
previously used to fertiliser their pastures 
(Kleinman et al., 2015).

In some cases, some farmers can face 
legal and certification barriers stopping 
them from recycling some P-rich organic 
materials, for example, the regulations 
regarding the use of human wastes in the 
production of organic foods for human 
consumption. Some countries do not allow 
any use of human wastes (e.g. the USA, 
EU countries, Uganda), others prohibit 
the use of sewage sludge but allow the use 
of human excrements on non-edible crops 
(e.g. Mexico), while other countries prohibit 
the use of untreated human excrements 
but allow the use of treated sewage sludge 
(e.g. India, Australia) (Seufert et al., 2017). 
Similarly, the most widely adopted standard 
for quality assurance of horticultural crops, 
GLOBALG.A.Pi, withholds certification 
for Good Agricultural Practices (G.A.P.) 
if farmers producing fruits and vegetables 
apply biosolids to their soils, even if safety 
protocols are followed to reduce human and 
animal health risk (Moya et al., 2019a).
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6.4 Solutions

Solution 6.1: Treat waste 
streams as valuable 
nutrient resources

A paradigm shift in how we view 
phosphorus-rich waste streams is 
needed; from pollutant to valued 
nutrient resource. Key actions 
in delivering this shift include 
raising awareness of the costs of 
phosphorus losses and benefits 
of phosphorus recycling, providing 
education and extension services 
to encouragestakeholders to 
recycle phosphorus, and mobilising 
investment in infrastructure and 
technology to make phosphorus 
recycling safe, easy, and efficient.

A paradigm shift in how we regard our 
waste streams is required; waste products 
should not be wasted products. Quantifying 
the economic benefits of recycling P-rich 
organic materials is critically important 
to support the decisions of governments, 
stakeholders, and the public. Such estimates 
should consider the costs of mineral P 
fertilisers that can be replaced by recycled 
P sources, as well as the agronomical and 
environmental benefits of recycling P-rich 
organic materials. However, these should 
be offset against the costs of processing, 
storing, and transporting P-rich organic 
materials. For example, in 2013, the value 
of P lost globally in animal manures (~4 
Mt P) and human excreta and other 
human wastes (~6 Mt) (as estimated by 

iData from https://blogs.worldbank.org/opendata/fertilizer-prices-expected-stay-high-over-remainder-2021. It is assumed DAP contains 
46% P2O5; therefore, DAP has a ~20% P content. With substantial fluctuations in DAP price (e.g. ranging from US$280-643 DAP t-1 
between 2010 to 2021) this value varies greatly.

Chen and Graedel, (2016)), expressed as 
cost per unit P in fertiliser, is estimated at 
US$12.8 and US$19.2 billion, respectively. 
This is based on a cost of P in diammonium 
phosphate (DAP) of US$3.2 P kg-1 (for 
September 2021), and assumes all losses are 
replaced by DAP.i

Global advocacy, ambition, dialogue and 
awareness-raising of the environmental 
benefits of P recovery and recycling will 
help to improve public and political 
support (Matsubae and Webeck, 2019). The 
perception that fertilising agricultural soils 
with mineral P fertilisers is safer and more 
reliable than recycled P products persists in 
farmer communities (Case et al., 2017). In 
an extensive analysis, Piñeiro et al. (2020) 
observed that independent of incentive 
type, one of the strongest motivations for 
a farmer to adopt a sustainable behaviour 
is the perceived benefit for their farm or 
the environment. Similarly, it has been 
demonstrated that behavioural factors should 
be considered in economic analyses of 
farmer decision-making and are important 
in developing more realistic and effective 
agri-environmental policies (Dessart et al., 
2019). A component of changing some of 
these habitual behaviours is the provision 
of knowledge and tools to support decision 
making on the collection, storage, processing 
and recycling of P-rich organic materials 
at the farm scale. This may be delivered by 
extension services, government agencies or 
through peer-to-peer knowledge exchange 
(Brownlie et al., 2015; Drangert et al., 
2017; Aregay et al., 2018). Farmer to farmer 
communication and farmer champions 
that can advocate the benefits of recovered 
P fertiliser will be important in raising 
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awareness (Brownlie et al., 2015; Backus, 
2017). Flagship farms in the Netherlands 
have helped to demonstrate to the farming 
community how environmental measures 
can be implemented in real operating 
conditions (Backus, 2017). In the developed 
world, sub-optimal recycling of P-rich 
organic materials is often linked to the level 
of education of many small-scale farmers, 
and the lack of infrastructure to support 
farmers to access available knowledge (e.g. 
literacy remains an issue in some regions) 
(Teenstra et al., 2014). Teenstra et al. (2014) 
highlight that knowledge development is 
not a one-off intervention and will require 
continuous programmes, with a significant 
shift in educational approaches and the 
development of frameworks that provide 
long-term interdisciplinary support (Reitzel 
et al., 2019).

Increased utilisation of low-tech methods 
to recycle P from human wastes is needed, 
especially in low-income countries, where 
access to mineral P fertilisers and funding 
to support is limited. Whilst in many 
low-income countries the most critical 
driver for improving sanitation is health 
risks, maximising the opportunities for the 
safe recycling of P in human excreta and 
wastewater is a win-win (Trimmer et al., 
2017). Pilot projects that collect human 
wastes and process them into fertilisers have 
been implemented in Kenya, Madagascar, 
South Africa and Ghana (Cofie et al., 
2009). These schemes address the sanitation 
challenge, reduce water pollution, develop 
business growth and provide a cheap source 
of P fertiliser to farmers (Cofie et al., 

2009). Whilst the technologies are known, 
mobilising investment in infrastructure and 
equipment to set up such projects often 
remains the greater challenge. In regions 
where sewerage is limited, simple methods 
to separate the collection of faeces and 
urine (e.g. urine-diverting toilets - Figure 
6.4) may offer an opportunity to recycle 
the P in urine (Yadav et al., 2010; Mihelcic 
et al., 2011; Moya et al., 2019b). Whilst 
faecal matter should be treated to remove 
pathogens, urine can be applied directly 
to soils, safely, as a fertiliser. It is estimated 
that the urine produced by a single person 
in a year contains enough P to fertilise a 
crop area of 400 m2 for a growing season 
(Mihelcic et al., 2011). Assessments in both 
southern India (Simha et al., 2018) and 
South Africa (Wilde et al., 2019) showed 
that consumers had mostly positive attitudes 
towards using recycled human urine as a 
fertiliser. The use of black soldier fly larvae 
shows great promise as a sustainable and 
low-tech method to process solid P-rich 
organic materials (e.g. food wastes, livestock 
residues and biosolids) into animal feed and 
fertilisers (Dicke, 2018; Shumo et al., 2019) 
(Figure 6.5).

Policies should focus on limiting the losses of 
potentially valuable organic P residue streams 
to landfills and the inclusion of P-containing 
ashes in building materials such as cement. 
These are outdated methods to deal with 
resource-rich residue streams, highlighted 
by the relatively recent emergence of landfill 
mining as a means for procuring renewable 
raw materials (Schreck and Wagner, 2017).
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Figure 6.5 Rearing black soldier fly larvae in Cameroon. Black soldier flies/larvae can be fed on a range of municipal wastes 
facillitating the recovery of phosphorus through biological assimilation. The larvae can be fed to livestock allowing the safe 
recycling of phosphorus and providing an inexpensive and sustainable livestock feed. Photograph courtesy of the International 
Institute of Tropical Agriculture (IITA).

Figure 6.4 Urine, free from feacal contamination, can be used as a safe source of phosphorus fertiliser for crops. a) Urine 
diverting toilets in Nepal. Urine is collected in the basin at the front, whilst feaces collect in the hole at the back. b) Left: 
urine-diversion flush toilet by Roediger (Germany). A valve opens only when the user is seated to prevent flushing water from 
draining into the urine tank. Right: urine diversion flush toilet by Gustavsberg (Sweden). In this design no valve is used, this 
allows a little bit of flushing water to enter the urine pipe to avoid potential clogging of assemblies. Photographs courtesy of 
The Sustainable Sanitation Alliance (SuSanA).

a) b)
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Solution 6.2: Optimise 
the spatial integration 
of arable and livestock 
agricultural systems

Landscape planning can integrate 
arable and livestock farming to 
maximise nutrient recycling. Whilst 
efforts should be made to ensure 
animal densities in livestock farming 
do not exceed nutrient needs, 
some farming systems must rely on 
disposal/utilisation contracts. Arable-
livestock farming partnerships can 
support the exchange of crops, 
grains, and manures, and coordinate 
land-use to support more regionally 
closed feed-manure loops.

Landscape planning should consider 
the integration of arable and livestock 
farming to maximise nutrient recycling 
(Sutton et al., 2013). In practice, this 
means livestock farmers should be able 
to recycle their manures and livestock 
residues efficiently. Ideally, to ensure a 
sustainable animal production system, 
animal densities should be selected to 
ensure that the nutrient requirements 
of the local crops are not exceeded 
(Tamminga, 2003; Erisman et al., 2011). 
A crucial question then becomes what is 
the P carrying capacity of the soil and, if 
exceeded, what options are available to 
recycle manures elsewhere, e.g. via manure 
disposal/utilisation contracts. 

Concentrated animal feeding operations 
(CAFOs), like those of pigs and poultry, 
have no other option but to rely upon 
manure disposal contracts, or export 
contracts, usually with arable farmers, which 
confirm manures will be exported from a 
farm and imported onto another farm or to 
another operation (e.g. anaerobic digester) 
to be processed/utilised (Tamminga, 2003; 
van Grinsven et al., 2005; DAERA, 2021). 
Where manures need to be transported 
long distances, dewatering can significantly 
reduce volume, and therefore the energy 
and cost of transportation, whilst also 
increasing P and N concentration.

For some non-mixed farming systems, that 
are either only arable or only livestock, 
arable-livestock farming partnerships may 
be necessary to support greater recycling 
(Asai and Langer, 2014; Martin et al., 2016; 
Moraine et al., 2017; Asai et al., 2018). 
Local farmer cooperatives can negotiate 
the exchange of crops, grains and manure, 
as well as coordinate land-use allocation 
patterns, collectively planning the crops and 
animal movements in each field to optimise 
rotational manure application and crop 
rotations (Martin et al., 2016; Asai et al., 
2018). Whilst this can involve extensive and 
long-lived coordination between farmers, 
this in itself can deliver many co-benefits 
including social benefits and collective 
empowerment of farmers (Martin et al., 
2016). Such community-based schemes are 
best supported by collective participatory 
workshops involving farmers, agricultural 
consultants and researchers (Martin et 
al., 2016). For some organic farmers, the 
development of collaborative partnerships 
to exchange organically produced feed 
and manure is essential and contributes 
to adaptability and flexibility against a 
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backdrop of tightening regulations (Asai 
and Langer, 2014). Balanced nutrient 
budgets are commonly observed in organic 
farming systems producing large quantities 
of manure or which purchase organically 
approved feed (Wivstad et al., 2005; 
Foissy et al., 2013). That withstanding, in 
a study of 23 organic farms in southern 
France, P budgets for farms that did not 
have livestock or import manures were 
not necessarily negative, and opportunities 
existed to further optimise nutrient cycling 
within the farm (Lamine and Bellon, 2009; 
Nesme et al., 2012; Foissy et al., 2013).

In certain areas or to address certain 
problems, a reduction in the number of 
animals seems inevitable (Tamminga, 2003). 
In such cases, farmers may need support 
to diversify their agricultural outputs. For 
example, where livestock farming is the 
dominant output in a given catchment and 
where this activity results in water quality 
impairment (e.g. the Chesapeake Bay and 
the Lake Okeechobee catchments in North 
America, the Po Delta in Italy and the 
sand regions of the Netherlands (Greaves 
et al., 2010)), legislation may be required 
to control P recycling to land (Erisman 
et al., 2011). However, the magnitude of 
livestock reduction may be influenced by 
optimising nutrient management elsewhere 
in the farming system, displacing the P 
produced in one catchment to another to 
balance across scales (Tamminga, 2003). In 
simple terms, nutrient inputs should equal 

exports. This can be achieved by reducing 
inputs, increasing exports, or a combination 
of both, and requires spatial planning with 
respect to the carrying capacity of the 
system (Greaves et al., 2010).

Integration of cropping and livestock 
systems also supports habitat diversity 
and increases the adaptability of farming 
systems to cope with socio-economic and 
climate change-induced shocks (Lemaire 
et al., 2014). However, to implement the 
measures suggested above will require 
legislation, but also acceptance by the 
farmers as important stakeholders. For the 
latter, education and financial incentives 
will be required (Tamminga, 2003). 
Furthermore, relocating and dispersing 
livestock systems has major implications 
for supporting infrastructure and delivery 
mechanisms for products to consumers.

Where dense human populations, 
animal populations, and croplands occur 
adjacently, many large P flows converge 
within a relatively small locus. These 
areas disproportionately influence the 
contemporary global P system and thus 
are hotspots for P recycling (Powers et al., 
2019). Developing a better understanding 
of large-scale nutrient flows and related 
policies will help to identify and better 
manage spatially disproportionate nutrient 
losses and impacts (Bergström et al., 2008; 
Hamilton et al., 2018).
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Solution 6.3: Utilise available 
technology and tools and 
provide education

The reliability of phosphorus-rich 
organic materials as fertilisers 
can be improved by processing 
to improve fertiliser quality, and 
developing better systems to help 
farmers assess the phosphorus 
content and phosphorus 
bioavailability of the materials. 
Furthermore, farmers can be 
better supported to optimise the 
application of recycled phosphorus 
products and other nutrients in 
order to maximise phosphorus 
uptake by plants. However, critical 
to this is a sufficient understanding 
of farm- and local-scale 
nutrient budgets.

Processing methods that can increase 
the fertilising qualities of P-rich organic 
materials should be further developed 
and better utilised (e.g. practices that 
increase P concentration, P bioavailability 
and reduce contaminants). However, 
processing costs should be recoverable 
otherwise there is a significant 
disincentive to farmers to adopt them. 
Low technology processes include 
dewatering of manure to produce a solid 
fraction with relatively high P content 
and low water content, reducing volume 
and hence transport costs (Møller et 
al., 2000). This can be carried out in 
large-scale central installations, or small-
scale mobile installations. Other low 
technology processes used to improve 
the fertiliser quality of multiple P-rich 

organic materials are summarised in 
Table 6.1.

Farmers applying P-rich organic materials 
to their soils may find it difficult to 
achieve reliable fertiliser application rates 
if the P content and bioavailability of 
the material is highly variable (Figure 
6.2). The development of an assessment 
and reporting system, that can be used 
by farmers, to share detailed information 
on the P content and P bioavailability 
of organic materials, may support more 
accurate management of P inputs. This 
could be developed through a relevant 
international body (e.g. FAO or UNEP), 
with public access provided, for example 
through a web-based data portal/database. 
Using manures as an example, such a tool 
should detail how the P content in manures 
varies between animal species, of different 
ages, for a range of dietary P inputs, with 
and without phytase dietary additives, and 
from different farming systems (e.g. meat 
or dairy production). Further important 
information for farmers would be how 
different processing and storage methods 
and soil types can potentially impact P 
bioavailability of P-rich organic materials, 
as well as losses of other nutrients, such as 
N losses through ammonia volatilisation 
or nitrate leaching (Nicholson et al., 
2002; UNECE, 2014). Compiling these 
data (much of which already exists in the 
literature) into an online user-friendly 
database would be a useful tool, for example, 
to help farmers calculate the right amount 
of manure to apply at the right time to 
match plant nutrient demands for P and 
other macro and micronutrients.

Free availability of such information is 
especially important, as tools to make 
in-field assessments of the P content 
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and P bioavailability of organic materials 
are not commonly used and may be 
limited to higher technology farming 
systems (Lugo-Ospina et al., 2005). The 
development of dry spectral techniques 
such as portable X-ray fluorescence analysis 
and mid-infrared spectroscopy may prove 
more useful by providing more accurate 
information on the P content in organic 
materials (Vogel et al., 2016; López-
Núñez et al., 2019), but are also not widely 
used, due to the expense (i.e. equipment 
is >US$7000) and the specialist expertise 
required for operation and interpretation 
of the results. However, using such tools to 
provide comparable data in the field can 
be challenging. Laboratory analyses are 
likely required to provide meaningful data 
for farmers and should be produced using 
batch testing and standard and accredited 
analytical approaches.

Alongside this information, farmers 
need to be able to accurately assess their 
farm- and local-scale nutrient budgets, to 
identify opportunities to increase their use 
of recycled P fertilisers. This requires the 
collection of accurate data on P inputs, 
outputs, and stocks using agreed data 
collection criteria/system boundaries (Rose 
et al., 2016). Farmer advisory services can 
support farmers to record accurate data 
on P inputs (e.g. feed and fertiliser use) 
and exports (e.g. harvests). A range of soil 
sampling methods can be used to assess P 
stocks in soils (Knowles and Dawson, 2018; 
Lawrence et al., 2020). Several software 
decision support tools (DSTs) are available 
that can analyse such data and generate 
evidence-based recommendations (for 
an extensive list see Drohan et al., 2019). 
Farmer advisory services remain critical in 
facilitating the use of relevant DSTs within 

farming communities. However, uptake of 
such tools is often low due to factors that 
include poor usability, cost-effectiveness, 
performance, and relevance to the user and 
their local conditions (Rose et al., 2016). 
Technological advancements in monitoring, 
satellite imaging, sensors, remote sensing, 
and analytical instrumentation will 
facilitate the development of DSTs that can 
incorporate extremely large data sets (i.e. 
‘big data’). Such DSTs may be increasingly 
able to identify heterogeneity in local 
conditions, over wider geographical areas, 
making them more useful for the farmer 
(Drohan et al., 2019). Several ‘user-friendly’ 
DSTs are already available to help farmers 
make more effective decisions on nutrient 
application rates. For example, ‘the Farm 
Crap App’ is a manure management app 
(https://www.swarmhub.co.uk/the-farm-
crap-app-pro/) that provides an easy to use, 
and accurate and reliable way to manage 
and record slurry spreading information 
and data on manure. Another example is 
the ‘Phosphate Acceptance Map’ (PAM), 
a novel tool for assessing land suitability 
for biosolids application at a national scale 
(Wadsworth et al., 2018).

In the food system, the farmer is at the 
forefront of daily decision making in P 
management (Drohan et al., 2019). If the P 
content and P availability in organic sources 
can be accurately determined, then this can 
be used alongside other critical information 
(e.g. soil types and P content, crop type, 
field slope) to determine the optimal 
amount of organic material to apply to 
agricultural soils to maximise plant growth 
and minimise P losses.
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Solution 6.4: Process organic 
materials appropriately 
and provide safety 
certification schemes

Most phosphorus-rich organic 
materials need some processing 
to reduce contaminants and 
pathogens to safe levels for use in 
food production. Reducing livestock 
dietary intake of potentially toxic 
elements and imposing strict limits 
on the non-therapeutic use of 
antibiotics in livestock, will reduce 
levels of these contaminants in 
manure and biosolids. Assurance 
that fertiliser products derived from 
phosphorus-rich organic materials 
are safe for their intended use 
should be provided to end-users.

Dietary intake of contaminants by livestock 
should be reduced to decrease levels in 
manures and biosolids (Cang et al., 2004). 
Furthermore, imposing strict limits on 
the non-therapeutic use of antibiotics 
in livestock should be implemented as 
a global priority (Barancheshme and 
Munir, 2019). In 2017, the U.S. Food 
and Drug Administration banned the 
use of antibiotics in livestock without 
a prescription from a veterinarian and 
made it illegal to use drugs solely for 
growth promotion (FDA Center for 
Veterinary Medicine, 2018). Similarly, 
in the EU, from 2022, new legislation 
(Regulation (EU) 2019/61 on Veterinary 
Medicines and Regulation (EU) 2019/4 
on Medicated Feed) will prohibit all 
forms of routine antibiotic use in farming, 
including preventative group treatments. 
However, antibiotics are still routinely 

added to livestock feeds in many parts of 
the world (Van Boeckel et al., 2015). In 
2015, 97,000 t of antibiotics were used in 
animal husbandry in China (Collignon and 
Voss, 2015). Globally, antimicrobial drug 
consumption is projected to rise by 67% by 
2030 (from 2010 levels), and nearly double 
in Brazil, Russia, India, China, and South 
Africa (Van Boeckel et al., 2015). Until 
antibiotic use is better regulated in these 
countries, steps should be taken to ensure 
manures are appropriately treated to ensure 
their application to cropland does not 
contribute to the proliferation and human 
exposure to ARB.

Contaminants in human biosolids and 
wastewaters can be further reduced 
through changes to domestic and 
industrial behaviours. For example, 
reduction in plastic use followed by the 
mainstream adoption of ‘compostable’ and 
‘biodegradable’ films may help reduce MPs 
contamination in some P-rich organic 
materials and reduce soil MPs accumulation 
(Song et al., 2009; Qi et al., 2020). 
Encouragingly, policies to restrict single-use 
plastics have been announced in many parts 
of the world, including in Canada, the USA, 
and several countries in the EU and Africa 
(Xanthos and Walker, 2017). Guerranti et 
al. (2019) call for a global ban on the use 
of polymeric microbeads in cosmetics and 
personal care products. Such regulations 
already exist in some countries (e.g. the 
EU and the USA), and may indirectly 
reduce MPs entering wastewater treatment 
plants and thus reduce concentrations 
in sludge and biosolids (Crossman et al., 
2020). However, policies are needed to 
address environmental pollution from 
MPs originating from the laundry of 
synthetic clothes, which will be unaffected 
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by such legislation (Crossman et al., 2020). 
Some contaminants, such as medical 
pharmaceuticals, may not be possible to 
eliminate, but can instead be degraded in 
downstream processes.

Many pathogens and antibiotics in organic 
materials can be destroyed by composting, 
and even more by vermicomposting 
(Dolliver et al., 2008; Wang et al., 2016; 
Soobhany et al., 2017). For example, 
holding swine and cattle manure at 25°C 
for 3 months will render it free from 
key, common pathogens, including E. 
coli, Salmonella, Campylobacter, Yersinia, 
Cryptosporidium, and Giardia (Guan et 
al., 2003). Zheng et al. (2008) reported 
that low tech processing of wastes, such as 
multi-stage lagoon systems, and increasing 
manure-piling times, can promote 
degradation processes of pharmaceuticals 
and hormones (in particular). Although 
thermo-chemical processes such as 
anaerobic digestion also reduce pathogen 
levels, some antibiotics and ARB can 
persist under such conditions and high/
thermophilic temperatures may be required 
to significantly degrade them (Youngquist 
et al., 2016). However, the most reliable 
method to destroy all organic contaminants 
is incineration or thermal gasification; P can 

then be recovered from the end products 
(e.g. ashes). Processes to recover P from 
waste streams are discussed in greater detail 
in Chapter 7.

Assurance that fertiliser products derived 
from P-rich organic materials are safe 
for use should be provided to end-users, 
alongside appropriate information on the 
method used to remove contaminants and 
pathogens. For example, the Biosolids 
Assurance Scheme (www.assuredbiosolids.
co.uk), which is supported by UK water 
utilities, provides food chain and consumer 
reassurance that certified biosolids can 
be safely and sustainably recycled to 
agricultural land. Other examples of 
assurance schemes include ReVAQ in 
Sweden, the National Biosolids Partnership 
in the USA and the Australasian Biosolids 
Partnership (ABP) in Australia and New 
Zealand, all of which provide a certification 
scheme for biosolids to increase customer 
confidence in their use in agriculture (Gale, 
2007; National Biosolids Partnership, 2011; 
l’Ons et al., 2012). Importantly, auditing 
to ensure biosolids conform to standards 
should be carried out by an independent 
third-party certification body.
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Solution 6.5: Develop 
policies, regulations, 
and financial 
instruments that support 
phosphorus recycling

Improved coordination between 
relevant government bodies and 
relevant stakeholders is required to 
develop coherent, holistic policies 
and create markets for recovered 
phosphorus fertiliser. Investment 
in infrastructure and technologies 
supported by cross-sectorial 
innovation, co-creation and sharing 
of knowledge can help to make 
phosphorus recycling simple and 
efficient. The economic benefits for 
society of recycling phosphorus 
need to be better quantified and 
used to encourage stakeholders to 
recycle phosphorus more efficiently. 
The value of recovering phosphorus 
can be maximised by selecting 
methods to process organic 
materials that produce additional 
co-benefits.

In most regions, a ‘carrot and stick approach’ 
which combines mandatory requirements 
for change with incentives, will be needed 
if significant increases in the recycling of 
P-rich organic materials are to be achieved 
( Johansson and Kaplan, 2004; Zahariev 
et al., 2014; Backus, 2017). The ‘sticks’ in 
this approach include the development of 
regulations and policies that set mandatory 
targets for reducing P losses through 
sustainable P recycling, as well as the better 
enforcement of existing related policies (e.g. 
those for sustainable manure management; 
Teenstra et al., 2014). Careful monitoring 

of P flows in agricultural systems are critical 
to inform policy development, and should 
be supported by all farmers and relevant 
stakeholders, through accurate recording 
of relevant data, e.g. livestock numbers, 
nutrient content and volume of feed 
consumed, production systems used, and the 
use of animal manure and fertilisers.

The ‘carrots’ in this approach may include 
subsidies and tax incentives to encourage 
stakeholders to recycle P from waste 
streams. In some regions, this should 
be extended to financial credit to cover 
capital costs for recycling equipment (e.g. 
manure spreading equipment, organic waste 
processing facilities) (Gerber et al., 2005; 
Mayer et al., 2016). It is likely that in some 
regions, especially low-income countries, 
significant investment in infrastructure and 
technologies to make P recycling simple 
and efficient (e.g. communal manure storage 
facilities, better systems and access roads 
to transport P-rich organic materials to 
croplands) will also be required. Additional 
funding and support for research in P 
recovery and recycling would also further 
develop the viability of these technologies, 
in partnership with the private sector (see 
Chapter 7). Whilst the type and level of 
support needed will vary between sector and 
region, stakeholders should be supported 
to implement the changes needed, without 
significant hardship, and ideally with 
economic/production gains. However, a 
key challenge is identifying funds and the 
appropriate financer, e.g. farmers, waste 
treatment industries, food processing 
industries, and governments (whose funds 
are ultimately paid by society through 
taxes). We argue that recycling P-rich 
organic wastes (as opposed to disposal 
without nutrient recycling) can provide 
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economic value for all stakeholders, which 
can be used to support changes directed 
through policy and regulation.

For farmers, the direct economic value of 
using P-rich organic wastes to fertilise 
crops (which are most commonly provided 
for free), is through greater crop yields, 
and reduction in expenditure on mineral 
P fertiliser costs (Withers et al., 2015; 
Mayer et al., 2016; Leip et al., 2019). 
Economic value can be maximised by 
selecting methods to process organic 
materials that produce additional co-
benefits, such as biogas production that 
can produce renewable energy whilst 
also recovering N, minerals and metals 
(Mayer et al., 2016). Currently, biodigester 
programmes have been launched in more 
than 50 countries across Africa, Asia and 
South America, as a way of advancing 
agricultural productivity, renewable energy 
use and waste management (Buysman 
and Mol, 2013; Teenstra et al., 2014; van 
Hessen, 2014). There are also long-term 
benefits for farmers, which can be more 
difficult to monetise, but include resilience 
to fluctuation in mineral fertiliser costs, 
and agronomic benefits and improvement 
to soil health (Mayer et al., 2016). In an 
assessment of strategies to reduce P losses 
from dairy farmers in New Zealand and 
Australia, McDowell and Nash (2012) 
provide a range of fully costed strategies, 
allowing farmers (or farm advisors) to 
choose those that suit the farm system 
whilst maintaining profitability. A similar 
approach is needed to help farmers make 
decisions regarding their options to recycle 
P-rich organic material. However, local 
assessments should be made to identify the 
cost-effectiveness of different strategies and 
to avoid negative feedback and interactions 

among management strategies (Smith 
et al., 2015; Jarvie et al., 2017; Macrae et 
al., 2021).

For wastewater treatment, food processing 
and food retail industries, disposal of 
wastes (without P recycling) can incur 
significant costs (Kosseva, 2009; Peccia 
and Westerhoff, 2015; Bai et al., 2016b; 
CBS, 2020). For example, in the USA 
alone, disposal of food wastes to landfill 
is estimated to cost US$1.0 billion year-1 
(Kosseva, 2009), whilst US sewage sludge 
managers report the landfill (tipping fees 
and hauling), and incineration (hauling, 
incineration costs) of sewage sludge can 
cost US$100−650 dry t-1, and US$300−500 
dry t-1, respectively (Peccia and Westerhoff, 
2015). By increasing the conversion of 
P-rich organic wastes into value-added 
products (e.g. fertilisers), waste-producing 
industries may avoid/offset waste disposal 
costs. The savings made could then be used 
to support farmers that recycle the P-rich 
organic materials (Peccia and Westerhoff, 
2015; Withers et al., 2018; Tonini et al., 
2019). Equally, where the recycling of 
P-rich organic wastes is accompanied by 
corresponding reductions in mineral P 
fertiliser use, the co-benefits should be 
quantified and used to justify any financial 
investments that may be needed to optimise 
P recycling capacity. For example, short-
term benefits may include a potential 
reduction of P losses to waterbodies 
(assuming P-rich organic materials are 
sustainably managed) (see Chapter 5). 
They will also include the reduction in 
externalities associated with mining PR and 
the manufacture of mineral P fertilisers, 
such as emissions to air of fine rock dust 
and sulfur dioxide and release of potentially 
toxic elements into the environment (World 
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Bank, 2007; EPA, 2010; Tonini et al., 2019). 
A long-term benefit is the preservation of 
finite PR reserves for the protection of food 
security for future generations (see Chapter 
2). In linear and nutrient ‘leaky’ systems, 
such externalities are largely paid for by 
society, rather than the polluters or nutrient 
users (Tonini et al., 2019).

With such wide-reaching benefits, it 
may be applicable for some farmers to 
be financially supported to recycle P (e.g. 
by applying P-rich organic materials, or 
recovered P products/fertilisers to their 
soils) with corresponding reductions in 
the use of mineral P fertiliser. The idea of 
`payments for ecosystem services’ (PES), 
whereby land users (e.g. farmers, forest 
owners or managers) are paid for the 
service they provide to the environment 
is not new. Examples date back to the 
1930s when the US government paid 
farmers to preserve certain types of 
landscape (Duboua-Lorsch, 2020). In 
the EU, the future Common Agricultural 
Policy (CAP) (to be implemented from 
2022) will introduce ‘eco-schemes’ which, 
like PES, will aim to remunerate farmers 
engaged in sustainable practices, including 
certain sustainable P measures (Lampkin 
et al., 2020). The effectiveness of PES 
and the EU ‘eco-schemes’ in achieving 
environmental objectives (e.g. for P 
recycling), can be improved by providing 
strong and quantified objectives, ensuring 
strategies receiving financial support are 
appropriate to the local circumstances, and 

guaranteeing payments are provided for 
long enough to allow farmers planning 
security (e.g. if farmers are going to build 
new infrastructure/invest in processing 
technologies, then >5-10 years funding may 
be appropriate) (Börner et al., 2017; Heyl et 
al., 2020).

Policies, regulations and standards for good 
agricultural practices should reflect accurate 
knowledge on the risks of using biosolids as 
fertiliser, and not provide a barrier if there is 
no risk to human, animal, or environmental 
health. Moya et al. (2019) highlight the 
power of the GLOBAL-G.A.P. quality 
assurance standards for farmers in low-
income countries, and how failure to 
achieve them by using fertiliser derived 
from human wastes can affect their ability 
to export goods to high-income nations. 
Whilst GLOBALG.A.P. quality assurance 
standards are not a globally agreed policy, 
they are highly influential in directing P 
recycling behaviours and impact those 
least financially able to replenish their soils 
with mineral P fertiliser (e.g. small-holder 
farmers in low-income nations).

Sufficient knowledge and technology 
are already available to make significant 
increases in recycling P-rich materials 
globally. The challenge moving forward is 
finding the investment, resources and policy 
support to make the transition to a circular 
economy for phosphorus (Oenema, 2004; 
Teenstra et al., 2014; Cordell and White, 
2014; Li et al., 2015).



256

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

References
Adeel, M., X. Song, Y. Wang, D. Francis, and Y. Yang. 

2017. Environmental impact of estrogens on 
human, animal and plant life: A critical review. 
Environ. Int. 99: 107–119. doi: 10.1016/J.EN-
VINT.2016.12.010.

Akram, U., G.S. Metson, N. Quttineh, and U. Wen-
nergren. 2018. Closing Pakistan’s Yield Gaps 
Through Nutrient Recycling. Front. Sustain. 
Food Syst. 2: 24. doi: 10.3389/fsufs.2018.00024.

Akram, U., N.H. Quttineh, U. Wennergren, K. 
Tonderski, and G.S. Metson. 2019. Enhancing 
nutrient recycling from excreta to meet crop 
nutrient needs in Sweden – a spatial analy-
sis. Sci. Rep. 9: 10264. doi: 10.1038/s41598-
019-46706-7.

Amery, F., and O.F. Schoumans. 2014. Agricultural 
phosphorus legislation in Europe. Institute for 
Agricultural and Fisheries Research (ILVO), 
Merelbeke, Belgium.

Antille, D.L., R.J. Godwin, R. Sakrabani, S. Se-
neweera, S.F. Tyrrel, et al. 2017. Field-Scale 
Evaluation of Biosolids-Derived Organomin-
eral Fertilizers Applied to Winter Wheat in 
England. Agron. J. 109(2): 654. doi: 10.2134/
agronj2016.09.0495.

Aregay, F.A., Z. Minjuan, and X. Tao. 2018. 
Knowledge, attitude and behavior of farmers 
in farmland conservation in China: an ap-
plication of the structural equation model. J. 
Environ. Plan. Manag. 61(2): 249–271. doi: 
10.1080/09640568.2017.1301895.

Asai, M., and V. Langer. 2014. Collaborative partner-
ships between organic farmers in livestock-inten-
sive areas of Denmark. Org. Agric. 4(1): 63–77. 
doi: 10.1007/s13165-014-0065-3.

Asai, M., M. Moraine, J. Ryschawy, J. de Wit, 
A.K. Hoshide, et al. 2018. Critical factors for 
crop-livestock integration beyond the farm level: 
A cross-analysis of worldwide case studies. Land 
UsePpolicy 73: 184–194. doi: 10.1016/j.landuse-
pol.2017.12.010.

Atkinson, C.J., J.D. Fitzgerald, and N.A. Hipps. 
2010. Potential mechanisms for achieving agri-
cultural benefits from biochar application to tem-
perate soils: a review. Plant Soil 337(1–2): 1–18. 
doi: 10.1007/s11104-010-0464-5.

Ayllón, M., G. Gea, M.B. Murillo, J.L. Sánchez, and 
J. Arauzo. 2005. Kinetic study of meat and bone 
meal pyrolysis: An evaluation and comparison of 
different possible kinetic models. Journal of An-
alytical and Applied Pyrolysis 74(1–2): 445–453. 
doi: 10.1016/j.jaap.2004.11.022.

Backus, Ge. B.C. 2017. Manure Management: An 
Overview and Assessment of Policy Instruments 
in the Netherlands. World Bank, Washington, 
DC. https://openknowledge.worldbank.org/han-
dle/10986/29250.

Bai, Z., L. Ma, W. Ma, W. Qin, G.L. Velthof, et al. 
2016a. Changes in phosphorus use and losses in 
the food chain of China during 1950–2010 and 
forecasts for 2030. Nutrient Cycling in Agroe-
cosystems 104: 361–372. doi: 10.1007/s10705-
015-9737-y.

Bai, Z., L. Ma, S. Jin, W. Ma, G.L. Velthof, et al. 
2016b. Nitrogen, Phosphorus, and Potassium 
Flows through the Manure Management Chain 
in China. Environ. Sci. Technol. 50(24): 13409–
13418. doi: 10.1021/acs.est.6b03348.

Barancheshme, F., and M. Munir. 2019. Develop-
ment of Antibiotic Resistance in Wastewater 
Treatment Plants. In: Kumar, Y., editor, An-
timicrobial Resistance - A Global Threat. In-
techOpen. doi: 10.5772/intechopen.81538.

Bateman, A., D. van der Horst, D. Boardman, A. 
Kansal, and C. Carliell-Marquet. 2011. Clos-
ing the phosphorus loop in England: The spa-
tio-temporal balance of phosphorus capture 
from manure versus crop demand for fertiliser. 
Resour. Conserv. Recycl. 55(12): 1146–1153. doi: 
10.1016/j.resconrec.2011.07.004.

Beighle, D.E., P.A. Boyazoglu, and R.W. Hem-
ken. 1993. Use of Bovine Rib Bone in Serial 
Sampling for Mineral Analysis. J. Dairy Sci. 
76(4): 1047–1052. doi: 10.3168/jds.S0022-
0302(93)77433-0.

Bengtsson, M., and A.-M. Tillman. 2004. Actors and 
interpretations in an environmental controversy: 
the Swedish debate on sewage sludge use in ag-
riculture. Resour. Conserv. Recycl. 42(1): 65–82. 
doi: 10.1016/j.resconrec.2004.02.004.

Bergström, L., B.T. Bowman, and J.T. Sims. 2008. 
Definition of sustainable and unsustainable issues 
in nutrient management of modern agriculture. 
Soil Use Manag. 21(1): 76–81. doi: 10.1111/
j.1475-2743.2005.tb00111.x.



257

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Blackwell, P., S. Jospeh, P. Munroe, H. Anawar, P. 
Storer, et al. 2015. Influences of Biochar and 
Biochar-Mineral Complex on Mycorrhizal Col-
onisation and Nutrition of Wheat and Sorghum. 
Pedosphere 25(5): 686–695. doi: 10.1016/S1002-
0160(15)30049-7.

Bloem, E., A. Albihn, J. Elving, L. Hermann, L. Le-
hmann, et al. 2017. Contamination of organic 
nutrient sources with potentially toxic elements, 
antibiotics and pathogen microorganisms in re-
lation to P fertilizer potential and treatment op-
tions for the production of sustainable fertilizers: 
A review. Sci. Total Environ. 607–608: 225–242. 
doi: 10.1016/j.scitotenv.2017.06.274.

Van Boeckel, T.P., C. Brower, M. Gilbert, B.T. Gren-
fell, S.A. Levin, et al. 2015. Global trends in an-
timicrobial use in food animals. Proc. Natl. Acad. 
Sci. U. S. A. 112(18): 5649–5654. doi: 10.1073/
pnas.1503141112.

de Boer, M.A., L. Wolzak, and J.C. Slootweg. 2019. 
Phosphorus: Reserves, Production, and Appli-
cations. In: Ohtake, H. and Tsuneda, S., editors, 
Phosphorus Recovery and Recycling. Springer, 
Singapore. p. 75–100. doi: 10.1007/978-981-
10-8031-9_5.

Bolan, N.S., D.C. Adriano, and S. Mahimairaja. 2004. 
Distribution and bioavailability of trace elements 
in livestock and poultry manure by-products. 
Crit. Rev. Environ. Sci. Technol. 34(3): 291–338. 
doi: 10.1080/10643380490434128.

Börner, J., K. Baylis, E. Corbera, D. Ezzine-de-Blas, 
J. Honey-Rosés, et al. 2017. The Effective-
ness of Payments for Environmental Services. 
World Dev. 96: 359–374. doi: 10.1016/j.world-
dev.2017.03.020.

Bosker, T., L.J. Bouwman, N.R. Brun, P. Behrens, 
and M.G. Vijver. 2019. Microplastics accumulate 
on pores in seed capsule and delay germination 
and root growth of the terrestrial vascular plant 
Lepidium sativum. Chemosphere 226: 774–781. 
doi: 10.1016/j.chemosphere.2019.03.163.

Boxall, A.B.A. 2018. Pharmaceuticals in the Environ-
ment and Human Health. In: Boxall, A.B.A. and 
Kookana, R.S., editors, Health Care and Envi-
ronmental Contamination. Elsevier. pp. 123–136. 
doi: 10.1016/B978-0-444-63857-1.00007-3.

Boxall, A., and C. Long. 2005. Veterinary medicines 
and the environment. Environ. Toxicol. Chem. 
24(4): 759–760. doi: 10.1002/etc.5620240401.

Brownlie, W.J.W.J., C.M.C.M. Howard, G. Pasda, B. 
Navé, W. Zerulla, et al. 2015. Developing a glob-
al perspective on improving agricultural nitrogen 
use. Environ. Dev. 15: 145–151. doi: 10.1016/j.
envdev.2015.05.002.

Buysman, E., and A.P.J. Mol. 2013. Market-based 
biogas sector development in least developed 
countries -The case of Cambodia. Energy Policy 
63: 44–51. doi: 10.1016/j.enpol.2013.05.071.

Caldwell, D.J., F. Mastrocco, T.H. Hutchinson, R. 
Länge, D. Heijerick, et al. 2008. Derivation of 
an aquatic predicted no-effect concentration for 
the synthetic hormone, 17α-ethinyl estradiol. 
Environ. Sci. Technol. 42(19): 7046–7054. doi: 
10.1021/es800633q.

Cang, L., Y. Wang, D. Zhou, and Y. Dong. 2004. 
Heavy metals pollution in poultry and livestock 
feeds and manures under intensive farming in 
Jiangsu Province, China. J. Environ. Sci. 16(3): 
371–374. https://content.iospress.com/articles/
journal-of-environmental-sciences/jes16-3-05 
(accessed 2 August 2021).

Carpenter, S.R., and E.M. Bennett. 2011. Recon-
sideration of the planetary boundary for phos-
phorus. Environ. Res. Lett 6: 14009–14021. doi: 
10.1088/1748-9326/6/1/014009.

Carr, S.A., J. Liu, and A.G. Tesoro. 2016. Transport 
and fate of microplastic particles in wastewater 
treatment plants. Water Res. 91: 174–182. doi: 
10.1016/j.watres.2016.01.002.

Case, S.D.C., M. Oelofse, Y. Hou, O. Oenema, 
and L.S. Jensen. 2017. Farmer perceptions and 
use of organic waste products as fertilisers – A 
survey study of potential benefits and barri-
ers. Agric. Syst. 151: 84–95. doi: 10.1016/j.
agsy.2016.11.012.

CBS (Netherlands Statistics). 2016. CBS Open data 
statline. Environmental taxes and fees, reve-
nues by taxpayer: national accounts. Reference 
period: 1995-2019. https://opendata.cbs.nl/
statline/portal.html?_la=en&_catalog=CBS&ta-
bleId=82725ENG&_theme=1091 (accessed 2 
August 2021).

Chandler, A.J., T.T. Eighmy, J. Hartlén, O. Hjemlar, 
D.S. Kosson, et al. (editors) 1997. Municipal Sol-
id Waste Incinerator Residues. Elsevier Science.

Chapman, P.A., C.A. Siddons, J. Manning, and C. 
Cheetham. 1997. An outbreak of infection due 
to verocytotoxin-producing Escherichia coli 
O157 in four families: the influence of labora-
tory methods on the outcome of the investiga-
tion. Epidemiol. Infect. 119(2): 113–119. doi: 
10.1017/S0950268897007991.



258

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Chen, M., and T.E. Graedel. 2016. A half-century 
of global phosphorus flows, stocks, production, 
consumption, recycling, and environmental im-
pacts. Glob. Environ. Chang. 36: 139–152. doi: 
10.1016/j.gloenvcha.2015.12.005.

Cheng, D.L., H.H. Ngo, W.S. Guo, Y.W. Liu, J.L. 
Zhou, et al. 2018. Bioprocessing for elimination 
antibiotics and hormones from swine waste-
water. Sci. Total Environ. 621: 1664–1682. doi: 
10.1016/j.scitotenv.2017.10.059.

Chowdhury, R.B., and P. Chakraborty. 2016. Magni-
tude of anthropogenic phosphorus storage in the 
agricultural production and the waste manage-
ment systems at the regional and country scales. 
Environ. Sci. Pollut. Res. 23(16): 15929–15940. 
doi: 10.1007/s11356-016-6930-8.

Chowdhury, R.B., G.A. Moore, A.J. Weatherley, and 
M. Arora. 2014. A review of recent substance 
flow analyses of phosphorus to identify priori-
ty management areas at different geographical 
scales. Resour. Conserv. Recycl. 83: 213–228. doi: 
10.1016/j.resconrec.2013.10.014.

Cieślik, B., and P. Konieczka. 2017. A review of 
phosphorus recovery methods at various steps of 
wastewater treatment and sewage sludge man-
agement. The concept of “no solid waste genera-
tion” and analytical methods. J. Clean. Prod. 142: 
1728–1740. doi: 10.1016/j.jclepro.2016.11.116.

Cieslik, B.M., J. Namiesnik, and P. Konieczka. 
2015. Review of sewage sludge management: 
Standards, regulations and analytical methods. 
J. Clean. Prod. 90: 1–15. doi: 10.1016/j.jcle-
pro.2014.11.031.

Cody, S.H., M.K. Glynn, J.A. Farrar, K.L. Cairns, 
P.M. Griffin, et al. 1999. An outbreak of Escher-
ichia coli O157:H7 infection from unpasteur-
ized commercial apple juice. Ann. Intern. Med. 
130(3): 202–209. doi: 10.7326/0003-4819-130-
3-199902020-00005.

Cofie, O., D. Kone, S. Rothenberger, D. Moser, and 
C. Zubruegg. 2009. Co-composting of faecal 
sludge and organic solid waste for agriculture: 
Process dynamics. Water Res. 43(18): 4665–
4675. doi: 10.1016/j.watres.2009.07.021.

Coleman, P. 2012. Guide for Organic Crop Produc-
ers. National Center for Appropriate Technology 
(NCAT), USA.

Collignon, P., and A. Voss. 2015. China, what antibi-
otics and what volumes are used in food produc-
tion animals? Antimicrob. Resist. Infect. Control 
4: 16. doi: 10.1186/s13756-015-0056-5.

Corbala-Robles, L., W.N.D. Sastafiana, V. Van lin-
den, E.I.P. Volcke, and T. Schaubroeck. 2018. 
Life cycle assessment of biological pig manure 
treatment versus direct land application − a 
trade-off story. Resour. Conserv. Recycl. 131: 
86–98. doi: 10.1016/j.resconrec.2017.12.010.

Cordell, D., a. Rosemarin, J.J. Schröder, and a. L. 
Smit. 2011. Towards global phosphorus security: 
A systems framework for phosphorus recovery 
and reuse options. Chemosphere 84(6): 747–758. 
doi: 10.1016/j.chemosphere.2011.02.032.

Cordell, D., and S. White. 2014. Life’s Bottleneck: 
Sustaining the World’s Phosphorus for a Food 
Secure Future. Annu. Rev. Environ. Resour. 
39(1): 161–188. doi: 10.1146/annurev-envi-
ron-010213-113300.

Corradini, F., P. Meza, R. Eguiluz, F. Casado, E. 
Huerta-Lwanga, et al. 2019. Evidence of mi-
croplastic accumulation in agricultural soils from 
sewage sludge disposal. Sci. Total Environ. 671: 
411–420. doi: 10.1016/j.scitotenv.2019.03.368.

CRC. 2005. Chemical composition of the human 
body. Lide, D., editor, CRC Handbook of 
Chemistry and Physics, 86th ed. CRC Press.

Crossman, J., R.R. Hurley, M. Futter, and L. Nizzet-
to. 2020. Transfer and transport of microplastics 
from biosolids to agricultural soils and the wider 
environment. Sci. Total Environ. 724: 138334. 
doi: 10.1016/j.scitotenv.2020.138334.

Crump, J.A., A.C. Sulka, A.J. Langer, C. Schaben, 
A.S. Crielly, et al. 2002. An Outbreak of Escher-
ichia coli O157:H7 Infections among Visitors to 
a Dairy Farm . N. Engl. J. Med. 347(8): 555–560. 
doi: 10.1056/nejmoa020524.

DAERA. 2021. Contractual/Export agreement - 
Guidance on the information required for a con-
tractual agreement regarding litter/manure. De-
partment of Agriculture, Environment and Rural 
Affairs, Northern Ireland. https://www.daera-ni.
gov.uk/articles/contractualexport-agreement (ac-
cessed 30 July 2021).

Darch, T., R.M. Dunn, A. Guy, J.M.B. Hawkins, M. 
Ash, et al. 2019. Fertilizer produced from abat-
toir waste can contribute to phosphorus sustain-
ability, and biofortify crops with minerals. PLoS 
One 14(9): e0221647. doi: 10.1371/journal.
pone.0221647.

Dawson, C.J., and J. Hilton. 2011. Fertiliser avail-
ability in a resource-limited world: Production 
and recycling of nitrogen and phosphorus. 
Food Policy 36: S14–S22. doi: 10.1016/j.food-
pol.2010.11.012.



259

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Deeks, L.K., K. Chaney, C. Murray, R. Sakrabani, 
S. Gedara, et al. 2013. A new sludge-derived 
organo-mineral fertilizer gives similar crop 
yields as conventional fertilizers. Agron. Sustain. 
Dev. 33(3): 539–549. doi: 10.1007/s13593-
013-0135-z.

Delorme, T.A., J.S. Angle, F.J. Coale, and R.L. 
Chaney. 2000. Phytoremediation of Phospho-
rus-Enriched Soils. Int. J. Phytoremediation 2(2): 
173–181. doi: 10.1080/15226510008500038.

Dessart, F., Barreiro-HJ, and R. Van Bavel. 2019. 
Behavioural factors affecting the adoption of 
sustainable farming practices: a policy oriented 
review. Eur. Rev. Agric. Econ. 46(3): 417–471. 
doi: 10.1093/erae/jbz019.

Diacono, M., and F. Montemurro. 2010. Long-term 
effects of organic amendments on soil fertility. A 
review. Agron. Sustain. Dev. 30(2): 401–422. doi: 
10.1051/agro/2009040.

Dicke, M. 2018. Insects as feed and the Sustainable 
Development Goals. J. Insects as Food Feed 4(3): 
147–156. doi: 10.3920/JIFF2018.0003.

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

Dohmen, J., E. Resoenberg, and M. Daleman. 2017. 
The Manure plot. NRC Res. https://www.nrc.nl/
nieuws/2017/11/10/het-mestcomplot-a1580703 
(accessed 17 September 2019).

Dolliver, H., S. Gupta, and S. Noll. 2008. Antibiotic 
Degradation during Manure Composting. J. 
Environ. Qual. 37(3): 1245–1253. doi: 10.2134/
jeq2007.0399.

Domínguez, J., P.J. Bohlen, and R.W. Parmelee. 2004. 
Earthworms Increase Nitrogen Leaching to 
Greater Soil Depths in Row Crop Agroecosys-
tems. Ecosystems 7(6): 672–685. doi: 10.1007/
s10021-004-0150-7.

Drangert, J.-O. 2012. Phosphorus – a Limited 
Resource that Could be Made Limitless. Pro-
cedia Eng. 46: 228–233. doi: 10.1016/j.pro-
eng.2012.09.469.

Drangert, J.O., B. Kiełbasa, B. Ulen, K.S. Tonderski, 
and A. Tonderski. 2017. Generating applica-
ble environmental knowledge among farmers: 
experiences from two regions in Poland. Agro-
ecol. Sustain. Food Syst. 41(6): 671–690. doi: 
10.1080/21683565.2017.1310786.

Drohan, P.J., M. Bechmann, A. Buda, F. Djodjic, D. 
Doody, et al. 2019. A global perspective on phos-
phorus management decision support in agri-
culture: Lessons learned and future directions. J. 
Environ. Qual. 48(5): 1218–1233. doi: 10.2134/
jeq2019.03.0107.

Duboua-Lorsch, L. 2020. Rewarding farmers for 
ecological services could help protect biodiversity. 
EURACTIV.com. https://www.euractiv.com/
section/agriculture-food/news/rewarding-farm-
ers-for-ecological-services-could-help-pro-
tect-biodiversity/ (accessed 4 December 2020).

Duis, K., and A. Coors. 2016. Microplastics in the 
aquatic and terrestrial environment: sources (with 
a specific focus on personal care products), fate 
and effects. Environ. Sci. Eur. 28: 2. doi: 10.1186/
s12302-015-0069-y.

Egle, L., H. Rechberger, J. Krampe, and M. Zess-
ner. 2016. Phosphorus recovery from munic-
ipal wastewater: An integrated comparative 
technological, environmental and economic 
assessment of P recovery technologies. Sci. Total 
Environ. 571: 522–542. doi: 10.1016/j.scito-
tenv.2016.07.019.

Elser, J., and E. Bennett. 2011. Phosphorus cycle: A 
broken biogeochemical cycle. Nature 478(7367): 
29–31. doi: 10.1038/478029a

EPA. 2010. Emission Factor Documentation for AP-
42, Section 11.21: Phosphate Rock Processing. 
US Environmental Protection Agency. https://
www3.epa.gov/ttnchie1/ap42/ch11/bgdocs/
b11s21.pdf (accessed 2 August 2021).

Erisman, J.W., N. Domburg, W. de Vries, H. Kros, 
B. de Haan, et al. 2005. The Dutch N-cascade in 
the European perspective. Sci. China Ser. C Life 
Sci. 48: 827–842. doi: 10.1007/BF03187122.

Erisman, J.W., H. van Grinsven, and B. Grizzet-
ti. 2011. The European nitrogen problem in a 
global perspective. In: Sutton, M.A., Howard, 
C.M., Erisman, J.W., Billen, G., Bleeker, A., et 
al., editors, The European Nitrogen Assessment: 
Soirces, Effects and Policy Perspectives. Cam-
bridge University Press, Cambridge. p. 9-31. doi: 
10.1017/CBO9780511976988.005.

van Es, H.M., J.M. Sogbedji, and R.R. Schindelbeck. 
2006. Effect of Manure Application Timing, 
Crop, and Soil Type on Nitrate Leaching. J. 
Environ. Qual. 35(2): 670–679. doi: 10.2134/
jeq2005.0143.



260

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Espinosa, D., P. Sale, and C. Tang. 2017. Effect of 
soil phosphorus availability and residue quality 
on phosphorus transfer from crop residues to the 
following wheat. Plant Soil 416(1–2): 361–375. 
doi: 10.1007/s11104-017-3222-0.

European Commission. 2008. Environmental, eco-
nomic and social impacts of the use of sewage 
sludge on land. Report prepared by Milieu Ltd, 
WRc and RPA for the European Commission, 
DG Environment.

European Commission. 2008b. Commission Regu-
lation (EC) No 889/2008 of 5 September 2008 
laying down detailed rules for the implementa-
tion of Council Regulation (EC) No 834/2007 
on organic production and labelling of organic 
products with regard to organic production, la-
belling and control laying down detailed rules for 
the implementation of Council Regulation (EC) 
No 834/2007 on organic production and label-
ling of organic products with regard to organic 
production, labelling and control. Official Journal 
of the European Union L250: 1–84.

European Commission. 2015. Communication from 
the Commission to the European Parliament, 
the Council, the EuropeanEconomic and Social 
Committee and the Committee of the Regions. 
Closing the loop - An EU action plan for the 
Circular Economy. COM(2015) 614 final. Brus-
sels. https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:52015DC0614 (accessed 2 
August 2021).

European Commission. 2017. Guidance on munic-
ipal waste data collection. https://ec.europa.eu/
eurostat/documents/342366/351811/Munic-
ipal+Waste+guidance/bd38a449-7d30-44b6-
a39f-8a20a9e67af2 (accessed 2 August 2021).

European Environment Agency. 2020. Bio-waste in 
Europe - turning challenges into opportunities. 
EEA Rep. 04/2020. Publications Office of the 
European Union, Luxembourg. https://www.eea.
europa.eu/publications/bio-waste-in-europe (ac-
cessed 2 August 2021).

Fader, M., D. Gerten, M. Krause, W. Lucht, and W. 
Cramer. 2013. Spatial decoupling of agricultural 
production and consumption: quantifying de-
pendences of countries on food imports due to 
domestic land and water constraints. Environ. 
Res. Lett. 8(1): 014046. doi: 10.1088/1748-
9326/8/1/014046.

Falkowski, P., R.J. Scholes, E. Boyle, J. Canadell, 
D. Canfield, et al. 2000. The Global Carbon 
Cycle: A Test of Our Knowledge of Earth as a 
System. Science. 290: 291–296. doi: 10.1126/
science.290.5490.291.

FAO. 2011. Global food losses and food waste – Ex-
tent, causes and prevention. FAO, Rome.

FDA Center for Veterinary Medicine. 2018. Sup-
porting Antimicrobial Stewardship in Veterinary 
Settings: Goals for Fiscal Years 2019-2023. Food 
and Drug Administration, USA. https://www.
fda.gov/media/115776/download (accessed 2 
August 2021).

Fijalkowski, K., A. Rorat, A. Grobelak, and M.J. 
Kacprzak. 2017. The presence of contaminations 
in sewage sludge – The current situation. J. En-
viron. Manage. 203: 1126–1136. doi: 10.1016/J.
JENVMAN.2017.05.068.

Foissy, D., J.-F. Vian, and C. David. 2013. Managing 
nutrient in organic farming system: reliance on 
livestock production for nutrient management 
of arable farmland. Org. Agric. 3(3–4): 183–199. 
doi: 10.1007/s13165-014-0060-8.

Font-Palma, C. 2019. Methods for the Treatment of 
Cattle Manure—A Review. J. Carbon Res. 5(2): 
27. doi: 10.3390/c5020027.

Fortuna, L.M., and V. Diyamandoglu. 2017. Opti-
mization of greenhouse gas emissions in sec-
ond-hand consumer product recovery through 
reuse platforms. Waste Manag. 66: 178–189. doi: 
10.1016/j.wasman.2017.04.032.

Gale, A.J. 2007. The Australasian Biosolids Part-
nership and Public Perceptions. Water Pract. 
Technol. 2(4): wpt2007081. doi: 10.2166/
wpt.2007.081.

Geissler, B., L. Hermann, M. Mew, and G. Stein-
er. 2018. Striving Toward a Circular Economy 
for Phosphorus: The Role of Phosphate Rock 
Mining. Minerals 8(9): 395. doi: 10.3390/
min8090395.

Gerber, P., P. Chilonda, G. Franceschini, and H. 
Menzi. 2005. Geographical determinants 
and environmental implications of livestock 
production intensification in Asia. Bioresour. 
Technol. 96(2): 263–276. doi: 10.1016/J.BI-
ORTECH.2004.05.016.

Ghirardini, A., V. Grillini, and P. Verlicchi. 2020. A 
review of the occurrence of selected micropo-
llutants and microorganisms in different raw 
and treated manure – Environmental risk due 
to antibiotics after application to soil. Sci. Total 
Environ. 707: 136118. doi: 10.1016/j.scito-
tenv.2019.136118.



261

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Gifford, S., R.H. Dunstan, W. O’Connor, C.E. 
Koller, and G.R. MacFarlane. 2007. Aquatic 
zooremediation: deploying animals to remedi-
ate contaminated aquatic environments. Trends 
Biotechnol. 25(2): 60–65. doi: 10.1016/j.ti-
btech.2006.12.002.

Glaesner, N., J. Baelum, C.S. Jacobsen, C. Ritz, G.H. 
Rubaek, et al. 2016. Bacteria as transporters of 
phosphorus through soil. Eur. J. Soil Sci. 67(1): 
99–108. doi: 10.1111/ejss.12314.

Glaser, B., and V.I. Lehr. 2019. Biochar effects on 
phosphorus availability in agricultural soils: A 
meta-analysis. Sci. Rep. 9: 9338. doi: 10.1038/
s41598-019-45693-z.

Glibert, P.M. 2020. From hogs to HABs: impacts 
of industrial farming in the US on nitrogen and 
phosphorus and greenhouse gas pollution. Bi-
ogeochemistry 150(2): 139–180. doi: 10.1007/
s10533-020-00691-6.

Goyal, S., S. Dhull, and K. Kapoor. 2005. Chemical 
and biological changes during composting of dif-
ferent organic wastes and assessment of compost 
maturity. Bioresour. Technol. 96(14): 1584–1591. 
doi: 10.1016/j.biortech.2004.12.012.

Greaves, J., P. Hobbs, D. Chadwick, and P. Hay-
garth. 2010. Prospects for the Recovery of 
Phosphorus from Animal Manures: A Re-
view. Environ. Technol. 20(7): 697–708. doi: 
10.1080/09593332008616864.

van Grinsven, H., M. van Eerdt, J. Willems, F. Hu-
beek, and E. Mulleneers. 2005. Evaluation of the 
Dutch Manure and Fertiliser Policy 1998-2002. 
In: OECD, Evaluating Agri-environmental Pol-
icies: Design, Practice and Results. OECD Pub-
lishing, Paris. doi: 10.1787/9789264010116-en.

Guan, T.T.Y., and R.A. Holley. 2003. Pathogen Sur-
vival in Swine Manure Environments and Trans-
mission of Human Enteric Illness—A Review. 
Hog Manure Management, the Environment 
and Human Health. Springer, Boston, MA. p. 
51–71. doi: 10.1007/978-1-4615-0031-5_2.

Gudda, F.O., M.G. Waigi, E.S. Odinga, B. Yang, 
L. Carter, et al. 2020. Antibiotic-contaminated 
wastewater irrigated vegetables pose resistance 
selection risks to the gut microbiome. Envi-
ron. Pollut. 264: 114752. doi: 10.1016/j.en-
vpol.2020.114752.

Guerranti, C., T. Martellini, G. Perra, C. Scopetani, 
and A. Cincinelli. 2019. Microplastics in cosmet-
ics: Environmental issues and needs for global 
bans. Environ. Toxicol. Pharmacol. 68: 75–79. 
doi: 10.1016/j.etap.2019.03.007.

Guisasola, A., C. Chan, O. Larriba, D. Lippo, M.E. 
Suárez-Ojeda, et al. 2019. Long-term stability 
of an enhanced biological phosphorus removal 
system in a phosphorus recovery scenario. J. 
Clean. Prod. 214: 308–318. doi: 10.1016/j.jcle-
pro.2018.12.220.

Guo, T., C. Lou, W. Zhai, X. Tang, M.Z. Hashmi, et 
al. 2018. Increased occurrence of heavy metals, 
antibiotics and resistance genes in surface soil 
after long-term application of manure. Sci. Total 
Environ. 635: 995–1003. doi: 10.1016/J.SCITO-
TENV.2018.04.194.

Guterstam, B. 1996. Demonstrating ecological en-
gineering for wastewater treatment in a Nordic 
climate using aquaculture principles in a green-
house mesocosm. Ecol. Eng. 6(1–3): 73–97. doi: 
10.1016/0925-8574(95)00052-6.

Hamilton, H.A., E. Brod, O. Hanserud, D.B. Müller, 
H. Brattebø, et al. 2017. Recycling potential 
of secondary phosphorus resources as assessed 
by integrating substance flow analysis and 
plant-availability. Sci. Total Environ. 575: 1546–
1555. doi: 10.1016/j.scitotenv.2016.10.056.

Hamilton, H.A., D. Ivanova, K. Stadler, S. Merciai, J. 
Schmidt, et al. 2018. Trade and the role of non-
food commodities for global eutrophication. Nat. 
Sustain. 1(6): 314–321. doi: 10.1038/s41893-
018-0079-z.

Hamscher, G., S. Sczesny, H. Höper, and H. Nau. 
2002. Determination of persistent tetracycline 
residues in soil fertilized with liquid manure by 
high-performance liquid chromatography with 
electrospray ionization tandem mass spectrome-
try. Anal. Chem. 74(7): 1509–1518. doi: 10.1021/
ac015588m.

Hanselman, T., D. Graetz, and A. Wilkie. 2003. Ma-
nure-Borne Estrogens as Potential Environmen-
tal Contaminants: A Review. Environ. Sci. Tech-
nol. 37(24): 5471–5478. doi: 10.1021/es034410.

Harder, R., R. Wielemaker, T.A. Larsen, G. Zee-
man, and G. Öberg. 2019. Recycling nutrients 
contained in human excreta to agriculture: 
Pathways, processes, and products. Crit. Rev. 
Environ. Sci. Technol. 49(8): 695–743. doi: 
10.1080/10643389.2018.1558889.

Hemme, A., M. Spark, P. Wolf, H. Paschertz, and J. 
Kamphues. 2005. Effects of different phospho-
rus sources in the diet on bone composition and 
stability (breaking strength) in broilers. J. Anim. 
Physiol. Anim. Nutr. (Berl). 89(3–6): 129–133. 
doi: 10.1111/j.1439-0396.2005.00539.x.



262

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Henry, B., K. Laitala, and I.G. Klepp. 2019. Microfi-
bres from apparel and home textiles: Prospects 
for including microplastics in environmental 
sustainability assessment. Sci. Total Environ. 652: 
483–494. doi: 10.1016/j.scitotenv.2018.10.166.

van Hessen, J. 2014. An Assessment of Small-Scale 
Biodigester Programmes in the Developing 
World: The SNV and Hivos Approach. Disserta-
tion, VU University Amsterdam.

Heuer, H., H. Schmitt, and K. Smalla. 2011. An-
tibiotic resistance gene spread due to manure 
application on agricultural fields. Curr. Opin. 
Microbiol. 14(3): 236–243. doi: 10.1016/j.
mib.2011.04.009.

Heyl, K., T. Döring, B. Garske, J. Stubenrauch, and F. 
Ekardt. 2020. The Common Agricultural Policy 
beyond 2020: A critical review in light of global 
environmental goals. Rev. Eur. Comp. Int. Envi-
ron. Law 30(1): 95–106. doi: 10.1111/reel.12351.

Hill, D.N., I.E. Popova, J.E. Hammel, and M.J. 
Morra. 2019. Transport of Potential Manure 
Hormone and Pharmaceutical Contaminants 
through Intact Soil Columns. J. Environ. Qual. 
48(1): 47–56. doi: 10.2134/jeq2018.06.0233.

Holm-Nielsen, J.B., T. Al Seadi, and P. Oleskow-
icz-Popiel. 2009. The future of anaerobic 
digestion and biogas utilization. Bioresour. 
Technol. 100(22): 5478–5484. doi: 10.1016/J.
BIORTECH.2008.12.046.

Hua, K., L. Liu, and D.P. Bureau. 2005. Determina-
tion of Phosphorus Fractions in Animal Protein 
Ingredients. J. Agric. Food Chem. 53(5): 1571–
1574. doi: 10.1021/jf048401b.

Huang, Y., P. Ciais, D.S. Goll, J. Sardans, J. Peñuelas, 
et al. 2020. The shift of phosphorus transfers in 
global fisheries and aquaculture. Nat. Commun. 
11(1): 355. doi: 10.1038/s41467-019-14242-7.

Huygens, D., and H.G.M.M. Saveyn. 2018. Agro-
nomic efficiency of selected phosphorus fertil-
isers derived from secondary raw materials for 
European agriculture. A meta-analysis. Agron. 
Sustain. Dev. 38(5): 52. doi: 10.1007/s13593-
018-0527-1.

IFA. 2020. Fertilizer Outlook 2020 – 2024. Market 
Intelligence and Agriculture Services, Interna-
tional Fertilizer Association.

Insam, H., M. Gómez-Brandón, and J. Ascher. 2015. 
Manure-based biogas fermentation residues – 
Friend or foe of soil fertility? Soil Biol. Biochem. 
84: 1–14. doi: 10.1016/j.soilbio.2015.02.006.

Jarvie, H.P., L.T. Johnson, A.N. Sharpley, D.R. 
Smith, D.B. Baker, et al. 2017. Increased Soluble 
Phosphorus Loads to Lake Erie: Unintended 
Consequences of Conservation Practices? J. 
Environ. Qual. 46(1): 123–132. doi: 10.2134/
jeq2016.07.0248.

Jasinski, S.M. 2021. Mineral Commodity Summaries: 
Phosphate Rock. U.S. Geol. Surv.

Jat, L.K., Y.V. Singh, S.K. Meena, S.K. Meena, M. 
Parihar, et al. 2015. Does Integrated Nutrient 
Management, Enhance Agricultural Productivi-
ty? J. Pure Appl. Microbiol. 9(2): 1211–1221.

Jeong, S.H., D. Kang, M.W. Lim, C.S. Kang, and H.J. 
Sung. 2013. Risk assessment of growth hormones 
and antimicrobial residues in meat. Toxicol. Res. 
26(4): 301–313. doi: 10.5487/TR.2010.26.4.301.

Johansson, R.C., and J.D. Kaplan. 2004. A car-
rot-and-stick approach to environmental 
improvement: Marrying agri-environmental 
payments and water quality regulations. Agric. 
Resour. Econ. Rev. 33(1): 91–104. doi: 10.1017/
S1068280500005669.

Johnson, A.C., R.J. Williams, and P. Matthiessen. 
2006. The potential steroid hormone contribution 
of farm animals to freshwaters, the United King-
dom as a case study. Sci. Total Environ. 362(1–3): 
166–178. doi: 10.1016/j.scitotenv.2005.06.014.

Kabbe, C. 2019. Circular Economy: Bridging 
the Gap Between Phosphorus Recovery and 
Recycling. In: Ohtake, H. and Tsuneda, S., 
editors, Phosphorus Recovery and Recycling. 
Springer Singapore, Singapore. p. 45–57. doi: 
10.1007/978-981-10-8031-9_3.

Karunanithi, R., A.A. Szogi, N. Bolan, R. Naidu, P. 
Loganathan, et al. 2015. Phosphorus recovery 
and reuse from waste streams. Adv. Agron. 131: 
173–250. doi: 10.1016/bs.agron.2014.12.005.

Kinney, C.A., E.T. Furlong, D.W. Kolpin, M.R. Bur-
khardt, S.D. Zaugg, et al. 2008. Bioaccumulation 
of Pharmaceuticals and Other Anthropogenic 
Waste Indicators in Earthworms from Agri-
cultural Soil Amended With Biosolid or Swine 
Manure. Environ. Sci. Technol. 42(6): 1863–
1870. doi: 10.1021/es702304c.

Kirchherr, J., D. Reike, and M. Hekkert. 2017. Con-
ceptualizing the circular economy: An analysis 
of 114 definitions. Resour. Conserv. Recycl. 127: 
221–232. doi: 10.1016/j.resconrec.2017.09.005.



263

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Kjaer, J., P. Olsen, K. Bach, H. Barlebo, F. Ingerslev, 
et al. 2007. Leaching of Estrogenic Hormones 
from Manure-Treated Structured Soils. Environ. 
Sci. Technol. 41(11): 3911–3917. doi: 10.1021/
es0627747.

Kleinman, P.J.A., A.N. Sharpley, A.R. Buda, R.W. 
McDowell, and A.L. Allen. 2011. Soil controls of 
phosphorus in runoff: Management barriers and 
opportunities. Can. J. Soil Sci. 91(3): 329–338. 
doi: 10.4141/CJSS09106.

Kleinman, P.J.A., A.N. Sharpley, P.J.A. Withers, L. 
Bergström, L.T. Johnson, et al. 2015. Implement-
ing agricultural phosphorus science and manage-
ment to combat eutrophication. Ambio 44(2): 
297–310. doi: 10.1007/s13280-015-0631-2.

Knowles, O., and A. Dawson. 2018. Current soil 
sampling methods - a review. In: Currie, L.D. 
and Christensen, C.L., editors, Farm environ-
mental planning – Science, policy and practice. 
Occasional Report No. 31. Fertilizer and Lime 
Research Centre, Massey University, Palmerston 
North, New Zealand. p. 1-11.

Kolz, A.C., T.B. Moorman, S.K. Ong, K.D. Scog-
gin, and E.A. Douglass. 2005. Degradation 
and Metabolite Production of Tylosin in 
Anaerobic and Aerobic Swine-Manure La-
goons. Water Environ. Res. 77(1): 49–56. doi: 
10.2175/106143005x41618.

Komiskey, M.J., T.D. Stuntebeck, D.R. Frame, and 
F.W. Madison. 2011. Nutrients and sediment in 
frozen-ground runoff from no-till fields receiv-
ing liquid-dairy and solid-beef manures. J. Soil 
Water Conserv. 66(5): 303–312. doi: 10.2489/
jswc.66.5.303.

Komiyama, T., T. Ito, and M. Saigusa. 2014. Effects of 
phosphorus-based application of animal manure 
compost on the yield of silage corn and on soil 
phosphorus accumulation in an upland Andosol 
in Japan. Soil Sci. Plant Nutr. 60(6): 863–873. 
doi: 10.1080/00380768.2014.955449.

Kosseva, M.R. 2009. Chapter 3 Processing of Food 
Wastes. In: Taylor, S., editor, Advances in 
Food and Nutrition Research. Academic Press, 
Volume 58, p. 57–136. doi: 0.1016/S1043-
4526(09)58003-5.

Kuba, T., G. Smolders, M.C.M. van Loosdrecht, and 
J.J. Heijnen. 1993. Biological phosphorus remov-
al from wastewater by anaerobic-anoxic sequenc-
ing batch reactor. Water Science and Technology 
27(5-6): 241–252. doi: 10.2166/wst.1993.0504.

Kudva, I.T., K. Blanch, and C.J. Hovde. 1998. Analy-
sis of Escherichia coli O157:H7 survival in ovine 
or bovine manure and manure slurry. Appl. Envi-
ron. Microbiol. 64(9): 3166–3174. doi: 10.1128/
aem.64.9.3166-3174.1998.

Kumar, K., S. C. Gupta, Y. Chander, and A.K. Singh. 
2005. Antibiotic Use in Agriculture and Its Im-
pact on the Terrestrial Environment. Adv. Agron. 
87: 1–54. doi: 10.1016/S0065-2113(05)87001-4.

Kumaragamage, D., and O.O. Akinremi. 2018. Ma-
nure Phosphorus: Mobility in Soils and Man-
agement Strategies to Minimize Losses. Curr. 
Pollut. Reports 4(2): 162–174. doi: 10.1007/
s40726-018-0084-x.

l’Ons, D., A. Mattsson, F. Davidsson, and J. Matts-
son. 2012. REVAQ – the Swedish certification 
system for sludge application to land – Ex-
periences at the Rya WWTP in Gothenburg 
and challenges for the future. Proceedings 17th 
European Biosolids & Organic Resources Con-
ference. AquaEnviro, UK. p. 1–12. https://con-
ferences.aquaenviro.co.uk/wp-content/uploads/
sites/7/2015/07/6-IOns-D.-Gryaab-AB.pdf 
(accessed 2 August 2021).

Lampkin, N., M. Stolze, S. Meredith, M. de Porras, 
L. Haller, et al. 2020. Using Eco-Schemes in 
the new CAP: a guide for managing authorities. 
IFOAM EU, FIBL and IEEP Brussels. https://
ieep.eu/publications/guide-to-eco-schemes-in-
the-new-cap-opportunities-and-challenges-for-
managing-authorities (accessed 2 August 2021).

Lange, I.G., A. Daxenberger, B. Schiffer, H. Witters, 
D. Ibarreta, et al. 2002. Sex hormones originating 
from different livestock production systems: fate 
and potential disrupting activity in the environ-
ment. Anal. Chim. Acta 473(1–2): 27–37. doi: 
10.1016/S0003-2670(02)00748-1.

Lansing, S., J.F. Martin, R.B. Botero, T. Nogueira 
da Silva, and E. Dias da Silva. 2010. Wastewa-
ter transformations and fertilizer value when 
co-digesting differing ratios of swine manure 
and used cooking grease in low-cost digesters. 
Biomass and Bioenergy 34(12): 1711–1720. doi: 
10.1016/j.biombioe.2010.07.005.

Lashermes, G., B. Nicolardot, V. Parnaudeau, L. 
Thuriès, R. Chaussod, et al. 2009. Indicator 
of potential residual carbon in soils after ex-
ogenous organic matter application. Eur. J. 
Soil Sci. 60(2): 297–310. doi: 10.1111/j.1365-
2389.2008.01110.x.



264

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Laturnus, F., K. von Arnold, and C. Grøn. 2007. 
Organic Contaminants from Sewage Sludge 
Applied to Agricultural Soils. False Alarm Re-
garding Possible Problems for Food Safety? En-
viron. Sci. Pollut. Res. 14: 53–60. doi: 10.1065/
espr2006.12.365.

Lawrence, P.G., W. Roper, T.F. Morris, and K. Guil-
lard. 2020. Guiding soil sampling strategies using 
classical and spatial statistics: A review. Agron. J. 
112(1): 493–510. doi: 10.1002/agj2.20048.

Lehmann, J., J. Gaunt, and M. Rondon. 2006. 
Bio-char Sequestration in Terrestrial Ecosys-
tems – A Review. Mitig. Adapt. Strateg. Glob. 
Chang. 11(2): 403–427. doi: 10.1007/s11027-
005-9006-5.

Leip, A., S. Ledgard, A. Uwizeye, J.C.P. Palhares, 
M.F. Aller, et al. 2019. The value of manure - 
Manure as co-product in life cycle assessment. J. 
Environ. Manage. 241: 293–304. doi: 10.1016/j.
jenvman.2019.03.059.

Lemaire, G., A. Franzluebbers, P.C. de F. Carvalho, 
and B. Dedieu. 2014. Integrated crop–livestock 
systems: Strategies to achieve synergy between 
agricultural production and environmental 
quality. Agric. Ecosyst. Environ. 190: 4–8. doi: 
10.1016/j.agee.2013.08.009.

Li, H., J. Liu, G. Li, J. Shen, L. Bergström, et al. 2015. 
Past, present, and future use of phosphorus in 
Chinese agriculture and its influence on phos-
phorus losses. Ambio 44: 274–285. doi: 10.1007/
s13280-015-0633-0.

De Liguoro, M., V. Cibin, F. Capolongo, B. Hal-
ling-Sørensen, and C. Montesissa. 2003. Use 
of oxytetracycline and tylosin in intensive calf 
farming: Evaluation of transfer to manure and 
soil. Chemosphere 52(1): 203–212. doi: 10.1016/
S0045-6535(03)00284-4.

Liu, J., P.J.A. Kleinman, H. Aronsson, D. Flaten, 
R.W. McDowell, et al. 2018. A review of regula-
tions and guidelines related to winter manure ap-
plication. Ambio 44(6): 657–2670. doi: 10.1007/
s13280-018-1012-4.

López-Núñez, R., F. Ajmal-Poley, J.A. González-
Pérez, M.A. Bello-López, and P. Bur-
gos-Doménech. 2019. Quick Analysis of Organ-
ic Amendments via Portable X-ray Fluorescence 
Spectrometry. Int. J. Environ. Res. Public Health 
16(22): 4317. doi: 10.3390/ijerph16224317.

Lorenzen, A., J.G. Hendel, K.L. Conn, S. Bittman, 
A.B. Kwabiah, et al. 2004. Survey of Hormone 
Activities in Municipal Biosolids and Ani-
mal Manures. Env. Toxicol 19: 216–225. doi: 
10.1002/tox.20014.

Lorick, D., R. Harder, and M. Svanström. 2021. A 
Circular Economy for Phosphorus in Sweden—
Is it Possible? Sustainability 13(7): 3733. doi: 
10.3390/su13073733.

Lugo-Ospina, A., T.H. Dao, J.A. Van Kessel, and 
J.B. Reeves. 2005. Evaluation of quick tests for 
phosphorus determination in dairy manures. 
Environ. Pollut. 135(1): 155–162. doi: 10.1016/j.
envpol.2004.09.007.

MacDonald, G.K., E.M. Bennett, P.A. Potter, and N. 
Ramankutty. 2011. Agronomic phosphorus im-
balances across the world’s croplands. Proc. Natl. 
Acad. Sci. 108(7): 3086–3091. doi: 10.1073/
pnas.1010808108.

MacDonald, J.M., P. Korb, and R.A. Hoppe. 2013. 
Farm Size and the Organization of U.S. Crop 
Farming. ERR-152. U.S. Department of Ag-
riculture, Economic Research Service, doi: 
10.22004/AG.ECON.262221.

Macrae, M., H. Jarvie, R. Brouwer, G. Gunn, K. Reid, 
et al. 2021. One size does not fit all: Toward re-
gional conservation practice guidance to reduce 
phosphorus loss risk in the Lake Erie watershed. 
J. Environ. Qual. 50: 529– 546. doi: 10.1002/
jeq2.20218.

Magee, H.Y., M.M. Maurer, A. Cobos, B.F.G. Pycke, 
A.K. Venkatesan, et al. 2018. U.S. nationwide 
reconnaissance of ten infrequently monitored 
antibiotics in municipal biosolids. Sci. Total 
Environ. 643: 460–467. doi: 10.1016/j.scito-
tenv.2018.06.206.

Malomo, G.A., A.S. Madugu, and S.A. Bolu. 2018. 
Sustainable Animal Manure Management Strat-
egies and Practices. In: Aladjadjiyan, A., editor, 
Agricultural Waste and Residues. IntechOpen. 
doi: 10.5772/intechopen.78645.

Manyi-Loh, C., S. Mamphweli, E. Meyer, and A. 
Okoh. 2018. Antibiotic Use in Agriculture and 
Its Consequential Resistance in Environmental 
Sources: Potential Public Health Implications. 
Molecules 23(4): 795. doi: 10.3390/mole-
cules23040795.

Martin, G., M. Moraine, J. Ryschawy, M.A. Magne, 
M. Asai, et al. 2016. Crop–livestock integration 
beyond the farm level: a review. Agron. Sustain. 
Dev. 36: 53. doi: 10.1007/s13593-016-0390-x.

Martínez-Blanco, J., C. Lazcano, T.H. Christensen, 
P. Muñoz, J. Rieradevall, et al. 2013. Compost 
benefits for agriculture evaluated by life cycle 
assessment. A review. Agron. Sustain. Dev. 33(4): 
721–732. doi: 10.1007/s13593-013-0148-7.



265

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Matsubae, K., and E. Webeck. 2019. Phosphorus 
Flows in Asia. In: Ohtake, H. and Tsuneda, S., 
editors, Phosphorus Recovery and Recycling. 
Springer, Singapore. p. 29–44. doi: 10.1007/978-
981-10-8031-9_2.

Mayer, B.K., L.A. Baker, T.H. Boyer, P. Drechsel, M. 
Gifford, et al. 2016. Total Value of Phosphorus 
Recovery. Environ. Sci. Technol. 50(13): 6606–
6620. doi: 10.1021/acs.est.6b01239.

McDowell, R.R.W., and D. Nash. 2012. A Review of 
the Cost-Effectiveness and Suitability of Mitiga-
tion Strategies to Prevent Phosphorus Loss from 
Dairy Farms in New Zealand and Australia. J. 
Environ. Qual. 41(3): 680–693. doi: 10.2134/
jeq2011.0041.

Menz, J., O. Olsson, and K. Kümmerer. 2019. Anti-
biotic residues in livestock manure: Does the EU 
risk assessment sufficiently protect against micro-
bial toxicity and selection of resistant bacteria in 
the environment? J. Hazard. Mater. 379: 120807. 
doi: 10.1016/j.jhazmat.2019.120807.

Menzi, H., O. Oenema, C. Burton, O. Shipin, P. Ger-
ber, et al. 2010. Impacts of Intensive Livestock 
Production and Manure Management on the 
Environment. In: Steinfeld, H., Mooney, H.A., 
Schneider, F. and Neville, L.E., editors, Livestock 
in a Changing landscape, Volume 1: Drivers, 
Consequences, and Responses. Island Press, 
Washington, DC. p. 139–163.

Metson, G.S., and E.M. Bennett. 2015. Facilitators 
& barriers to organic waste and phosphorus re-
use in Montreal. Elem. Sci. Anthr. 3: 000070. 
doi: 10.12952/journal.elementa.000070.

Metson, G.S., D.M. Iwaniec, L.A. Baker, E.M. 
Bennett, D.L. Childers, et al. 2015. Urban phos-
phorus sustainability: Systemically incorporating 
social, ecological, and technological factors into 
phosphorus flow analysis. Environ. Sci. Policy 47: 
1–11. doi: 10.1016/J.ENVSCI.2014.10.005.

Metson, G.S., G.K. MacDonald, D. Haberman, T. 
Nesme, and E.M. Bennett. 2016. Feeding the 
Corn Belt: Opportunities for phosphorus recy-
cling in U.S. agriculture. Sci. Total Environ. 542: 
1117–1126. doi: 10.1016/j.scitotenv.2015.08.047.

Mihelcic, J.R., L.M. Fry, and R. Shaw. 2011. Global 
potential of phosphorus recovery from human 
urine and feces. Chemosphere 84(6): 832–839. 
doi: 10.1016/j.chemosphere.2011.02.046.

Mohajerani, A., and B. Karabatak. 2020. Microplas-
tics and pollutants in biosolids have contam-
inated agricultural soils: An analytical study 
and a proposal to cease the use of biosolids in 
farmlands and utilise them in sustainable bricks. 
Waste Manag. 107: 252–265. doi: 10.1016/j.was-
man.2020.04.021.

Møller, H., I. Lund, and S. Sommer. 2000. Solid–liq-
uid separation of livestock slurry: efficiency and 
cost. Bioresour. Technol. 74(3): 223–229. doi: 
10.1016/S0960-8524(00)00016-X.

Moraine, M., P. Melac, J. Ryschawy, M. Duru, and O. 
Therond. 2017. A participatory method for the 
design and integrated assessment of crop-live-
stock systems in farmers’ groups. Ecol. Indic. 72: 
340–351. doi: 10.1016/j.ecolind.2016.08.012.

Morse, G.K., S.W. Brett, J.A. Guy, and J.N. Lester. 
1998. Review: Phosphorus removal and recovery 
technologies. Sci. Total Environ. 212: 69–81. doi: 
doi.org/10.1016/S0048-9697(97)00332-X.

Moya, B., A. Parker, and R. Sakrabani. 2019a. Chal-
lenges to the use of fertilisers derived from hu-
man excreta: The case of vegetable exports from 
Kenya to Europe and influence of certification 
systems. Food Policy 85: 72–78. doi: 10.1016/J.
FOODPOL.2019.05.001.

Moya, B., A. Parker, R. Sakrabani, and B. Mesa. 
2019b. Evaluating the Efficacy of Fertilisers De-
rived from Human Excreta in Agriculture and 
Their Perception in Antananarivo, Madagascar. 
Waste and Biomass Valorization 10(4): 941–952. 
doi: 10.1007/s12649-017-0113-9.

Mulbry, W., E.K. Westhead, C. Pizarro, and L. Siko-
ra. 2005. Recycling of manure nutrients: use of 
algal biomass from dairy manure treatment as a 
slow release fertilizer. Bioresour. Technol. 96(4): 
451–458. doi: 10.1016/j.biortech.2004.05.026.

Mullen, R.A., J.J. Hurst, K.M. Naas, L.M. Sassou-
bre, and D.S. Aga. 2019. Assessing uptake of 
antimicrobials by Zea mays L. and prevalence of 
antimicrobial resistance genes in manure-ferti-
lized soil. Sci. Total Environ. 646: 409–415. doi: 
10.1016/j.scitotenv.2018.07.199.

Nakakubo, T., A. Tokai, and K. Ohno. 2012. Com-
parative assessment of technological systems 
for recycling sludge and food waste aimed at 
greenhouse gas emissions reduction and phos-
phorus recovery. J. Clean. Prod. 32: 157–172. doi: 
10.1016/j.jclepro.2012.03.026.



266

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Naresh, R., Vivek, M. Kumar, S. Kumar, U. Chow-
dhary, et al. 2018. Zero budget natural farming 
viable for small farmers to empower food and 
nutritional security and improve soil health: A 
review. J. Pharmacogn. Phytochemistry 7(2): 
1104–1118.

National Biosolids Partnership. 2011. Biosolids Man-
agment Program Guidance Manual. Water Envi-
ronment Research Foundation. https://www.wef.
org/globalassets/assets-wef/3—-resources/top-
ics/a-n/biosolids/national-biosolids-partnership/
manual-of-good-practice-for-biosolids-v2011.
pdf (accessed 2 August 2021).

Naylor, R.L., R.W. Hardy, D.P. Bureau, A. Chiu, M. 
Elliott, et al. 2009. Feeding aquaculture in an era 
of finite resources. Proceedings of the Nation-
al Academy of Sciences of the USA 106 (36): 
15103–15110. doi: 10.1073/pnas.0905235106.

Nesme, T., M. Toublant, A. Mollier, C. Morel, and S. 
Pellerin. 2012. Assessing phosphorus manage-
ment among organic farming systems: a farm 
input, output and budget analysis in southwest-
ern France. Nutr. Cycl. Agroecosystems 92(2): 
225–236. doi: 10.1007/s10705-012-9486-0.

Ng, E.L., E. Huerta Lwanga, S.M. Eldridge, P. 
Johnston, H.W. Hu, et al. 2018. An overview of 
microplastic and nanoplastic pollution in agroe-
cosystems. Sci. Total Environ. 627: 1377–1388. 
doi: 10.1016/j.scitotenv.2018.01.341.

Nicholson, R.J., J. Webb, and A. Moore. 2002. A 
review of the environmental effects of different 
livestock manure storage systems, and a suggest-
ed procedure for assigning environmental ratings. 
Biosyst. Eng. 81(4): 363–377. doi: 10.1006/
bioe.2002.0045.

Nizzetto, L., M. Futter, and S. Langaas. 2016. Are 
Agricultural Soils Dumps for Microplastics of 
Urban Origin? Environ. Sci. Technol. 50(20): 
10777–10779. doi: 10.1021/acs.est.6b04140.

Novak, J.M., and A.S.K. Chan. 2002. Development 
of P-Hyperaccumulator Plant Strategies to 
Remediate Soils with Excess P Concentra-
tions. Crit. Rev. Plant Sci. 21(5): 493–509. doi: 
10.1080/0735-260291044331.

Oenema, O. 2004. Governmental policies and 
measures regulating nitrogen and phosphorus 
from animal manure in European agriculture. 
J. Anim. Sci. 82 (suppl_13): E196–E206. doi: 
10.2527/2004.8213_supplE196x.

Omara, P., N. Macnack, L. Aula, and B. Raun. 2017. 
Effect of long-term beef manure application on 
soil test phosphorus, organic carbon, and winter 
wheat yield. J. Plant Nutr. 40(8): 1143–1151. doi: 
10.1080/01904167.2016.1264423.

Ott, C., and H. Rechberger. 2012. The European 
phosphorus balance. Resour. Conserv. Recycl. 60: 
159–172. doi: 10.1016/j.resconrec.2011.12.007.

Pawlett, M., L.K. Deeks, and R. Sakrabani. 2015. 
Nutrient potential of biosolids and urea de-
rived organo-mineral fertilisers in a field scale 
experiment using ryegrass (Lolium perenne 
L.). F. Crop. Res. 175: 56–63. doi: 10.1016/J.
FCR.2015.02.006.

Peccia, J., and P. Westerhoff. 2015. We Should Expect 
More out of Our Sewage Sludge. Environ. Sci. 
Technol. 49(14): 8271–8276. doi: 10.1021/acs.
est.5b01931.

Piñeiro, V., J. Arias, J. Dürr, P. Elverdin, A.M. Ibáñez, 
et al. 2020. A scoping review on incentives for 
adoption of sustainable agricultural practices and 
their outcomes. Nat. Sustain. 3(10): 809–820. 
doi: 10.1038/s41893-020-00617-y.

Powers, S.M., R.B. Chowdhury, G.K. MacDon-
ald, G.S. Metson, A.H.W. Beusen, et al. 
2019. Global Opportunities to Increase Ag-
ricultural Independence Through Phosphorus 
Recycling. Earth’s Futur. 7(4): 370–383. doi: 
10.1029/2018EF001097.

Qi, R., D.L. Jones, Z. Li, Q. Liu, and C. Yan. 2020. 
Behavior of microplastics and plastic film resi-
dues in the soil environment: A critical review. 
Sci. Total Environ. 703: 134722. doi: 10.1016/j.
scitotenv.2019.134722.

Qin, Z., and A. Shober. 2018. The Challenges of 
Managing Legacy Phosphorus Losses from Ma-
nure-Impacted Agricultural Soils. Curr. Pollut. 
Reports 4(4): 265–276. doi: 10.1007/s40726-
018-0100-1.

Rahman, S., R.B. Chowdhury, N.G. D’Costa, N. 
Milne, M. Bhuiyan, et al. 2019. Determining the 
potential role of the waste sector in decoupling of 
phosphorus: A comprehensive review of national 
scale substance flow analyses. Resour. Conserv. 
Recycl. 144: 144–157. doi: 10.1016/J.RESCON-
REC.2019.01.022.

Reitzel, K., W.W. Bennett, N. Berger, W.J. Brownlie, 
S. Bruun, et al. 2019. New Training to Meet the 
Global Phosphorus Challenge. 53(15): 8479–
8481. doi: 10.1021/acs.est.9b03519.



267

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Rockström, J., O. Edenhofer, J. Gaertner, and F. 
DeClerck. 2020. Planet-proofing the global 
food system. Nat. Food 1(1): 3–5. doi: 10.1038/
s43016-019-0010-4.

Rose, D.C., W.J. Sutherland, C. Parker, M. Lobley, 
M. Winter, et al. 2016. Decision support tools 
for agriculture: Towards effective design and de-
livery. Agric. Syst. 149: 165–174. doi: 10.1016/J.
AGSY.2016.09.009.

Roy, E.D. 2017. Phosphorus recovery and recy-
cling with ecological engineering: A review. 
Ecol. Eng. 98: 213–227. doi: 10.1016/J.ECO-
LENG.2016.10.076.

Safe, S. 2004. Endocrine disruptors and human 
health: is there a problem. Toxicology 205(1–2): 
3–10. doi: 10.1016/j.tox.2004.06.032.

Sanseverino, I., A. Navarro, R. Loos, and D. Mari-
nov. 2018. State of the Art on the Contribution 
of Water to Antimicrobial Resistance, EUR 
29592 EN. Publications Office of the European 
Union, Luxembourg. doi: doi:10.2760/771124, 
JRC114775.

Sarmah, A.K., M.T. Meyer, and A.B.A. Boxall. 2006. 
A global perspective on the use, sales, exposure 
pathways, occurrence, fate and effects of vet-
erinary antibiotics (VAs) in the environment. 
Chemosphere 65(5): 725–759. doi: 10.1016/j.
chemosphere.2006.03.026.

Sattari, S.Z., M.K. van Ittersum, K.E. Giller, F. 
Zhang, and A.F. Bouwman. 2014. Key role 
of China and its agriculture in global sus-
tainable phosphorus management. Environ. 
Res. Lett. 9(5): 054003. doi: 10.1088/1748-
9326/9/5/054003.

Scholz, R.W., and F.W. Wellmer. 2018. Although 
there is no Physical Short-Term Scarcity of 
Phosphorus, its Resource Efficiency Should 
be Improved. J. Ind. Ecol. 23: 313–318. doi: 
10.1111/jiec.12750.

Schreck, M., and J. Wagner. 2017. Incentivizing 
secondary raw material markets for sustainable 
waste management. Waste Manag. 67: 354–359. 
doi: 10.1016/j.wasman.2017.05.036.

Schröder, J. 2005. Revisiting the agronomic benefits 
of manure: A correct assessment and exploitation 
of its fertilizer value spares the environment. 
Bioresource Technology 96(2): 253–261. doi: 
10.1016/j.biortech.2004.05.015.

Seufert, V., N. Ramankutty, and T. Mayerhofer. 2017. 
What is this thing called organic? – How organic 
farming is codified in regulations. Food Policy 
68: 10–20. doi: 10.1016/j.foodpol.2016.12.009.

Sharma, M., and R. Reynnells. 2018. Importance of 
Soil Amendments: Survival of Bacterial Patho-
gens in Manure and Compost Used as Organic 
Fertilizers. In: Thakur, S and K.E. Kniel, editors, 
Preharvest Food Safety. ASM Press. American 
Society for Microbiology, Washington, DC. p. 
159–175. doi: 10.1128/9781555819644.ch9.

Sharpley, A., P. Richards, S. Herron, and D. Baker. 
2012. Case study comparison between litigated 
and voluntary nutrient management strategies. 
J. Soil Water Conserv. 67(5): 442–450. doi: 
10.2489/jswc.67.5.442.

Shepherd, J.G., S.P. Sohi, and K.V. Heal. 2016. Op-
timising the recovery and re-use of phosphorus 
from wastewater effluent for sustainable fertil-
iser development. Water Res. 94: 155–165. doi: 
10.1016/j.watres.2016.02.038.

Shilton, A.N., N. Powell, and B. Guieysse. 2012. 
Plant based phosphorus recovery from waste-
water via algae and macrophytes. Curr. Opin. 
Biotechnol. 23(6): 884–889. doi: 10.1016/j.cop-
bio.2012.07.002.

Shumo, M., I.M. Osuga, F.M. Khamis, C.M. Tanga, 
K.K.M. Fiaboe, et al. 2019. The nutritive value 
of black soldier fly larvae reared on common or-
ganic waste streams in Kenya. Sci. Rep. 9: 10110. 
doi: 10.1038/s41598-019-46603-z.

Simha, P., C. Lalander, A. Ramanathan, C. Vijay-
alakshmi, J.R. McConville, et al. 2018. What do 
consumers think about recycling human urine as 
fertiliser? Perceptions and attitudes of a univer-
sity community in South India. Water Res. 143: 
527–538. doi: 10.1016/j.watres.2018.07.006.

Singh, R., A.P. Singh, S. Kumar, B.S. Giri, and K.H. 
Kim. 2019. Antibiotic resistance in major rivers 
in the world: A systematic review on occur-
rence, emergence, and management strategies. 
J. Clean. Prod. 234: 1484–1505. doi: 10.1016/j.
jclepro.2019.06.243.

Smith, D.R., W. Francesconi, S.J. Livingston, and 
C. Huang. 2015. Phosphorus losses from mon-
itored fields with conservation practices in the 
Lake Erie Basin, USA. Ambio 44: 319–331. doi: 
10.1007/s13280-014-0624-6.

Someus, E., and M. Pugliese. 2018. Concentrated 
Phosphorus Recovery from Food Grade Animal 
Bones. Sustainability 10(7): 2349. doi: 10.3390/
su10072349.



268

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Song, W., M. Huang, W. Rumbeiha, and H. Li. 2007. 
Determination of amprolium, carbadox, monen-
sin, and tylosin in surface water by liquid chro-
matography/tandem mass spectrometry. Rapid 
Commun. Mass Spectrom. 21(12): 1944–1950. 
doi: 10.1002/rcm.3042.

Song, J.H., R.J. Murphy, R. Narayan, and G.B.H. 
Davies. 2009. Biodegradable and compostable al-
ternatives to conventional plastics. Philos. Trans. 
R. Soc. B Biol. Sci. 364(1526): 2127–2139. doi: 
10.1098/rstb.2008.0289.

Soobhany, N., R. Mohee, and V.K. Garg. 2017. Inac-
tivation of bacterial pathogenic load in compost 
against vermicompost of organic solid waste 
aiming to achieve sanitation goals: A review. 
Waste Manag. 64: 51–62. doi: 10.1016/j.was-
man.2017.03.003.

Sörme, L., E. Voxberg, J. Rosenlund, S. Jensen, and 
A. Augustsson. 2019. Coloured Plastic Bags 
for Kerbside Collection of Waste from House-
holds—To Improve Waste Recycling. Recycling 
4(2): 20. doi: 10.3390/recycling4020020.

Spångberg, J., H. Jönsson, and P. Tidåker. 2013. 
Bringing nutrients from sea to land – mus-
sels as fertiliser from a life cycle perspective. J. 
Clean. Prod. 51: 234–244. doi: 10.1016/j.jcle-
pro.2013.01.011.

Stabenau, N., A. Zehnsdorf, H. Rönicke, H. Wed-
witschka, L. Moeller, et al. 2018. A potential 
phosphorus fertilizer for organic farming: recov-
ery of phosphorus resources in the course of bi-
oenergy production through anaerobic digestion 
of aquatic macrophytes. Energy. Sustain. Soc. 8: 
16. doi: 10.1186/s13705-018-0155-2.

Steffen, W., K. Richardson, J. Rockström, S.E. Cor-
nell, I. Fetzer, et al. 2015. Planetary boundaries: 
Guiding human development on a changing 
planet. Science. 347(6223): 1259855. doi: 
10.1126/science.1259855.

Stenfield, H., P. Gerber, T. Wassanaar, V. Castel, M. 
Rosales, et al. 2006. Livestock’s Long Shadow: 
environmental issues and options. FAO, Rome.

Strokal, M., L. Ma, Z. Bai, S. Luan, C. Kroeze, et al. 
2016. Alarming nutrient pollution of Chinese 
rivers as a result of agricultural transitions. Envi-
ron. Res. Lett. 11(2): 024014. doi: 10.1088/1748-
9326/11/2/024014.

Sun, D., L. Hale, G. Kar, R. Soolanayakanahally, and 
S. Adl. 2018. Phosphorus recovery and reuse 
by pyrolysis: Applications for agriculture and 
environment. Chemosphere 194: 682–691. doi: 
10.1016/j.chemosphere.2017.12.035.

Sutton, M.A., A. Bleeker, C.M. Howard, M. Bekun-
da, M. Grizzetti, et al. 2013. Our Nutrient 
World: The challenge to produce more food and 
energy with less pollution. Global Overview of 
Nutrient Management. Centre of Ecology and 
Hydrology, Edinburgh on behalf of the Global 
Partnership on Nutrient Management and the 
International Nitrogen Initiative.

Tamminga, S. 2003. Pollution due to nutrient losses 
and its control in European animal production. 
Livest. Prod. Sci. 84(2): 101–111. doi: 10.1016/j.
livprodsci.2003.09.008.

Tavazzi, S., G. Mariani, H. Skejø, S. Comero, N. 
Głowacka, et al. 2018. Residues of antimicro-
bial agents and related compounds of emerging 
concern in manure, water and soil, Part 1 – Pi-
lot-sampling campaign in Slovakia and first 
findings, EUR 29065 EN. Publications Office 
of the European Union, Luxembourg. doi: 
10.2760/835417.

Teenstra, E., T. Vellinga, N. Aektasaeng, W. Amatay-
akul, A. Ndambi, et al. 2014. Global Assessment 
of Manure Management Policies and Practices. 
Livestock Research Report 844. Livestock Re-
search, Wageningen UR (University & Research 
centre), Wageningen, Netherlands.

Tembo, J.M., E. Nyirenda, and I. Nyambe. 2017. 
Enhancing faecal sludge management in peri-ur-
ban areas of Lusaka through faecal sludge val-
orisation: challenges and opportunities. IOP 
Conf. Ser. Earth Environ. Sci. 60: 012025. doi: 
10.1088/1755-1315/60/1/012025.

Thiele-Bruhn, S. 2003. Pharmaceutical antibi-
otic compounds in soils - A review. J. Plant 
Nutr. Soil Sci. 166(2): 145–167. doi: 10.1002/
jpln.200390023.

Tonini, D., H.G.M. Saveyn, and D. Huygens. 2019. 
Environmental and health co-benefits for ad-
vanced phosphorus recovery. Nat. Sustain. 2(11): 
1051–1061. doi: 10.1038/s41893-019-0416-x.

Topp, E., D. Larsson, D. Miller, C. Van den Eede, 
and M. Virta. 2018. Antimicrobial resistance and 
the environment: assessment of advances, gaps 
and recommendations for agriculture, aquacul-
ture and pharmaceutical manufacturing. FEMS 
Microbiol. Ecol. 94(3): fix185. doi: 10.1093/
femsec/fix185.

Trazzi, P.A., J.J. Leahy, M.H.B. Hayes, and W. Kwap-
inski. 2016. Adsorption and desorption of phos-
phate on biochars. J. Environ. Chem. Eng. 4(1): 
37–46. doi: 10.1016/j.jece.2015.11.005.



269

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 6

: O
P

P
O

R
T

U
N

IT
IE

S
 T

O
 R

E
C

YC
LE

 P
H

O
S

P
H

O
R

U
S

-R
IC

H
 O

R
G

A
N

IC
 M

AT
E

R
IA

LS

Trimmer, J.T., R.D. Cusick, and J.S. Guest. 2017. 
Amplifying Progress toward Multiple Develop-
ment Goals through Resource Recovery from 
Sanitation. Environ. Sci. Technol. 51(18): 10765–
10776. doi: 10.1021/acs.est.7b02147.

Tsachidou, B., M. Scheuren, J. Gennen, V. Debbaut, 
B. Toussaint, et al. 2019. Biogas residues in sub-
stitution for chemical fertilizers: A comparative 
study on a grassland in the Walloon Region. Sci. 
Total Environ. 666: 212–225. doi: 10.1016/j.sci-
totenv.2019.02.238.

Turner, A., and L.A. Holmes. 2015. Adsorption 
of trace metals by microplastic pellets in fresh 
water. Environ. Chem. 12(5): 600–610. doi: 
10.1071/EN14143.

UNECE. 2014. Guidance document on preventing 
and abating ammonia emissions from agricultur-
al sources. ECE/EB.AIR/120. United Nations 
Economic Commission for Europe, Conven-
tion on Long-range Transboundary Air Pollu-
tion, Geneva.

UNEP. 2017. Towards a Pollution-Free Planet. 
United Nations Environment Programme, Nai-
robi, Kenya.

United Nations. 2019. World Urbanization Pros-
pects: The 2018 Revision (ST/ESA/SER.A/420). 
Department of Economic and Social Affairs, 
Population Division. United Nations, New York.

US Government. 2020. Code of Federal Regulations. 
Title 7: Agriculture, Subtitle B—Regulations of 
the Department of Agriculture, Subchapter M—
Organic Foods Production Act Provisions, Part 
205—National Organic Program. https://www.
govinfo.gov/content/pkg/CFR-2020-title7-vol3/
pdf/CFR-2020-title7-vol3-subtitleB-chapI.pdf 
(accessed 2 August 2021).

Vogel, C., C. Rivard, I. Tanabe, and C. Adam. 2016. 
Microspectroscopy–Promising Techniques to 
Characterize Phosphorus in Soil. Commun. 
Soil Sci. Plant Anal. 47(18): 2088–2102. doi: 
10.1080/00103624.2016.1228942.

Wadsworth, R., S. Hallett, and R. Sakrabani. 2018. 
Phosphate acceptance map: A novel approach to 
match phosphorus content of biosolids with land 
and crop requirements. Agric. Syst. 166: 57–69. 
doi: 10.1016/J.AGSY.2018.07.015.

Wang, L., G. Chen, G. Owens, and J. Zhang. 2016. 
Enhanced antibiotic removal by the addition of 
bamboo charcoal during pig manure composting. 
RSC Adv. 6(33): 27575–27583. doi: 10.1039/
c5ra27493a.

Wang, Q., J. shan Li, P. Tang, L. Fang, and C.S. Poon. 
2018. Sustainable reclamation of phosphorus 
from incinerated sewage sludge ash as value-add-
ed struvite by chemical extraction, purification 
and crystallization. J. Clean. Prod. 181: 717–725. 
doi: 10.1016/j.jclepro.2018.01.254.

Wang, J., X. Liu, Y. Li, T. Powell, X. Wang, et al. 
2019. Microplastics as contaminants in the 
soil environment: A mini-review. Sci. Total 
Environ. 691: 848–857. doi: 10.1016/j.scito-
tenv.2019.07.209.

Watson, C.A., I. Öborn, J. Eriksen, and A.C. Ed-
wards. 2008. Perspectives on nutrient manage-
ment in mixed farming systems. Soil Use Manag. 
21(1): 132–140. doi: 10.1111/j.1475-2743.2005.
tb00117.x.

Watson, C.A., C.F.E. Topp, and J. Ryschawy. 2019. 
Linking Arable Cropping and Livestock Produc-
tion for Efficient Recycling of N and P. In: Le-
maire, G., de faccio Carvalho, P.C., Kronberg, S. 
and Recous, S., editors, Agroecosystem Diversity: 
Reconciling Contermporary Agriculture and En-
vironment Quality. Academic Press. p. 169–188. 
doi: 10.1016/B978-0-12-811050-8.00010-8.

Westerman, P.W.W., and J.R.R. Bicudo. 2005. Man-
agement considerations for organic waste use 
in agriculture. Bioresource Technology 96(2): 
215–221. doi: 10.1016/j.biortech.2004.05.011.

Wilde, B.C., E. Lieberherr, A.E. Okem, and J. Six. 
2019. Nitrified Human Urine as a Sustainable 
and Socially Acceptable Fertilizer: An Analysis 
of Consumer Acceptance in Msunduzi, South 
Africa. Sustainability 11(9): 2456. doi: 10.3390/
su11092456.

Williams, M., G. Feyereisen, D. Beegle, R. Shannon, 
G. Folmar, et al. 2010. Manure Application Un-
der Winter Conditions: Nutrient Runoff and 
Leaching Losses. Transactions of the ASABE. 
54(3): 891–899. doi: 10.13031/2013.37114.

Withers, P.J.A., K.C. van Dijk, T.S. Neset, T. Nesme, 
O. Oenema, et al. 2015. Stewardship to tack-
le global phosphorus inefficiency: The case of 
Europe. Ambio 44(2): 193–206. doi: 10.1007/
s13280-014-0614-8.

Withers, P.J.A., D. Doody, and R. Sylvester-Bradley. 
2018. Achieving Sustainable Phosphorus Use in 
Food Systems through Circularisation. Sustaina-
bility 10(6): 1804. doi: 10.3390/su10061804.

Witorsch, R.J. 2002. Endocrine disruptors: Can 
biological effects and environmental risks be 
predicted? Regul. Toxicol. Pharmacol. 36(1): 
118–130. doi: 10.1006/rtph.2002.1564.



270

w
w
w
.o
pf
gl
ob

al
.c
om

T
H

E
 O

U
R

 P
H

O
S

P
H

O
R

U
S

 F
U

T
U

R
E

 R
E

P
O

R
T

Wohlfarth, G.W., and G.L. Schroeder. 1979. Use 
of manure in fish farming—A review. Agric. 
Wastes 1(4): 279–299. doi: 10.1016/0141-
4607(79)90012-X.

World Bank. 2007. Environmental, Health and Safe-
ty Guidelines for Phosphate Fertilizer Manufac-
turing. World Bank Group, Washington, DC.

WWAP. 2017. The United Nations World Water 
Development Report 2017. Wastewater: The Un-
tapped Resource. UNESCO, Paris.

Xanthos, D., and T.R. Walker. 2017. International 
policies to reduce plastic marine pollution from 
single-use plastics (plastic bags and microbeads): 
A review. Mar. Pollut. Bull. 118(1–2): 17–26. doi: 
10.1016/j.marpolbul.2017.02.048.

Xu, H., P. He, W. Gu, G. Wang, and L. Shao. 2012. 
Recovery of phosphorus as struvite from sewage 
sludge ash. J. Environ. Sci. (China) 24(8): 1533–
1538. doi: 10.1016/S1001-0742(11)60969-8.

Yadav, K.D., V. Tare, and M.M. Ahammed. 2010. 
Vermicomposting of source-separated hu-
man faeces for nutrient recycling. Waste 
Manag. 30(1): 50–56. doi: 10.1016/j.was-
man.2009.09.034.

Youngquist, C.P., S.M. Mitchell, and C.G. Cogger. 
2016. Fate of antibiotics and antibiotic resistance 
during digestion and composting: A review. J. 
Environ. Qual. 45(2): 537–545. doi: 10.2134/
jeq2015.05.0256.

Yuan, X., T. Li, L. Zhou, and X. Zhao. 2014. Char-
acteristics and Risk Assessment of Estrogenic 
Compounds in Rivers of Southern Jiangsu 
Province, China. IERI Procedia 9: 176–184. doi: 
10.1016/j.ieri.2014.09.059.

Zahariev, A., D. Penkov, and A. Aladjadjiyan. 2014. 
Biogas from Animal Manure – Perspectives and 
Barriers in Bulgaria. Annu. Res. Rev. Biol. 4(5): 
709–719. doi: 10.9734/ARRB/2014/6505.

Zaman, S. Bin, M.A. Hussain, R. Nye, V. Mehta, 
K.T. Mamun, et al. 2017. A Review on Antibi-
otic Resistance: Alarm Bells are Ringing. Cureus 
9(6): e1403. doi: 10.7759/cureus.1403.

Ziajahromi, S., P.A. Neale, L. Rintoul, and F.D.L. 
Leusch. 2017. Wastewater treatment plants as 
a pathway for microplastics: Development of 
a new approach to sample wastewater-based 
microplastics. Water Res. 112: 93–99. doi: 
10.1016/j.watres.2017.01.042.


