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Foreword
We know from the UNEP International 
Resource Panel’s work, which I’m co-
chairing with Izabella Teixeira, that the 
extraction and processing of natural 
resources drive all aspects of the triple 
planetary crisis of climate change, 
biodiversity loss, and pollution with 
health implications included. 

Nutrients – such as phosphorus, nitrogen, 
and potassium, are essential natural 
resources for life on this planet. Yet, in too 
high a quantity, they can cause profound 
environmental problems. Phosphorus 
presents a unique and complicated case. 
It is an essential driver of the global food 
system and as such, is enshrined within 
global scale biogeochemical, trade, and 
policy arenas. Humans have altered the 
global phosphorus cycle to meet 

food demands, primarily through the 
application of phosphorus in fertilisers to 
increase crop yield and support livestock 
production. 

The planetary boundary for 
biogeochemical flows of phosphorus 
is one of the furthest transgressed. In 
some areas of the world, phosphorus has 
been added to soils in excess, whereas, in 
others, soils remain phosphorus limited. 
In the former, losses of phosphorus 
through the food system to lakes, rivers, 
wetlands, and coastal ecosystems, can 
breach their natural assimilative capacity, 
for example, driving harmful algal blooms, 
biodiversity loss, and threatening drinking 
water supplies. In the latter, the challenge 
is to ensure equitable access to farmers of 
phosphorus fertilisers to meet current and 
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future food demands, whilst minimising 
environmental impacts. 

This report demonstrates that the scientific 
knowledge is available with which to plan 
for a more sustainable phosphorus future. 
It presents a timely synthesis across many 
related fields to set out clear opportunities 
for increasing global phosphorus 
sustainability, viewing waste reduction and 
optimised recycling of phosphorus in the 
context of developing a global-scale circular 
economy for phosphorus. 

This report represents a contribution to the 
work of UNEP's Global Partnership on 
Nutrient Management (GPNM), which 
was launched during the 17th session 
of the UN Commission on Sustainable 
Development in 2009 to link governments, 
policymakers, industry, science community, 
civil society organizations and UN agencies, 
with UNEP providing the Secretariat. 
More recently, the 4th session of the 
UN Environment Assembly in March 
2019 adopted a landmark resolution on 
Sustainable Nitrogen Management, which 
was followed by the Colombo Declaration 
in October 2019 marking the launch of 
a UN Global Campaign on Sustainable 
Nitrogen Management. It is my hope 
that the information contained in this 
report ‘Our Phosphorus Future’ will help 
raise the profile of phosphorus, informing 
cross-sector discussions and collaborations, 
ultimately catalysing change toward 
sustainable phosphorus management. We 

must embrace such strategies if we are to 
achieve cleaner waters, healthier people and 
improve the well-being of many. 

For the Future We Want there is no other 
way than to make our economies and 
society more resilient and better prepared 
for the growing challenges we already 
face. This is calling for the system change 
approach: minimising trade-offs and future 
lock-ins and maximising co-benefits and 
synergies among all our efforts. Focusing 
only on cleaning the current production 
systems will unfortunately not be enough 
and we must also enter the untapped 
territories of the needed deep system 
transformation. If we want to avoid the 
extinction of elephants in nature, we should 
take care that there are no more elephants 
in the room. 

Janez Potočnik

Co-Chair of UNEP International Resources 
Panel and former European Commissioner for 
Environment



iv

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

Preface
Historically, nutrient management 
has been fragmented by natural, legal 
and administrative boundaries. It is 
widely recognised that land-based 
human activities significantly impact 
freshwater and the coastal environment. 
The Global Partnership on Nutrient 
Management (GPNM), formed in 2009, 
is a partnership of governments, scientists, 
policymakers, the private sector, NGOs 
and international organisations. The 
GPNM recognises the need for strategic 
advocacy and cooperation at the global 
level to communicate and inform dialogue 
not only on the complexity of the nutrient 

challenge but also to develop new 
opportunities for cost-effective policy and 
investment interventions by countries.  

The Our Phosphorus Future report 
focuses on the challenges and solutions to 
deliver global phosphorus sustainability, 
and specifically on how poor phosphorus 
management impacts food security and 
the quality and availability of freshwater 
and coastal resources. This report 
identifies the numerous pathways through 
which land-based activities generate 
deleterious impacts due to phosphorus 
mismanagement, acknowledging that they 

Prof. Ramesh Ramachandran

Chair of UNEP's Global Partnership on 
Nutrient Management. 

Prof. Mark Sutton

Vice-chair of UNEP's Global Partnership on 
Nutrient Management.
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can differ, depending on the location, 
type, condition and resilience of the local 
ecosystems. It also identifies opportunities 
for the circular economy of changing 
phosphorus management. The report 
identifies the potential for economic 
benefits of improving phosphorus 
sustainability, illustrated by estimates of 
the consequences of meeting a global 
aspirational goal to make a 50% reduction 
in global phosphorus pollution and a 50% 
increase in the recycling of phosphorus 
lost in residues/wastes, by 2050. We thank 
the lead authors and their team for their 

dedicated efforts to draw together an 
evidence base that demonstrates the need 
for enhanced governance coordination 
on phosphorus. As the report advocates, 
future governance systems should not be 
constrained by existing boundaries which 
often disconnect causes from effects. 
Instead, greater emphasis should be placed 
on safeguarding our natural resources, 
advancing the Sustainable Development 
Goals of the Agenda 2030, and breaking 
away from current unsustainable resource 
use patterns.
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Executive 
summary
Key Messages
Unsustainable phosphorus use is at 
the heart of many societal challenges. 
Unsustainable phosphorus use affects food 
and water security, freshwater biodiversity 
and human health. Increasing demand 
for food to support a growing global 
population continues to drive increases in 
phosphorus inputs to the food–system, as 
well as losses from land-based sources to 
freshwater and coastal ecosystems. These 
losses cause ecological degradation through 
the proliferation of harmful algal blooms 
in fresh waters, contributing to alarmingly 
high rates of biodiversity decline, economic 
losses associated with clean-up, and large-
scale human health risks from contaminated 
drinking water supplies. The pace of 
species extinction, climate change and the 
growing number of extreme weather events, 
combined with population growth and 
the economic impact of COVID-19, have 
further strengthened the need to invest in 
phosphorus sustainability. 

Challenges

The global anthropogenic phosphorus 
cycle is unsustainable. Phosphate rock 
is a non-substitutable, non-renewable 
natural resource, essential for fertilisers 
and animal feeds, and so for global food 
security. Phosphorus is also important in 
smaller quantities in industrial applications. 
Phosphorus emissions throughout 
agriculture, food and sewage systems are 
predicted to increase under global business-
as-usual scenarios. The sources of emissions 
differ significantly between regions. Whilst 
agricultural systems vary, poor phosphorus 
management is widespread. Estimated 
losses of phosphorus from agriculture to 
surface waters account for about 34% of 
global fertiliser use (~5 Mt phosphorus 
year-1) representing 56% of all terrestrial 
inputs to surface waters (see Section 5.5). 
In some regions, including parts of Africa 
and India, wastewaters are the dominant 
source of phosphorus emissions with wastes 
often discharged directly to rivers with no 
treatment. Globally, ~80% of all wastewaters 
are discharged without treatment (in low-
income countries ~8% are treated, in high-
income countries ~70% are treated) (see 
Section 5.5). 

Affordable access to sustainable phosphorus 
sources is imperative to ensure food 
provision for all and to protect the 
livelihoods of smallholder and marginal 
farmers. Currently, 1 in 7 farmers cannot 
afford sufficient fertilisers to maintain fertile 
soils, impacting their ability to produce 
food (see Section 3.3). Without change, 
insufficient phosphorus fertiliser use in 
many parts of Africa will likely lead to crop 
yield reductions of nearly 30% by 2050 
(see Section 3.3). Phosphorus additions to 
increase aquaculture yield are a growing and 
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direct pollution threat to this food system 
and the freshwater and coastal ecosystems 
it relies upon. Almost half of the world’s 
population rely on fish for 20% of their 
protein intake making aquaculture a critical 
global industry, with an annual turnover 
of US$ 160 billion (see Section 5.5). 
Significant improvements in phosphorus 
use efficiency can be made across these 
critical food provision sectors. 

High dependency on imported phosphate 
rock and/or mineral phosphorus fertilisers 
can contribute to national food system 
vulnerability. Agriculture is entrenched 
in its reliance on mineral phosphorus 
fertiliser; 85% of phosphates produced for 
the market are processed to make mineral 
fertilisers and 10% are used to make animal 
feed supplements (see Section 2.1). Five 
countries hold 85% of known phosphate 
rock reserves, with 70% found within 
Morocco and Western Sahara. Geological 
depletion of phosphate rock is not an 
immediate threat, with a current global 
estimate of over 300 years of phosphate 
reserves (see Section 2.1). However, 
geopolitical, institutional and economic 
factors can impact phosphorus access 
domestically. Improving the efficient use 
of phosphorus in agriculture (see Section 
4.6) and shifting reliance away from 
mined phosphorus sources by increasing 
phosphorus recycling (see Sections 6.4 and 
7.4) could help to reduce supply risk, at 
least at a national scale. 

Aquatic ecosystems are under severe stress 
from phosphorus pollution. The rate of 
biodiversity loss in fresh waters is higher 
than in any other planetary domain, and 
nutrient pollution is a key stressor (see 
Section 5.1). Globally, phosphorus losses 
from land to fresh waters have doubled in 

the last century and continue to increase, 
contributing to toxic algal blooms, 
biodiversity loss, and threatening human 
and environmental health. Climate change 
is expected to increase the severity of these 
impacts, whilst the release of greenhouse 
gases from phosphorus enriched lakes 
exacerbates climate change (see Section 
5.4.2). Reducing nutrient emissions to 
fresh waters has been listed as a priority 
for most countries to redress water quality 
degradation, in line with the United 
Nations Sustainable Development Goal 
(SDG) 6.3.2. 

Restoring ecosystems is notoriously difficult 
and carries unacceptable clean-up costs. 
The data required to assess the money spent 
to address the impacts of unsustainable 
phosphorus use remains limited. Of the 
few studies published, it has been estimated 
that eutrophication costs the US economy 
US$2.2 billion annually (see Section 5.5). 
In the UK, similar assessments indicate 
losses will increase from around £173 
million ($220 million) in 2018 to over 
£400 million (>US$500 million) by 2080 
as a result of climate warming alone (see 
Section 5.5). The present report estimates 
the global cost to implement catchment 
management to intercept phosphorus losses 
to fresh waters from anthropogenic sources 
could reach about US$265 billion year-1 (see 
Section 5.5). Despite this estimate, global 
baseline data on phosphorus emissions 
and impacts are limited. It is important to 
raise awareness of ecosystems under threat 
and to work across governments to ensure 
long-term ecosystem integrity through 
preventative management programmes.
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Solutions
Phosphorus emissions from land-based 
sources represent an opportunity to reduce 
global reliance on mined phosphate rock, 
whilst relieving stress on freshwater and 
coastal ecosystems. A move towards a 
circular phosphorus economy stands to 
increase the resilience of national scale 
food systems.

A global commitment to recycling 
nutrients in wastes and residues is needed. 
Recycling phosphorus-rich organic residues 
and manures is critical for phosphorus 
sustainability. Multiple strategies exist to 
improve the recycling of phosphorus in 
manures, abattoir residues, food processing 
and domestic wastes, sewage derived 
biosolids and wastewaters (see Sections 
6.4 and 7.4). Beyond agronomic benefits, 
the win-wins are numerous, with benefits 
to society, environment, economy and 
business growth. Phosphorus recovery 
processes provide the opportunity to 
produce contaminant free, high purity 
phosphorus products that may substitute 
for mined phosphorus (see Section 7.4). To 
increase phosphorus recycling significantly, 
education, awareness-raising, investment in 
technology and infrastructure, and policy 
support are urgently needed. A goal for 
fertiliser products to contain a minimum 
of 20% recycled phosphorus by 2030, could 
set a benchmark that demonstrates green 
commitment across the fertiliser industry 
(see Section 2.6).

Reducing excessive consumption of animal 
products (e.g. meat, dairy, and eggs) and 
decreasing food waste will significantly 
reduce phosphorus losses from the food 
system (see Section 8.3). Consuming 
products grown with good on-farm 

nutrient management practices, including 
phosphorus recycling can further reduce 
losses. Over the last 60 years, 38% of 
the increased use of mineral phosphorus 
fertilisers can be attributed to global diet 
changes (see Section 8.1). This increase 
is predominantly related to increased 
consumption of animal products, especially 
in wealthier countries, where per-capita 
consumption is often higher than is 
recommended for healthy diets. 

An international framework is needed to 
address the lack of accurate baseline data 
on many of the major phosphorus flows 
and stocks at national, regional, and global 
scales. Assessments are needed that quantify 
the extent of eutrophication, the costs of 
impacts and of necessary mitigation actions 
to accelerate efforts at ecosystem restoration 
and to prevent future damage.

Ten key actions

Ten key actions across sectors are proposed 
to improve sustainable phosphorus 
management globally (see Section 9.2). 
Among these actions, priorities and 
preferred solutions can be expected to differ 
nationally and between regions. 
1. Increase the use of recycled phosphorus 

in fertiliser and other chemical 
industries, as an alternative or 
supplement to phosphate rock.

2. Optimise phosphorus inputs to 
agricultural soils and maximise crop 
uptake to minimise losses.

3. Optimise animal diets and the use of 
supplements to reduce phosphorus 
excretion.

4. Increase appropriate application 
of manures, other phosphorus-rich 
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residues, and recycled fertilisers to 
soils, to complement appropriate 
mineral fertiliser use. 

5. Improve global reporting and 
assessments of phosphorus emissions 
and their impacts on freshwater and 
coastal ecosystems. 

6. Implement integrated approaches 
for freshwater and coastal ecosystem 
restoration and protection 
at catchment, national and 
transboundary scales. 

7. Implement national to global 
strategies to increase recovery and 
recycling of phosphorus from solid 
and liquid residue streams.

8. Ensure sufficient access to affordable 
phosphorus fertilisers (mineral, 
organic and recycled) for all farmers.

9. Promote a global shift to healthy and 
nutritious diets with low phosphorus 
footprints.

10. Reduce the amounts of phosphorus 
lost as food waste in food processing, 
retail, and domestic consumption.

Towards a Sustainable 
Phosphorus Future
Looking to the future, significant 
investment aligned with increased public 
awareness and political support is needed 
to implement the solutions outlined in 
this report. A decade has passed since the 
global anthropogenic flow of phosphorus 
was assessed as having crossed the 
planetary boundary.i Yet, despite clear 
opportunities to move towards more 
sustainable phosphorus use, there remains 

i A level of human interference in the global phosphorus cycle that results in potentially irreversible environmental damage (see Section 2.3).

a lack of direction in relevant food 
and environmental policy to support 
such a transition. Intergovernmental 
coordination is urgently needed to address 
this issue (see Section 9.4). Multiple 
benefits are associated with sustainable 
phosphorus use, including: 

• Improved sanitation, essential for 
health and the environment.

• Healthier diets for some individuals.

• New employment opportunities 
through the nutrient circular economy.

• Coherence with sustainable 
management of other nutrients 
including nitrogen, carbon and 
potassium. 

• Return of organic carbon to soils, 
contributing to soil fertility and 
climate resilience.

• Reduction in greenhouse gas 
emissions including carbon dioxide 
and methane, and potential synergies 
with nitrous oxide.

• Reduced national dependency on 
the limited regions with phosphate 
rock reserves.

• Reduced mobilisation of contaminants 
contained in some phosphate 
rock reserves.

• Increased biodiversity and 
socioeconomic benefits associated 
with ecosystem recovery. 

A transition towards more sustainable 
phosphorus use will help countries 
contribute to their commitments to 
multiple UN-SDGs, that include: 
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SDG 1 – No poverty and SDG 2 – 
Zero Hunger, through the development 
of business growth within the circular 
economy, risk reduction to sectors (and 
employees) reliant on healthy aquatic 
ecosystems and reduction in poverty-related 
malnutrition through the protection and 
provision of livelihoods.

SDG 3 – Good Health and Well-Being, by 
reducing the risk of harmful algal blooms, 
and a reduction in illnesses from hazardous 
water pollution (e.g., cyanotoxins produced 
during harmful algal blooms). 

SDG 6 – Clean Water and Sanitation, 
through a reduced risk to drinking water 
supplies resulting from improvement to 
water resources impacted by phosphorus 
pollution and the protection and restoration 
of aquatic ecosystems, and improved 
sanitation where phosphorus recovery drives 
infrastructure investment.

SDG 12 – Responsible consumption and 
production, through improved sustainable 
management and efficient use of natural 
phosphorus resources, and improving 
environmentally sound management of 
chemicals (e.g. fertilisers) and all wastes 
throughout their life cycle. 

SDG 13 – Climate Action, through 
reduced contributions to greenhouse 
gas emissions from phosphorus polluted 
ecosystems. 

SDG 14 – Life Below Water, through the 
sustainable management and protection 
of marine and coastal ecosystems to avoid 
significant adverse impacts, including by 
strengthening their resilience. 

SDG 17 – Partnerships, through improved 
sustainable phosphorus partnerships reliant 
on the development, transfer, dissemination, 
and diffusion of environmentally sound 
technologies to all countries.

An aspirational goal for 
phosphorus is proposed 
The following goal is identified as an 
interim focus for 2050, which would 
together represent a major step on the 
pathway to a sustainable phosphorus future. 

The OPF '50:50:50' Goal calls for a 50% 
reduction in global phosphorus pollution 
and a 50% increase in the recycling 
of phosphorus lost in residues and 
wastes, by 2050. 

Globally achieving this target would deliver 
benefits across all seven of the OPF pillars. 
Key benefits of achieving the ‘50:50:50’ goal 
for each OPF pillar, are listed below (see 
Section 9.5).

Benefits to ‘Phosphorus Access’: Achieving 
the ‘50:50:50’ goal could return an 
additional 8.5 MT of recycled phosphorus 
to farms each year, supporting food 
production and food system resilience. 

Benefits to ‘Food Security’: Achieving the 
‘50:50:50’ goal could create a food system 
that would provide enough phosphorus to 
sustain over 4 times the current population.

Benefits to ‘Agriculture and food 
production’: Achieving the ‘50:50:50’ goal 
could save the global farming community 
almost $US4 billion in annual mineral 
phosphorus fertiliser costs needed to 
replace losses.

Benefits to ‘Water Quality’: Achieving the 
‘50:50:50’ goal could significantly reduce 
the impacts of eutrophication, cutting the 
need for adaptation costs by over US$250 
billion year-1, with socio-economic benefits 
of restored ecosystems, including greater 
biodiversity and growth of ecotourism.
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Benefits for ‘Recycling’: Achieving the 
‘50:50:50’ goal could support a transition 
to a circular economy for the phosphorus 
cycle; decoupling economic growth from 
the consumption of finite phosphate rock 
resources.

Benefits for ‘Recovery’: Achieving the 
‘50:50:50’ goal could develop sustainable 
business opportunities, accelerating and 
supporting new jobs through emerging 
green economy sectors. 

Benefits to ‘Sustainable Consumption’: 
Achieving the ‘50:50:50’ goal could provide 
consumers with better access to foods 
produced in phosphorus sustainable ways, 
allowing consumers to better support a 
transition to a sustainable phosphorus 
future, sustainable city living and post 
COVID-19 ‘Green Recovery’.

The ‘50:50:50’ goal aligns with several 
aspirational goals that have also called for 
reductions in nutrient losses in recent years. 
These include: 

• The United Nations Environment 
Programme (UNEP) Colombo 
Declaration which calls for the halving of 
nitrogen (N) waste by 2030. 

• The working group of the Post-2020 
Global Biodiversity Framework which 
proposed to reduce pollution from excess 
nutrients by 50% by 2030. 

• The Farm to Fork strategy underpinning 
the European Green Deal, which calls 
for actions to reduce nutrient losses 

by at least 50% and to reduce fertiliser 
use by at least 20% by 2030 (see 
Section 9.5).

If the world is to meet climate change, 
biodiversity, and food security targets, 
and avoid building costs of predicted 
phosphorus impacts, positive action on 
phosphorus management is essential. The 
present report calls for the establishment 
of an intergovernmental coordination 
mechanism to catalyse integrated action 
on phosphorus sustainability (see Figure 
9.1). This should be supported by an 
international framework to consolidate the 
collective knowledge, quantify the economic 
and societal benefits of improvements in 
phosphorus management and establish 
targets for time-bound improvements. 

The report identifies a clear opportunity to 
raise awareness of the need for sustainable 
phosphorus management through the 
United Nations Environment Assembly 
(UNEA) and calls for a UNEA resolution 
on sustainable phosphorus management or 
an equivalent global commitment to act.
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Our Phosphorus Future 
- an introduction
Authors:  Bryan M. Spears, Mark A. Sutton, Kate V. Heal, Dave S. Reay, Will J. Brownlie

The ‘Our Phosphorus Future’ 
project (OPF) responds to the 
critical need to provide direction 
from the global phosphorus 
scientific community to progress 
sustainable phosphorus use. The 
OPF project ran from 2017-2021. 
During this time over 100 scientists 
and industry experts came 
together to develop this report. 
The report identifies the priority 
issues, possible solutions and the 
capacity to address phosphorus 
sustainability from local to 
global scales. 

Left: Lake Braies in the Prags 
Dolomites in South Tyrol, Italy. 
Ecotourism in this area is reliant 
on healthy aquatic ecosystems and 
high water quality. Photograph 
taken by Geoffrey Lucas on 
www.unsplash.com - www.
geoffphotography.com/

Suggested citation for this chapter: B.M. Spears, M.A. Sutton, K.V. Heal, D.S. Reay, W.J. Brownlie (2022). Chapter 1. Our Phosphorus 
Future - an introduction, 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.2.2.32933.58085
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1.1 What is the 
Our Phosphorus 
Future project?
The ‘Our Phosphorus Future’ (OPF) project 
is a response from the scientific community 
to the need for direction on sustainable 
phosphorus (P) use (Focus Box 1.1). The 
OPF report identifies the priority issues, 
possible solutions and the potential to 
improve P sustainability from local to global 
scales. At the same time, it aims to prime 
the international scientific, practitioner and 
policy communities to co-develop the next 
steps towards a durable international process 
of scientific support for P policy. A principal 
aim has been to consolidate scientific 
evidence and use it to raise awareness of the 
need to improve P sustainability.

From 2017-2021, over 100 scientists and 
industry experts from around the world 
have combined efforts to develop the OPF 
Report. The project has been delivered 
through a partnership between the UK 
Centre for Ecology & Hydrology (UKCEH) 
and the University of Edinburgh, UK, 
and with funding from the UK Natural 
Environment Research Council (NERC), 
the European Sustainable Phosphorus 
Platform (ESPP), the United Nations 
Environment Programme (UNEP) and 
the Global Environment Facility (GEF) 
through the GEF/UNEP ‘Towards the 
International Nitrogen Management System’ 
(INMS) project.

This report is not designed to produce 
binding recommendations, but instead to 
inform discussions and raise awareness 
through appropriate fora. International 
teams of authors were invited to produce 
stand-alone chapters to cover the central 
components of P sustainability (Chapters 
2-8). These components, referred to from 
here on as the ‘OPF Pillars’, were proposed 
by the Project Management Group and 
developed further by the co-authors of 
the chapters (Figure 1.1). Chapter 9 
synthesises the key challenges and solutions 
identified across all OPF Pillars, integrating 
these across related sustainable nutrient 
management initiatives, from which it 
proposes a road map for improving future 
integration, targeted at encouraging wider 
community discussion. 

This report represents hundreds of hours 
of scientific discussion and peer review and 
is underpinned by >2000 peer-reviewed 
publications and reports spanning more 
than 300 years of scientific research. The 
report has undergone an extensive review 
process (Figure 1.2), supported by more 
than 40 referees from both academia and 
industry bodies. 
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Figure 1.1 The Seven Pillars of the OPF Report, which underpin the central components of phosphorus 
sustainability and corresponding chapter titles.

Figure 1.2 The OPF review process. The review process involved three stages of review, with reviewers selected from 
academia, government and industry. 
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Focus Box 1.1 - Statements on 
the importance of sustainable 
phosphorus management 
in delivering global scale 
ambitions. 

“A new global effort is needed to address ‘The 
Nutrient Nexus’, where reduced nutrient losses 
and improved nutrient use efficiency across all 
sectors simultaneously provide the foundation for a 
Greener Economy to produce more food and energy 
while reducing environmental pollution.” 

Sutton et al. (2013). Our Nutrient World. 

“The accelerated use of nitrogen and phosphorus 
is at the centre of a complex web of development 
benefits and environmental problems. They are 
key to crop production and half of the world’s food 
security is dependent on nitrogen and phosphorus 
fertiliser use. But excess nutrients from fertilizers, 
fossil fuel burning, and wastewater from humans, 
livestock, aquaculture and industry lead to air, 
water, soil and marine pollution, with loss of 
biodiversity and fish, destruction of ozone and 
additional global warming potential. The problems 
will intensify as the demand for food and bio-fuels 
increase, and growing urban populations produce 
more wastewater. This will be at a growing 
economic cost to countries in the undermining of 
ecosystems, notably in the coastal zone, and the 
services and jobs they provide.” 

Global Partnership on Nutrient Management 
(2011). The Nutrient Challenge.

 “As the global population grows, the enormous 
problem of producing sufficient food in a sustainable 
manner will only intensify. Technological 
innovations and sustainable food production 
systems can decrease the sector’s contribution 
to climate change, land-use change and ocean 
degradation; reduce environmentally damaging 
inputs and waste; improve production system 
resilience, through methods such as precision 

agriculture, integrated pest management and 
molecular breeding techniques; and are likely to 
have a positive economic impact, including the 
creation of jobs.” 

Dasgupta (2021) The Economics of 
Biodiversity: The Dasgupta Review.

“Action is needed: water quality needs to be 
politically prioritized, and it should be treated as 
an urgent concern for public health, the economy, 
and ecosystems. The findings from this report show 
that long-term costs have been underestimated 
and underappreciated. The threats that poor water 
quality presents are largely imperceptible, and as 
a result, policy inaction and procrastination are 
often convenient responses to an invisible problem. 
But this means that populations are subjected 
to hazards without their knowledge or their 
consent. With water scarcity expected to increase 
as populations grow and the climate changes, the 
world cannot afford to waste and contaminate its 
precious water resources.” 

Damania et al. (2019). Quality Unknown: The 
Invisible Water Crisis, World Bank. 

“The fertilizer industry is aware of the role of 
fertilizers in nutrient losses to water (and more 
broadly to the environment) and is actively 
engaged in reducing such losses in partnership 
with farmers, their advisors and other relevant 
stakeholders. Nutrient losses can be minimized 
when best practices in farm and, more specifically, 
soil, water and nutrient management are applied.”

International Fertiliser Association (2018). 
AGENDA 2030 Helping to Transform 
our World. 

“The release of nutrients from agriculture and 
untreated wastewater poses the most widespread 
threat to environmental water quality globally. 
An in-depth analysis of submissions from countries 
that supplied parameter-level data showed that 
nitrogen and phosphorus failed to meet their 
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targets more often than the other water quality 
parameters of Level 1 reporting. This means 
that for these countries, and quite likely for most 
countries, reducing nutrient release and transport 
will have the greatest positive impact on water 
quality.” 

United Nations Environment Programme 
(2021a). Progress on ambient water quality. 

Tracking SDG 6 series: global indicator 6.3.2 
updates and acceleration needs. 

“Sustainable food systems work with nature, 
adapt to a warming world, minimize 
environmental impacts, eliminate hunger 
and improve human health. Sustainable food 
production is vital to protecting nature and 
human well-being. It can be achieved through 
a range of overlapping approaches, including 
conservation agriculture, organic farming, 
agroecology, integrated pest and nutrient 
management, soil and water conservation, 
conservation aquaculture, sustainable grazing, 
agroforestry, silvopastoral systems, irrigation 
management, small or patch systems and 
practices to improve animal welfare. Sustainable 
agriculture requires a reduction in nitrogen and 
phosphorus imbalances to reduce pollution of 
freshwater, groundwater and coastal zones.”

United Nations Environment Programme 
(2021b). Making Peace with Nature: A 

scientific blueprint to tackle the climate, 
biodiversity and pollution emergencies. 

“It is clear from this study that land-based 
activities generate multiple natural and non-
natural stressors that impact the condition of 
coastal resources. Particularly impactful stressors 
were increasing concentrations of sediment (such 
as those from infrastructure development or poor 
land management), increasing concentrations 
of persistent toxins (including from mining 
runoff ), increasing concentrations of plastic 
(for instance, from poor industrial production 

processes) and increasing concentrations of 
nitrogen and phosphorus (from, inter alia, 
poor agricultural practices). Agriculture, ports/
harbours and aquaculture were the land-based 
activities with the greatest cumulative impacts 
on coastal resources, and should therefore be 
governance priorities.”

IRP (2021). Governing Coastal 
Resources: Implications for a Sustainable 

Blue Economy. 

“Phosphorus is essential for food production, 
but its global supply is limited. Better 
insight is needed into the availability 
of this non-renewable resource and the 
environmental consequences associated with 
its use. Optimizing agricultural practices 
while exploring innovative approaches to 
sustainable use can reduce environmental 
pressures and enhance the long-term supply of 
this important plant nutrient.”

Syers et al. (2011) UNEP Year 
Book 2011: Emerging issues in our 

global environment, United Nations 
Environment Programme

"Noting with concern that excessive levels 
of nutrients, in particular reactive nitrogen 
and phosphorus, have significant impacts on 
species composition in terrestrial, freshwater 
and coastal ecosystems, with cascading effects 
on biodiversity, soil, water and air quality, 
ecosystem function and human well-being"

UNEA. 2022. UNEP/EA.5/L.12/Res.1. 
Draft resolution on sustainable nitrogen 

management.
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1.2 A brief history of 
phosphorus

1.2.1 Discovery of phosphorus
Hennig Brand, in 1669, Hamburg, is 
widely credited in contemporary popular 
texts with the discovery of the first known 
element, phosphorus. The discovery, often 
romanticised, is depicted by an alchemist 
at his craft in search of the philosopher’s 
stone (e.g. Focus Box 1.2). However, 
references to the discovery in modern 
literature suggest some contention in 
the details of the discovery, as addressed 
by Partington (1936). Kragh (2003) 
presents the case for Brand based on the 
conditions of credible discovery, where a 
substance is confirmed as being elemental 
and where details of the element are 
presented publicly for scrutiny. Indeed, it 
appears that Brand did neither, but instead 
disclosed the details of his experiments 
to contemporaries, Johann Kunckel and 
Daniel Kraft. Homberg (1692) described 
Brand as an uneducated person in search 
of the philosophers' stone, who, in his 
desire for secrecy, did not fully disclose 
his experiments to contemporaries such 
as Kunckel. Homberg (1692) claimed that 
Kunckel rediscovered phosphorus in his 
own laboratories following Brand's death. 
Leibniz (1710) having worked directly 
with Brand to replicate the process under 
the patronage of John Frederick, Duke 
of Brunswick-Calenberg, concluded 
that Homberg’s account “departs from 
matter of fact”. Leibniz goes on to give 
his account, based on having worked 
extensively with Brand: 

“The invention of the phosphorus happen'd 
thus; Brand had fallen on a certain chemical 
process, extant in a printed book, which taught 
how to prepare from urine a liquor fit to ripen 
a particle off silver into gold; And in labouring 
on this he found out his phosphorus. He had 
some acquaintance with Daniel Kraft, then 
of the council of commerce to the [George III] 
Elector of Saxony; and by his means with 
Kunkel, one of the said Prince's bed-chamber; 
but who under that character perform'd 
chemical processes. On persuading Brand that 
this arcanum might be sold to the Great at a 
high price; and offering him their assistance, 
they obtain’d the composition from him. And 
upon going from Dresden to Hamburg, they 
both saw and learn'd from him the process of 
the phosphorus. But Kunkel, upon his return 
home, had committed some mistake in the 
process, and for a long time could not hit upon 
the phosphorus; and he sent a letter of complain 
to Brand, which I have seen, and in which he 
bewails that the secret was not communicated 
to him sincerely enough; but Brand repenting 
that he had been so easy in the communication, 
delay'd the setting him to rights. Kunkel, in the 
mean time, after various trials, corrected the 
error of himself; whence he pretended to be the 
inventor; of this Brand bitterly complain’d.”

The first scientific account on P (called 
Noctiluca; ‘night light’) appears to have 
been published by Kirchmaier (1676), a 
colleague of Kunckel who published further 
detailed reports in his Collegium physico-
chemicum experimentale (Kunckel, 1716). 
Robert Boyle, having been introduced to 
the product of Brand’s experiments by 
Kraft in 1677, is credited with publishing 
the first account on the preparation of P in 
1680 (Boyle, 1680). Boyle's contributions 
are reviewed in detail by Partington (1936); 
in which Brand’s discovery is noted as 
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1675. The extent to which these works 
were influenced by Brand’s methodology 
remains uncertain. The method was later 
reviewed in detail by Hellot (1737). The 
early history of P appears to be obscured by 
both academic and economic competition, 
with private correspondences and public 
presentations repeating claims and counter-
claims. Beyond the initial scientific curiosity 
of phosphorescence, which in the case 
of elemental P was more long-lasting 
than other phosphorescent substances, 
potentially economic applications included 
uses in artificial lighting, matches and 
medicinal cures.

1.2.2 Scientific and 
economic development of 
phosphorus use
From the late 18th to early 20th centuries, 
P remained the focus of academic and 
economic attention, a period during which 
13 scientists are credited with Nobel prizes 
for their work relating to P (Farber, 1965). 
Important discoveries relevant here include 
the isolation of phosphoric acid from 
bones by Gahn in 1769, the procedure for 
which is attributed to Scheele (described 
by Nordenskiold, 1892). The confirmation 
of P as an element appears to have resulted 
from the work of French chemist Lavoisier 
(1777), contributing to the development 
of modern day elemental nomenclature 
(Guyton de Morveau et al., 1787), and to 
Lavosier’s seminal work Traité élémentaire 
de chimie (Lavoisier, 1789). This work 
initiated almost a century of elemental 
discovery and uncovered the importance 
of reactive hydrogen in determining the 
polybasicity of acids, pioneered by the study 
of phosphoric acid (Graham, 1833). Finally, 
utilising the above, von Liebig proposed 
acid digestion as a means for enhancing 

solubilisation of bones (with sulfuric or 
nitric acid, although not the first to do so; 
Farber, 1965) for improved P fertilisation 
of soils for plant growth (Liebig, 1843). 
This ultimately led to a patent being filed by 
John Bennet Lawes at Rothamsted for the 
production of ‘superphosphate’. von Liebig’s 
recommendation also accelerated the use 
of guano as a fertiliser around this time, 
opening up new markets in its extraction 
and supply and leading to the birth of 
modern agri-chemistry. 

However, it was not until 1888 when 
James Burgess Readman developed the 
electric arc furnace for producing the 
element from phosphate rock, that mineral 
P fertilisers began to be produced at an 
industrial scale (Readman, 1889). These 
latter developments were central to the 
agricultural intensification of the 20th and 
21st centuries. Phosphate rock demand 
increased in the USA, alone, from 0.2 Mt 
to 19 Mt between 1880 and 1962 (Farber, 
1965), primarily for the production of 
fertilisers. The ‘phosphorus rush’ of the 20th 
century had begun. 

1.2.3 An emerging 
understanding of the 
importance of phosphorus in 
freshwater ecology
The Swiss scientist François Alphonse Forel 
proposed the term 'Limnology' to describe 
the study of oceanography in lakes. Forel 
pioneered the field through exploration 
and description of the physical, chemical, 
and ecological condition of Swiss lakes, 
principally Lake Geneva (Forel, 1892). 
The development of the field progressed 
through various strands, which fostered 
collaborative works as reviewed by Egerton 
(2014). For example, Forel, and colleagues, 
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contributed to an important collection 
of text on the Flora and Fauna of Fresh 
Water, edited by the German limnologist 
Zacharias (Zacharias, 1891). Around the 
same time, an extensive survey of 562 
Scottish lochs was led by Sir John Murray 
and Laurence Pullar, involving the services 
of 50 scientists and surveyors, describing 
bathymetry alongside chemical, biological 
and geological observations (Murray and 
Pullar, 1910). This included one of the 
first global assessments in Murray’s ‘the 
characteristics of lakes in general, and their 
distribution over the surface of the globe’ 
(Murray, 1910). Coincidentally, Murray, 
through his role in organising the collections 
of the Challenger expedition, and realising 
the economic potential of phosphate-rich 
guano deposits on Christmas Island, worked 
to influence British annexation of the island 
and co-founded the Christmas Island 
Phosphate Company. Between 1899 and 
1913, some 1.4 Mt of phosphate rock were 
mined from Christmas Island, representing 
about 2% of global production at that time 
(Bustyn, 1975). Some of the proceeds of 
this venture were used to support further 
scientific exploration in both oceanography 
and limnology (Bustyn, 1975). 

These building blocks of limnology were 
to further the understanding of ecological 
theory in fresh waters. The German 
limnologist August Friedrich Thienemann 
recognised that species of benthic chironomid 
larvae varied with oxygen concentrations 
in lake bottom waters, and, in turn, with 
phytoplankton development in surface waters; 
concluding that the communities were 
linked (Thienemann, 1921). The Swedish 
limnologist Einar Naumann described 
the natural succession of lake plankton 
communities using the terms ‘oligotrophic’ 

and ‘eutrophic’, representing the continuum 
of communities from nutrient-poor to 
rich waters, respectively (Naumann, 1921). 
Together, Thienemann and Naumann 
worked to further develop these concepts 
and fostered collaborative efforts in the 
field, establishing the Internationale 
Vereinigung für Limnologie, now the 
International Society of Limnology, which 
celebrated its centenary in 2022. This 
period saw the establishment of major 
research stations, including, for example, 
the UK Freshwater Biological Association 
at Windermere (1929) and the Plöner 
See Research Station (1891), now the 
Max Planck Institute for Evolutionary 
Biology (Germany), and others. An 
understanding of biogeochemistry in lakes 
and of interactions across food-webs was 
subsequently developed by Hutchinson, 
demonstrating, for example, rapid uptake of 
radio-isotope labelled P by phytoplankton 
and confirming that the supply of this 
nutrient is critical in determining ecological 
processes at the ecosystem scale (Hutchinson 
and Bowen, 1947; Hutchinson, 1957). Just 
as in agriculture, P was key to the growth of 
plants in freshwater ecosystems. 

Shortly following World War II, 
attention was drawn to the effects of 
urban development on increasing P 
discharges to fresh waters from wastewater 
(Hasler, 1947). This resulted in a surge in 
scientific meetings and reports on cultural 
eutrophication, including notable case 
studies of water quality deterioration 
and increasing algal blooms in lakes of 
northern America (e.g., Lake Washington; 
Edmondson, 1961) and Europe (e.g., Lake 
Norrviken; Rodhe, 1948; Ahlgren, 1967). 
These events attracted international 
attention. For example, the historical 
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development and global extent of cultural 
eutrophication and its causes were discussed 
in a special meeting of the Limnological 
Society of America on "Fertilization of 
Aquatic Areas," Boston, 1946, and have 
been reviewed in several contemporary 
texts (e.g., Wetzel, 2001; O’Sullivan and 
Reynolds, 2005).

The discoveries that followed set the 
paradigm for the present-day scientific 
response to cultural eutrophication 
(Chapter 5). For example, Vollenweider, 
(1968) examined nutrient loading to lakes 
from agriculture and other terrestrial 
sources. In doing so, he proposed 
modelling approaches with which to 
define P load reduction targets in line with 
water quality and ecological responses. 
Schindler (1974) and colleagues at the 
Canadian Experimental Lakes Area 
conducted whole-lake experiments to 
disentangle the processes operating during 
eutrophication, confirming P reduction 
to be a primary aim of eutrophication 
management. Between 1964 and 1974 the 
International Biological Programme of the 
International Council of Scientific Unions 
(ICSU), through its subcommittee on the 
Productivity of Freshwater Communities, 
coordinated a long term global monitoring 
programme to establish the ‘productivity of 
biological resources, human adaptability to 
environmental change, and environmental 
change itself ’ (Burgis and Dunn, 2012). 

Some of these programmes continue to 
date, providing essential insights into lake 
ecosystem responses to nutrients and other 
pressures. Lakes act as sentinel ecosystems 
with which to detect the ecological effects 
of long-term environmental change, 
including cultural eutrophication and 
ecological recovery following the reduction 

of nutrient emissions (e.g. Jeppesen et al., 
2005; McCrackin et al., 2017). In some 
countries, large scale and coordinated 
monitoring programmes have been 
initiated in recent decades to provide 
large scale assessments of the impacts 
of nutrient emissions in both freshwater 
and coastal ecosystems (Chapter 5). The 
evidence produced from such programmes 
continues to underpin the development of 
lake basin and national scale environmental 
policies and directives (e.g., the Federal 
Water Pollution Control Act, USA, 1942; 
latterly the Clean Water Act, 1972). These 
have focussed primarily on the treatment 
or diversion of wastewater discharges and 
agricultural emissions (Chapter 5). As the 
United Nations Environment Programme 
works to support countries in developing 
monitoring and assessment programmes, 
designed to protect freshwater and coastal 
ecosystems, it is clear that much remains 
to be achieved in the coming decade on 
nutrient emissions and impacts to inform 
policy responses (Focus Box 1.1; UNEP, 
2021a). Indeed, the Alliance for Freshwater 
Life (Darwall et al., 2018), in its recent 
call for a more coordinated response to 
the decline of freshwater biodiversity, 
argues that existing policies relevant to 
safeguarding freshwater ecosystems are 
failing due to a lack of conviction and 
enforcement in implementation. The 
implementation of the UN Sustainable 
Development Goals and the Decade 
on Ecosystem Restoration are primed 
to address this call from the scientific 
community, providing an opportunity 
to forge a new direction for sustainable 
nutrient use with a focus on ecosystem 
recovery and protection.
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Figure 1.4 Painting Title: The 
Alchymist, in Search of the 
Philosopher’s Stone, discovers 
Phosphorus, and prays for the 
successful conclusion of his 
operation, as was the custom of 
the ancient chymical astrologers 
(1771, by Joseph Wright), 
displayed in Derby Museum and 
Art Gallery, Derby, UK. Source: 
https://commons.wikimedia.
org/wiki/File:Hennig_Brand.
jpg#/media/File:JosephWright-
Alchemist.jpg

In recent years, resolutions of the United 
Nations Environment Assembly have 
brought sustainable nutrient management 
(UNEP/EA5/L12/REV.1), water quality 
assessment and improvement (UNEP/EA.3/
Res.10), and sustainable lake management 
(UNEP/EA5/L8/REV.1) into focus. 
For example, UNEP/EA.3/Res.10 on 
“Addressing water pollution to protect and 
restore water-related ecosystems” requested 
UNEP to develop a global water quality 
assessment in collaboration with UN-Water 
and relevant stakeholders by UNEA-5. 
In response, and in addition to the World 
Water Quality Assessment process, UNEP 
coordinated the formation of the World 

Water Quality Alliance (WWQA), an 
open community of practice, representing 
a voluntary and flexible multi-stakeholder 
network with a shared goal; to improve 
freshwater quality to achieve prosperity and 
sustainability. The WWQA includes a strong 
focus on assessing global nutrient impacts 
on freshwater ecosystems and has mobilised 
a working group dedicated to accelerating 
ecosystem restoration globally, the WWQA 
Ecosystems Work-stream. This group and 
others are working together to ensure that 
nutrient management and water quality 
improvement are at the heart of sustainable 
development plans.
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Figure 1.3 The structure of a 
phosphorus (P) atom (left). A 
3D illusration (right) of a P atom 
bonded with four oxygen atoms to 
form phosphate (small dashed lines 
represent bonded pairs); this represents 
the most common chemical form of 
P in nature. Modified from Elser and 
Haygarth (2021). 

Focus Box 1.1 - What is 
phosphorus and how was it 
discovered?
Authors: Jim Elser and Phil Haygarth, 
passages excerpted from “Phosphorus 
Past and Future” By Jim Elser and Phil 
Haygarth (2021). 

What is phosphorus and how did we first 
learn about it?

“Did you know that there’s ~0.62 kg (1.35 
pounds) of phosphorus in your (average) 
body, right now, and that during your 
(average) lifetime you’ll consume ~34 kg 
(75 pounds)? With too much phosphorus 
(or in the wrong form), you die. Without it, 
you die. With too much, humanity suffers. 
Without it, humanity falters. Phosphorus 
is vitally important and yet its role is often 
hidden and unappreciated.”

But, what is phosphorus, actually? 

“Remember that an atom is made up of 
protons (positively charged) and neutrons 
(no charge, hence their neutrality) in 
the nucleus and, buzzing around them, 
negatively charged electrons. … In the case 
of our hero phosphorus, there are 15 protons 
(and 15 neutrons), balanced by 15 electrons 
(Figure 1.3); phosphorus thus has an “atomic 
number” of 15. Figure 1 shows Bohr-like 

orbits, occupied by different numbers of 
electrons: two in the first, eight in the second, 
and five in the third, adding up to 15.” 

Our first knowledge of phosphorus came 
from urine….

“Lots of urine. The urine collected from 
dozens of beer-drinking German soldiers 
and from horses (presumably they abstained 
from beer). More than 5000 litres of it 
was brought, in big pails and all manner of 
containers, to the Hamburg workshop of a 
German named Hennig Brand (or Nicholas 
Brandt, depending on where you look). 
Today we call him an alchemist. In his day, 
the mid-17th century, he was a merchant and 
a high-tech entrepreneur, seeking health and 
wealth via the pursuit of the Philosopher’s 
Stone. Back in those days, the Philosopher’s 
Stone was a mythical material, knowledge 
of which was passed (inefficiently, it seems) 
from generation to generation and which 
was capable of transmuting lead into gold 
and even of extending human life (hence, 
it was thought, the impressive life spans 
reported for various Biblical figures). In the 
famous painting (Figure 1.4), we see Herr 
Brand, genuflecting before the glowing flask, 
his young helpers behind him looking a bit 
quizzical. The first chemical element had 
been purified. The date is 1669.”
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1.3 Defining the 
global phosphorus 
sustainability 
challenge
1.3.1 Present concerns and 
future outlook
By the mid- to late-20th century, the 
sustainability of the global anthropogenic 
P cycle for the long-term provision of 
food and fresh water was brought sharply 
into focus. Stumm (1973) in his early 
assessment of the anthropogenic P cycle, 
concluded: 

“By mining phosphorus in progressively 
increasing quantities, man disturbs the 
ecological balance and creates undesirable 
conditions in inland waters, estuaries 
and coastal marine waters… Our present 
agricultural practice of excessively fertilizing 
land needs to be re-examined; our present 
agricultural technology must not without 
modification be exported to tropical areas.” 

The suggestion here is that, if unchecked, 
unsustainable P use would create 
environmental conditions that are 
unacceptable for humanity. Rockström 
et al. (2009a; b) termed this concept, ‘the 
Planetary Boundaries’, and as Stumm 
correctly surmised, humanity was fast 
approaching the P boundary in the mid- to 
late-20th century. 

Despite Stumm’s warning, the global 
anthropogenic P cycle continued on its 
trajectory of increasing flows through 
the early 1970s (Chapters 2 and 3). The 
net result is that global P input to fresh 
waters had doubled by the end of the 20th 
century (Beusen et al., 2016). Carpenter 
and Bennett (2011) concluded that the 

planetary boundary for P had already been 
exceeded for freshwater eutrophication, 
but not yet for the extraction of phosphate 
rock. However, Carpenter and Bennett 
(2011) also raise the issue of balancing 
heterogeneity in P demand for food and 
emissions to fresh waters as a major future 
challenge. 

The global outlook for anthropogenic 
P emissions to fresh waters is especially 
worrying. Phosphorus demand in the 
agricultural sector is predicted to double, 
again, by 2050 (from 2006 levels), further 
increasing risk of emissions to fresh waters 
(Mogollón et al., 2021). Phosphorus 
losses from food production for domestic 
consumption will impact directly on 
catchments that have been ‘set-aside’ for 
agriculture. Losses of P from wastewater 
to fresh waters could increase globally by 
up to 70%, by 2050 (van Puijenbroek et al., 
2019). Yet, as is widely acknowledged (see 
Chapters 2-9), sustainable P management 
remains largely ignored in the food and 
environmental policy agendas of many 
countries, despite the social and economic 
burden it carries. 

1.3.2 Geographic variation in 
phosphorus consumption
Arguably, progress on more sustainable P use 
has been hampered in recent decades by a 
fixation on whether or not depletion of the 
world’s mineral P reserves (and resources) 
represents a risk to food security – the so-called 
Peak Phosphorus debate (Cordell et al., 2009; 
Van Vuuren et al., 2010; Syers et al., 2011; 
Scholz and Wellmer, 2013). Recent estimates 
indicate that phosphate rock reserve supply 
does not represent a near term risk for global 
food security, with a projected lifetime of P 
reserves of around 320 years ( Jasinski, 2021). 
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However, national exposures to such risk 
are variable, especially where countries are 
reliant on either fertiliser exports as their 
economic foundation or fertiliser imports 
to maintain food security (Chapter 2). 
The fertiliser market is tight and subject 
to geopolitical and market tensions. The 
challenges of price spikes and export 
controls, such as experienced in 2008 
(Chapter 3) and in 2021 are expected to 
continue. 

Assuming business as usual for 
sustainable P management, Sutton et al., 
present two simple scenarios to frame 
the consequences of either P replete or 
limited supply chains, both of which 
entail significant societal challenges that 
must be addressed (see page 4 in Sutton 
et al., 2013).

• Phosphorus limited scenario. 
Insufficient P supplies lead to higher 
fertiliser prices, food prices and 
higher food system vulnerability, 
all of which will be exacerbated 
by increased human population 
and growing per capita demand 
for animal products. There is little 
economic capacity to address 
pollution in freshwater and coastal 
ecosystems. 

• Phosphorus replete scenario. The 
continued supply of relatively cheap 
P fertilisers provides weak motivation 
to avoid losses to the environment, 
with the result that freshwater 
and coastal pollution problems 
are exacerbated through meeting 
increased demand for food to meet 
the growing population.

The geographic concentration of 
phosphate rock reserves risks impacting 

food security for countries and regions 
dependent on imported phosphate rock 
and/or fertilisers (e.g. Sub-Saharan 
Africa, India, the EU, Australia and 
Brazil) ( Jasinski, 2021). Unsurprisingly, 
wealth is an important determinant 
of whether a nation's farmers have 
access to P fertilisers (Obersteiner 
et al., 2013). When describing P 
fertiliser consumption patterns, most 
countries can be classified in, or are 
transitioning between, one of three 
broad categories, each with different P 
sustainability issues:

• Countries that consume too 
little phosphorus. Typically less 
economically developed countries, 
e.g. some nations in Sub-Saharan 
Africa and parts of Asia. In these 
countries insufficient access to P 
fertiliser can constrain agricultural 
production, impacting food security. 
Often these countries have a growing 
population, increasing urbanisation 
and poor sanitation. This can 
create ‘hotspots’ of P loss from 
human wastes in and around cities, 
contributing to eutrophication. 

• Countries that are significantly 
increasing phosphorus 
consumption. Typically large 
countries with emerging economies, 
e.g. Brazil, India, and China. In 
these countries increasing mineral 
P fertiliser use is contributing to 
rapid increases in agricultural output. 
However, low P use efficiency, 
and in some cases, insufficient 
sanitation, often cause substantial P 
losses resulting in increasing and/or 
significant eutrophication issues. 
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• Countries levelling off or reducing 
phosphorus consumption. Typically 
more economically developed 
countries, e.g. most nations in the 
EU, and the USA. In these countries, 
long-term high consumption of P 
fertiliser has fuelled agricultural 
sectors. However, typically high and/
or improving P use efficiency combined 
with improved access to legacy P stores 
in soils is allowing a levelling off or 
reduction in P fertiliser use. Good 
sanitation mitigates some P losses 
from human wastes in comparison to 
less economically developed countries. 
However, historic poor P management 
has left widespread chronic 
eutrophication issues, representing a 
financial, environmental and human 
health burden. 

1.4 Towards 
a sustainable 
phosphorus future
As the global anthropogenic nitrogen and 
carbon cycles are being transformed towards 
more sustainable futures, the ‘business as 
usual’ outlook for P remains locked-in to 
the outdated assumption that ‘to sustain 
food production and economic growth, 
we must bear the cost of environmental 
degradation, today’. Yet, as laid out in 
detail in subsequent chapters, even though 
the evidence exists to support a more 
sustainable future for P, it remains out of 
focus in the global policy arena. 

Under the business as usual scenario, as 
the global population continues to rise, so 
demand for food will increase (Chapter 3). 
As economic development progresses, so the 

consumption of high P foods will increase 
(Chapter 8). Both of these drivers will tend 
to increase P losses from the food system 
(Chapter 5). As well as representing an 
economic loss to farmers (Chapters 4 and 
9). Phosphorus losses from the food system 
will further degrade the ecosystems into 
which it flows, contributing to biodiversity 
loss and reducing ecosystem capacity to 
deliver services essential for sustaining life 
on earth (Chapter 5). Unless action is taken 
global P demand will remain buried within 
national economic development plans and 
undetected across the global sustainability 
policy arena (Chapters 2 to 9).

A more sustainable P future is essential for 
global food and water security. It promises 
economic benefits through improved 
natural capital (Dasgupta, 2021). The 
investment needed to deliver on emissions 
reductions, for example, using nature-based 
solutions, can deliver co-benefits for other 
pollutants. As identified by the UNEP 
International Resource Panel coordinated 
measures to reduce land based pollution 
will benefit coastal and transboundary 
ecosystems (IRP, 2021). The opportunity for 
improved circularity in the global P cycle 
is clear; currently less than about 50% of 
P residues are recycled back to the global 
food system (Figure 1.5). This represents 
an untapped resource in countries whose 
food security is exposed to the risks of high 
reliance on imported P fertilisers. 
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It is being increasingly acknowledged the 
world cannot afford to continue on its 
current path for phosphorus (Focus Box 
1.1). In 2019 over 500 scientists signed 
‘The Helsinki Declaration’ calling for 
transformation across food, agriculture, 
waste and other sectors to deliver much 
needed improvements to global phosphorus 
sustainability (see www.opfglobal.com to 
read the declaration).

This report considers the evidence required 
to underpin a more sustainable P future. 
It reflects on the need for improvements 
across the entire P value chain, from 
mine to fork, and from field to freshwater 
and coastal ecosystems. It considers the 
roles and opportunities for stakeholders 
in delivering such gains and the need 
to deliver a long-term process to track 
progress. Finally, an analysis of the 
existing policy arena is provided alongside 
a proposal for improved international 

coordination for P sustainability, 
identifying country-level opportunities to 
align P with actions on other nutrients. 
In doing so, a clear message emerges – 
that the green shoots of change are upon 
us. Innovation and the application of 
trans-disciplinary thinking are already 
leading to pockets of more sustainable P 
use, as is evident in the many pioneering 
case studies presented across all of the 
OPF Pillars. 

The challenge now lies in connecting 
opportunities into a coherent package of 
measures designed to address the ultimate 
societal goal: to deliver global food security 
for a growing population, whilst reversing 
and preventing the destruction of the 
natural environment. If society is to meet 
this goal, then sustainable P use must be at 
the heart of the solution.

.



17

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 1:

 O
U

R
 P

H
O

S
P

H
O

R
U

S
 F

U
T

U
R

E

References
Ahlgren, I. 1967. Limnological studies of lake Nor-

rviken, a eutrophicated Swedish lake. Environ. 
Sci. 29(1): 53–90. doi: 10.1007/BF02502198.

Beusen, A.H.W., A.F. Bouwman, L.P.H. Van Beek, 
J.M. Mogollón and J.J. Middelburg. 2016. 
Global riverine N and P transport to ocean 
increased during the 20th century despite in-
creased retention along the aquatic continuum. 
Biogeosciences 13(8): 2441–2451. doi: 10.5194/
bg-13-2441-2016.

Boyle, R. 1680. The phenomenon of phosphores-
cence and the isolation of phosphorus. The 
Aerial Noctiluca, or some new phenomena and 
a Process of a Factitious Self-shining substance, 
imparted in a letter to a Friend living in the 
Country. New Experiments, and Observ. Tho. 
Snowden, London.

Brownlie, W.J., M.A. Sutton, D.S. Reay, K.V. Heal, 
L. Hermann, et al. 2021. Global actions for a 
sustainable phosphorus future. Nat. Food 2: 
71–74. doi: 10.1038/s43016-021-00232-w

Burgis, M.J., and I. Dunn. 2012. Archives from 
Central Office of the International Biologi-
cal Programme, 1964–74. Notes Rec. R. Soc. 
J. Hist. Sci. 66(3): 311–312. doi: 10.1098/
rsnr.2012.0029.

Bustyn, H.L. 1975. Science Pays Off: Sir John Mur-
ray and the Christmas Island Phosphate Indus-
try. Soc. Stud. Sci. 5(1): 5–34.

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.

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.

Cordell, D., J.O. Drangert, and S. White. 2009. The 
story of phosphorus: Global food security and 
food for thought. Glob. Environ. Chang. 19(2): 
292–305. doi: 10.1016/j.gloenvcha.2008.10.009.

Damania, R., S. Desbureaux, A.S. Rodella, J. Russ, 
and E. Zaveri. 2019. Quality Unknown: The 
Invisible Water Crisis. World Bank, Washing-
ton, DC, USA.

Darwall, W., V. Bremerich, A. De Wever, A.I. Dell, J. 
Freyhof, et al. 2018. The Alliance for Freshwater 
Life: A global call to unite efforts for freshwater 
biodiversity science and conservation. Aquat. 
Conserv. Mar. Freshw. Ecosyst. 28(4): 1015–
1022. doi: 10.1002/aqc.2958.

Dasgupta, P. 2021. The Economics of Biodiversity: 
The Dasgupta Review. HM Treasury, London.

Edmondson, W.T. 1961. Changes in Lake Washing-
ton following an increase in the nutrient income. 
Verh. int. Verein. Limnol. 14(1): 167–175. doi: 
10.1080/03680770.1959.11899264.

Elser, J., and P. Haygarth. Phosphorus - Past and 
Future. Oxford University Press, 2020.

Egerton, F.N. 2014. History of Ecological Scienc-
es, Part 50: Formalizing Limnology, 1870s to 
1920s. The Bulletin of the Ecological Society 
of America, 95: 131-153. doi: 10.1890/0012-
9623-95.2.33.

Farber, E. 1965. Contributions from the Museum of 
History and Technology: Science and Technolo-
gy paper 40: History of Phosphorus. Bull. Unit-
ed States Natl. Museum 240: 177–200.

Forel, F.A. 1892. Le Léman: monographie lim-
nologique. Three volumes (1892-1920). Librairie 
Rouge, Lausanne, Switzerland. (in French).

Graham, T. 1833. Researches on the Arseniates, 
Phosphates, and Modifications of Phos-
phoric Acid. Philos. Trans. R. Soc. London 
123: 253–284.

Hasler, A.D. 1947. Eutrophication of Lakes by Do-
mestic Drainage. Ecology 28(4): 383–395. doi: 
10.2307/1931228.

Hellot, J. 1737. Mlmoires Acadlmie 1737 (Paris, 
176G), under date of November 13, 1737. : 
342–378. (in French).

Homberg, W. 1692. Manière de faire le phosphore 
brûlant de Kunkel. Mémoires mathématique 
Phys. Tirez des Regist. Académie R. des Sci.: 74. 
(in French).

Huang, Y., P. Ciais, D. 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.

Hutchinson, G.E. 1957. A treatise on limnology. 
Volume 1. Geography, physics and chemistry. 
Wiley, New York.

Hutchinson, G.E., and V.T. Bowen. 1947. A Direct 
Demonstration of the Phosphorus Cycle in a 
Small Lake. Proc. Natl. Acad. Sci. 33(5): 148–
153. doi: 10.1073/pnas.33.5.148.



18

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

International Fertilizer Association. 2019. Agenda 
2030 - Helping to transform our World - Plant 
Nutrients and Clean Water. https://www.ferti-
lizer.org/Public/Stewardship/Publication_De-
tail.aspx?SEQN=5530&PUBKEY=D158E75A-
5123-4A9B-B7CB-13AB6AFD9297 (accessed 
6 December 2021).

IRP. 2021. Governing Coastal Resources: Implica-
tions for a Sustainable Blue Economy. Fletcher, 
S., Y. Lu, P. Alvarez, C. McOwen, Y. Baninla, et 
al. 2021. Report of the International Resource 
Panel. United Nations Environment Pro-
gramme. Nairobi, Kenya.

Jasinski, S.M. 2021. Mineral Commodity Summa-
ries: Phosphate Rock. U.S. Geol. Surv.

Jeppesen, E., M. Sondergaard, J.P. Jensen, K.E. Ha-
vens, O. Anneville, et al. 2005. Lake responses 
to reduced nutrient loading - an analysis of 
contemporary long-term data from 35 case 
studies. Freshw. Biol. 50(10): 1747–1771. doi: 
10.1111/j.1365-2427.2005.01415.x.

Kirchmaier, GG. 1676. Noctiluca, constans & per 
vices fulgurans, diutissimè quœsita, nunc reper-
ta; Dissertatione brevi prœvia de Luce, Igne et 
Perennibus Lucernis. Electorali Acodem. Wit-
teberg. Prof. Pubi., Wittebergae, Typis Matthaei 
Henckelii, Acad. Typogr. (in Latin).

Krafft, F. 1969. Phosphorus. From Elemental 
Light to Chemical Element. Angew. Chem. 
Int. Ed. Engl. 8 8(9): 660–671. doi: 10.1002/
anie.196906601.

Kragh, H. 2003. Phosphors and Phosphorus in Early 
The Royal Danish Academy of Sciences and 
Letters: C.A. Reitzel, Copenhagen, Denmark.

Kunckel, J. 1716. Collegium physico-chymicum ex-
perimentale. Nachdr. d. Ausg. Hambg. u. Leip-
zig. (in Latin).

Lavoisier, A.L. 1777. Sur la combustion du phos-
phore de Kunckel, et sur la nature de l'acide 
qui résulte de cette combustion. Mémoires de 
l'Académie des sciences. (in French).

Lavoisier, L.A. 1789. Traité élémentaire de chimie. 
Chez Cuchet, Paris, France. (in French).

Leibniz, G.G. 1710. Historia inventionis Phosphori. 
Miscellanea Berolinensia 1: 91–98. [Translated 
from Latin to English: 1742. The History of the 
Invention of the Phosphorus. Acta Germanica 
1(4): 73–78]. (last accessed Jan. 2022).

Liebig, J. 1843. Organic Chemistry in its Applica-
tion to Agriculture and Physiology. Med Chir 
Rev 39(78): 426–445.

McCrackin, M.L., H.P. Jones, P.C. Jones, and D. 
Moreno-Mateos. 2017. Recovery of lakes and 
coastal marine ecosystems from eutrophication: 
A global meta-analysis. Limnol. Oceanogr. 
62(2): 507–518. doi: 10.1002/lno.10441.

Mogollón, J.M., A.F. Bouwman, A.H.W. Beusen, 
L. Lassaletta, H.J.M. van Grinsven, et al. 2021. 
More efficient phosphorus use can avoid crop-
land expansion. Nat. Food 2(7): 509–518. doi: 
10.1038/s43016-021-00303-y.

Guyton de Morveau, L.B., A.L. Lavoisier, C.B. 
Berthollet, and A.F. de Fourcroy. 1787. Méthode 
de Nomenclature Chimique. Chez Cuchet, Par-
is, France. (in French)

Murray, J., and L. Pullar. 1910. Characteristics of 
lakes in general, and their distribution over the 
surface of the globe. In Bathymetrical Survey of 
Scottish Fresh-Water Lochs. pp.515-658 Chal-
lenger Office, Edinburgh, Scotland. 

Murray, J., and L. Pullar. 1910. Bathymetrical Survey 
of the Scottish Fresh-Water Lochs. Edinburgh: 
Challenger Office, Edinburgh, Scotland.

Naumann, E. 1921. Einige Grundtinien der region-
alen Limnologie. Lunds Univ. Årsskrift n.f. II 
17: 1–22. (in Swedish).

Nordenskiöld, A.E. (editor) 1892. Nachgelassene 
Briefe und Aufzeichnungen, C.W. Scheele. Nor-
stedt and Söner, Stockholm. (in German).

O’Sullivan, P., and C.S. Reynolds. 2005. The Lakes 
Handbook, Volume 2. Lake Restoration and Re-
habilitation. Wiley-Blackwell, London, UK.

Obersteiner, M., J. Peñuelas, P. Ciais, M. van der 
Velde, and I.A. Janssens. 2013. The phosphorus 
trilemma. Nat. Geosci. 6(11): 897–898. doi: 
10.1038/ngeo1990.

Partington, J.R. 1936. The early history of phospho-
rus. Sci. Prog. 30(119): 402–411.

van Puijenbroek, P.J.T.M., A.H.W. Beusen, and 
A.F. Bouwman. 2019. Global nitrogen and 
phosphorus in urban waste water based on the 
Shared Socio-economic pathways. J. Environ. 
Manage. 231: 446–456. doi: 10.1016/j.jen-
vman.2018.10.048.

Readman, J.B. 1889. Process of obtaining phos-
phorus. United States Patent Office, Patent 
No. 417,943. https://patentimages.storage.
googleapis.com/d1/35/08/9bc64d823440f4/
US417943.pdf.



19

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 1:

 O
U

R
 P

H
O

S
P

H
O

R
U

S
 F

U
T

U
R

E

Rockström, J., W. Steffen, K. Noone, Å. Persson, 
F.S.I. Chapin, et al. 2009a. Planetary Bound-
aries: Exploring the Safe Operating Space for 
Humanity. Ecol. Soc. 14(2): 32. doi: 10.5751/
ES-03180-140232.

Rockström, J., W. Steffen, K. Noone, Å. Persson, 
F.S. Chapin, et al. 2009b. A safe operating space 
for humanity. Nature 461(7263): 472–475. doi: 
10.1038/461472a.

Rodhe, W. 1948. Sjön Norrvikens vattenbeskaffenhet 
år 1946–1947 och vattenblomningens bekäm-
pande med kopparsulfat. Vattenhygien 2: 38–61. 
(in Swedish).

Schindler, D.W. 1974. Eutrophication and recov-
ery in experimental lakes: implications for lake 
management. Science 184(4139): 897–899. doi: 
10.1126/SCIENCE.184.4139.897.

Scholz, R.W., and F.W. Wellmer. 2013. Approaching 
a dynamic view on the availability of mineral 
resources: What we may learn from the case 
of phosphorus? Glob. Environ. Chang. 23(1): 
11–27. doi: 10.1016/j.gloenvcha.2012.10.013.

Stumm, W. 1973. The acceleration of the hydroge-
ochemical cycling of phosphorus. Water Res. 
7: 131–144.

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.

Syers, K., M. Bekunda, D. Cordell, J. Corman, J. 
Johnston, et al. 2011. Phosphorus and food pro-
duction. UNEP Year Book 2011. Emerging is-
sues in our global environment. United Nations 
Environment Programme, Nairobi. pp. 34–45

Global Partnership on Nutrient Management. 2011. 
The Nutrient Challenge. United Nations En-
viron. Program. http://www.nutrientchallenge.
org/?q=nutrient-challenge (accessed 2 No-
vember 2021).

Thienemann, A. 1921. Seetypen. Naturwissenschaff-
en 9, 343–346. doi: 10.1007/BF01487893.

UNEA. 2022. UNEP/EA.5/L.12/Res.1. Draft res-
olution on sustainable nitrogen management. 
United Nations Environ. Assem. United Nation 
Environ. Program. https://wedocs.unep.org/
bitstream/handle/20.500.11822/38593/L.12.
REV.1%20-%20Draft%20resolution%20on%20
sustainable%20nitrogen%20management%20
-%20english.pdf?sequence=1&isAllowed=y.

UNEP. 2021a. Progress on ambient water quality. 
Tracking SDG 6 series: global indicator 6.3.2 
updates and acceleration needs. United Nations 
Environment Programme, Nairobi, Kenya.

UNEP. 2021b. Making Peace With Nature: A scien-
tific blueprint to tackle the climate, biodiversity 
and pollution emergencies. United Nations En-
vironment Programme, Nairobi, Kenya.

Vollenweider, R.A. 1968. Water management 
research. Scientific fundamentals of the eu-
trophication of lakes and flowing waters with 
particular reference to nitrogen and phosphorus 
as factors in eutrophication. Organisation for 
Economic Co-operation and Development. Di-
rectorate for Scientific Affairs., Paris. France.

Van Vuuren, D.P., A.F. Bouwman, and A.H.W. 
Beusen. 2010. Phosphorus demand for the 
1970–2100 period: A scenario analysis of re-
source depletion. Glob. Environ. Chang. 20(3): 
428–439. doi: 10.1016/j.gloenvcha.2010.04.004.

Wetzel, R.G. 2001. Limnology: Lake and River 
Ecosystems. 3rd ed. Elsevier Academic Press, 
San Diego, USA.

Zacharias, O. 1891. Die Tier- und Pflanzenwelt des 
Süsswassers: Einführung in das Studium dersel-
ben. J.J. Weber, Leipzig. (in German).



20

02



21

w
w

w
.o

pf
gl

ob
al

.c
om

Phosphorus reserves, 
resources and uses
Lead authors:  Will J. Brownlie, Mark A. Sutton
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  Tibisay Morgandi, Tina-Simone Neset, Bryan M. Spears

Five countries hold 85% of the 
planet’s phosphate rock reserves. 
High dependency on imported 
phosphate rock and/or mineral 
phosphorus fertiliser can contribute 
to national food system vulnerability. 
Geological depletion of phosphate 
rock is not an immediate threat, 
however geopolitical, institutional, 
economic, and managerial factors 
may impact phosphorus access. 
Improving the efficient use of 
phosphorus in agriculture and 
shifting reliance away from mined 
phosphorus sources by increasing 
phosphorus recycling may offer 
the greatest protection against 
potential phosphorus supply risks.

Left: The Bou Craa phosphate 
mine, taken from the International 
Space Station. Bou Craa is one of 
the largest phosphate mines in the 
world, and one of the few human 
patterns visible from space in the 
western extremity of the Sahara 
Desert. Photograph courtesy of the 
Earth Science and Remote Sensing 
Unit, NASA Johnson Space Center, 
www.eol.jsc.nasa.gov.

Suggested citation for this chapter: W.J. Brownlie, M.A. Sutton, M.A. de Boer, L. Camprubi, H.A. Hamilton, K.V. Heal, T. 
Morgandi, T.S. Neset, B.M. Spears. (2021). Chapter 2. Phosphate rock: resources, reserves and uses, 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: 
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Challenge 2.1: Few nations have phosphate rock reserves
Five countries hold around 85% of known phosphate rock reserves, with 70% found in Morocco and 
Western Sahara alone. Most countries do not have any phosphate rock reserves and are reliant on 
imports to supply their phosphorus demands to maintain food security. China, Morocco and Western 
Sahara, the USA and Russia currently produce around 80% of the planet’s phosphate rock supply. 

Challenge 2.2: Phosphate rock can contain contaminants 
harmful to human, animal and environmental health
Different phosphate rock ores vary in their composition between phosphates, impurities and 
contaminants. Phosphate rock contaminants can be transferred into fertiliser products, spread on 
soils, and end up in food. Cadmium is of particular concern as it can pose a risk to human, animal and 
environmental health when above threshold levels. The by-products of phosphate rock processing also 
include ~200 Mt year-1 of phosphogypsum, which can contain hazardous contaminants. Concerns 
have been raised that contaminant leaching from phosphogypsum stockpiles may pose a risk to the 
environment and the health of local communities.

Challenge 2.3: Geopolitics can impact phosphorus supply and 
demand, while slowing action on phosphorus sustainability
National and regional policies can have direct and indirect impacts on phosphorus access domestically 
or abroad. This includes taxes, tariffs, trade agreements and legislation. Political instability in countries 
mining phosphate rock can affect phosphate supply (e.g. Syria). Concerns over the legality and 
legitimacy of phosphate rock production in Western Sahara remain unresolved. Such issues also 
contribute to sensitivities that represent a barrier to effective dialogue and action on phosphorus.

Challenge 2.4: Phosphate rock price spikes remain an 
ongoing risk
In 2008, phosphate rock prices spiked by 800%, causing a subsequent increase in fertiliser prices that 
affected the livelihood of many of the world’s poorest farmers. This price spike occurred in response to 
a combination of factors, including instability in energy prices, changing dynamics of supply/demand 
for agricultural and phosphorus products, and the influence of geopolitics on exports. The stability of 
phosphate rock prices remains vulnerable to such drivers.

Challenge 2.5: There is a lack of transparent, complete, and 
comparable phosphate rock data
Significant discrepancies in phosphate rock data are reported, making it difficult to assess accurately 
the risk of geographic depletion of reserves. Differing definitions for phosphate rock ‘reserves’ 
and ‘resources' are a cause of discrepancies. Datasets on phosphate rock reserves and resources are 
commercially sensitive and are often not publicly available. Reserve estimates are dynamic and require 
regular updating, while conformity in data and reporting is needed. The United States Geological 
Survey estimates global phosphate rock reserves in 2020 at 70,000 Mt, indicating a current lifetime 
of >300 years, although a longer lifetime may be expected in practice due to innovation and price 
elasticity.
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Solution 2.1: Reduce reliance on mineral phosphorus 
fertiliser
Replacing mineral phosphorus fertiliser with recycled phosphorus fertiliser would help to shift 
reliance away from mined phosphorus sources. Optimising capacity to recycle phosphorus 
throughout the food value chain in combination with societal change (e.g. diet change) would 
help to reduce phosphorus demand and losses. Enabling mainstream production of sustainable 
recycled phosphorus fertilisers containing low concentrations of contaminants is an essential 
prerequisite to upscaling operational recycling. 

Solution 2.2: Establish safety levels for contaminants in 
fertilisers and agricultural products
Internationally agreed limits should be set for cadmium and harmful contaminants in mineral 
and recycled phosphorus fertilisers and food. Existing national cadmium limits require 
better enforcement. Optimising fertiliser use to match plant needs and practices to reduce 
phosphorus losses can also decrease inputs, thereby further lowering the application of fertiliser 
contaminants to soils, complementing the use of clean mineral and recycled phosphorus 
fertilisers.

Solution 2.3: Promote models of governance aimed at 
ensuring phosphorus security
Ensuring phosphorus security which supports all farmers to access sufficient phosphorus 
to grow crops, is a global responsibility and requires international cooperation. Balanced 
stakeholder participation in negotiations is necessary to ensure phosphate security and avoid 
domination of regulatory agencies by industries or private interests. An internationally agreed 
framework promoting sustainable phosphate rock mining and trading is currently missing and 
urgently needed. 

Solution 2.4: Improve stakeholder capacity to deal with 
phosphate rock price volatility
Stakeholders need to plan for uncertainty by increasing adaptive capacity. Building national 
capacity to close the phosphorus loop in food production systems and shifting reliance from 
mined phosphorus to recycled phosphorus will help protect against phosphorus supply risk. 
Governments need to recognise phosphorus supply risks through appropriate policy and 
regulation.

Solution 2.5: Improve transparency and the independent 
assessment of phosphate rock data
There is a need for transparency and free access to accurate, current data on global reserves 
and resources of phosphate rock. An independent, international body is needed to assess 
data regularly and to disseminate findings through appropriate mechanisms, institutions and 
outreach programmes.
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2.1 Introduction
For millions of years, the total amount 
of ‘mobile’ phosphorus (P) supporting 
the world’s ecosystems remained largely 
unchanged. This ‘mobile’ P flowed between 
the various compartments of soil, plant, 
animal, wastes, waters, and sediments. 
Around 8000 years ago when farmers 
discovered that applying animal manures 
to croplands improved their harvests, 
humans started manipulating this system 
(Bogaard et al., 2013). In the 19th century, 
in addition to manures, P fertilisation of 
crops was commonly achieved by applying 
bone meal from slaughtered animals 
to soils (Plotegher and Ribeiro, 2016). 
However, as food demands increased, 
the low solubility of bone meal was not 
sufficient to provide an adequate supply 
of P to crops. In attempts to increase crop 
production, countries that could afford 
it replenished the P in their soils with 
P-rich guano (seabird and bat excrement 
accumulated over several millennia). 
A thriving industry quickly sprung up 
to export guano from Peru to Europe, 
complete with new infrastructure, overnight 
millionaires, and widespread worker 
exploitation (Melillo, 2012; Schnug et 
al., 2018). However, the guano deposits 
were quickly exhausted, and by the 1870s 
the guano industry had all but collapsed 
(Melillo, 2012; Schnug et al., 2018). 

In parallel, by 1840, the agricultural 
scientist, Justus von Liebig had discovered 
the solubilisation of bone meal could be 
assisted through treatment with sulfuric 
acid (Ivell, 2012). Acid-treated bone meal 
released P more readily to soils and hence 
increased P uptake by crops (Plotegher and 

i Based on global consumption of ~50 Mt P2O5 as estimated for 2019 in Jasinski, (2020).

Ribeiro, 2016). In the same year, Liebig 
successfully applied the same chemical 
treatment to phosphate rock (PR) (Ivell, 
2012). In the years that followed, John 
Bennet Lawes developed this process at an 
industrial scale, and renamed the product 
‘superphosphate fertiliser’; this was to be 
the first P fertiliser commercially produced 
worldwide (Ashley et al., 2011; Ivell, 2012). 
Since that time, with rapidly increasing 
production since World War II, PR has 
been the main source of P used by society, 
predominantly to provide fertilisers (Cordell 
et al., 2009; Ashley et al., 2011) (Figure 
2.1). Over the past century, anthropogenic 
use of P, predominantly in agriculture, has 
increased by a factor of ~18 (from ~2 Mt 
year-1 in 1910 to a peak use of ~36 Mt year-1 
in 2016) (Figure 2.1).

Globally, around 85% of phosphates 
produced for market are processed to 
make mineral P fertilisers, and 10% are 
used to make animal feed supplements. 
The remaining 5%, equivalent to ~2.5 Mt 
phosphorus pentoxide (P2O5) annuallyi, is 
used across a range of chemical industries 
(de Boer et al., 2019). Of this ~2.5 Mt, 
around 38% is used for detergents and 
cleaning products, 25% for food and drink 
additives, 10% in metal production, 10% 
for water treatment to reduce dissolution 
of lead water pipes, 3% for specialised 
fertilisers (e.g. for use in aquaculture 
and aquaponics), and 3% for toothpaste, 
with the remaining 14% used for various 
purposes such as fuel cell electrolytes and 
medicines (Gantner et al., 2014; numbers 
rounded to nearest 1%) (Figure 2.2).
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Figure 2.1 Sources of phosphorus (P)  for anthropogenic use 1800–2020, including manure, human excreta, guano and 
P mined from phosphate rock (it is estimated ~85% of the phosphates produced from PR are used to produce mineral P 
fertilisers). The reliability of data sources varies; data points for human excreta, guano and manure should be interpreted as 
indicative rather than precise. Graph modified from Cordell et al., (2009) based on data from Smil, (2000); Cordell et al., 
(2009); U.S. Geological Survey, (2014); Chen and Graedel, (2016); Jasinski, (2021).

Figure 2.2 Global estimated uses of phosphorus mined from phosphate rock in 2014. ‘Water treatment’ refers to the addition 
of phosphate into potable water to reduce lead solvency from lead pipes, ‘specialised fertilisers’ refer to niche use fertilisers (e.g. 
for use in aquaculture and aquaponics). Based on data from Gantner et al. (2014) and de Boer et al. (2019).
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2.2 Phosphorus 
sources and 
processing

2.2.1 Types of phosphate rock 
There are three major types of PR: 
sedimentary, igneous and metamorphic. 
Each rock type has a different chemical 
composition, P content and range 
of impurities, and therefore physical 
characteristics (Table 2.1). Phosphate rock 
reserves are mined mostly at the surface, 
using bucket-wheel and dragline excavators 
and power shovels and earthmovers 
(Figure 2.3). The phosphate rock type has a 
significant impact on how easy it is to mine, 
the level of processing needed, and the 
energy requirements to complete mining 
and initial processing stages.

2.2.2 Processing phosphate 
rock and applications 
Marketed PR is enriched to at least 28%, 
and often more than 30%, in P2O5. The 
process used to enrich PR is termed 
‘beneficiation’ and refers to an initial 
processing stage, often consisting of 
grinding the rock, followed by flotation 
to separate non-P bearing minerals based 
on their densities and hydrophobic and 
hydrophilic properties. 

The phosphates in untreated PR are not 
very water-soluble, and therefore not 
readily available to plants for uptake, 
though some plant types such as certain 
legumes and macadamia can mobilise 
the P from PR (Lyu et al., 2016; Zhao et 
al., 2019). Igneous deposits can provide 
PR with 35% to 40% P2O5 content after 
beneficiation.

w
w
w
.o
pf
gl
ob

al
.c
om

Figure 2.3 Phosphate mining by the state company Société Nouvelle des Phosphates du Togo, in Togo. 
Photograph courtesy of Alexandra Pugachevsky.
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Rock type Description Phosphate 
concentrations Chemical composition

Geographic 
location 
of main 

global reserves

Sedimentary 
Rock

Sedimentary 
marine 
‘phosphorite’ is 
the most common 
PR produced 
from accumulated 
fossilised shells 
and aquatic 
animals. More 
than 80% of 
mined phosphates 
originate from 
sedimentary rocks.

Phosphate 
concentrations in 
phosphatic shales 
and limestones range 
from 7.8% to 19.5% 
phosphate, whilst 
phosphorite contains 
above 19.5% phosphate.

Sedimentary rock contains 
the mineral apatite, which is 
calcium phosphate combined 
with either a hydroxide, 
fluoride, or chloride ion: 
Ca5(PO4)3(OH) or (F) 
or (Cl). Fluorapatite is the 
most common form. Whilst 
apatite is sparingly soluble 
in water, the different 
compositions influence its 
solubility.

China, 
Middle East, 
Northern Africa, 
USA

Igneous Igneous 
deposits are 
associated with 
carbonatites and 
silica-deficient 
intrusions, formed 
through the 
crystallisation 
of cooling 
lava or magma.

Phosphate 
concentrations in 
igneous rocks are 
often lower than in 
sedimentary rocks, 
ranging from 0.005% 
to 0.4%, but higher 
values (i.e. up to 15% 
phosphate) can be 
found in strongly 
alkaline, low-silica 
igneous rocks.

Igneous rock mainly consists 
of carbonatite minerals 
consisting of more than 
50% carbonate minerals 
and alkalic intrusions (e.g. 
diopside; MgCaSi2O6). 
The minerals calcite and 
dolomite can also be present 
in igneous rock.

Brazil, 
Canada, 
Finland, Russia, 
South Africa, 
Zimbabwe

Metamorphic Both igneous and 
sedimentary rocks 
that have been 
subject to high 
temperature and 
pressure may form 
metamorphic 
phosphate rock.

Metamorphic rock 
often contains 0.01% to 
1.3% phosphate.

Metamorphic rocks are 
created in high pressure 
and temperature conditions 
resulting in a less porous 
texture, more interlocked 
crystals, and higher 
induration compared to 
igneous and sedimentary 
rock. Consequently, the 
exploitation of metamorphic 
rock deposits is not currently 
economically viable.

China, 
India

Table 2.1 Description of the three main phosphate rock (PR) types mined for phosphorus (P), providing details on phosphate (PO4
3-) 

concentrations (as a percentage of rock weight), mineral composition, and the location of key reserves, modified from de Boer et al. (2019) 
and van Kauwenbergh (2010). 
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The direct application of this ‘granulated 
PR’ with organic material can then be 
used as an alternative to mineral fertiliser, 
but this requires acidic soils and is not 
common practice (Sanchez, 2002; Chianu 
et al., 2012). 

In most cases, the P in PR is processed into 
several intermediary products, including 
phosphoric acid and superphosphates, with 
less than 3% processed into (elemental) 
white phosphorus. Together these 
compounds provide the basis of industrial P 
chemistry (Figure 2.4). 

2.2.3 Superphosphate 
Superphosphate (SSP), double 
superphosphate (DSP) and triple 
superphosphate (TSP) is the term used 
in the P fertiliser industry for fertilisers 
containing monocalcium phosphate, also 
called calcium dihydrogen phosphate 
(Ca(H2PO4)2.H2O). The key differences 
between SSP, DSP and TSP is their 
method of production and the P content of 
the final products. Single superphosphate 
is produced via the reaction between 

phosphate rock and sulfuric acid (H2SO4), 
whilst DSP and TSP are produced via 
the reaction between phosphate rock and 
phosphoric acid (H3PO4). Single, double 
and triple superphosphate have a P2O5 
concentration of 7-9%, 32-36% and 44-
46%, respectively. 

Production of SSP is a basic technique 
that has changed very little since its 
commercialisation in the 1800s (Ivell, 2012; 
IPNI, 2014a). Ground PR is treated with 
sulfuric acid to form a semi-solid, which 
is allowed to cool for several hours. This 
plastic-like substance is then cured for 
several weeks. The hardened material is 
then milled and screened to the required 
particle or granule size (IPNI, 2014a). 
Non-granular DSP and TSP are made by 
reacting ground PR with liquid phosphoric 
acid, commonly within a cone-type mixer 
(IPNI, 2014b). Granular DSP and TSP 
are made similarly, but the resulting slurry 
is sprayed as a coating onto small particles 
to build granules of the desired size. The 
products from both production methods 
then cure for several weeks as the chemical 

Figure 2.4 Typical processing pathways of phosphate rock to common P containing products, showing key reagents involved 
in the different stages. Modified from de Boer et al. (2019). 
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reactions are slowly completed. The 
chemistry and processes of these reactions 
vary somewhat depending on the properties 
of the phosphate rock.

The main fertilisers used in agriculture 
are monoammonium phosphate (MAP), 
diammonium phosphate (DAP), SSP, DSP 
and TSP. The ratio of nutrients differs 
among fertiliser types (Table 2.2).

Table 2.2 The ratio of nutrients nitrogen (N), phosphorus 
(P) and potassium (K) in a range of P fertilisers.

Fertiliser Ratio of N:P:K

Monoammonium 
phosphate (MAP) 10:50:0

Diammonium 
phosphate (DAP) 18:46:0

Single superphosphate (SSP) 0:18:0

Single superphosphate (SSP) 0:36:0

Triple 
superphosphate (TSP) 0:46:0

2.2.4 Phosphoric acid 
Two main commercial methods are 
used to produce phosphoric acid from 
PR, known as the wet process and the 
thermal process.

The wet process consists of three 
key stages: (1) digestion, (2) filtration 
and (3) concentration. In the first 
step, phosphate-containing apatite 
minerals (e.g. calcium hydroxyapatite 
or fluoroapatite) are treated in a reactor 
with a mineral acid (usually sulfuric acid). 
Nitric and hydrochloric acids (HNO3, 
HCl) can also be used but are more 
expensive. This produces phosphoric acid 

and the by-product phosphogypsum (a 
thick slurry of solid particles containing 
gypsum (CaSO4·(nH2O), where 
n=0, ½, or 2), unreacted residual PR 
and impurities. In the second stage, 
phosphogypsum is removed using a 
partial vacuum, leaving ‘wet’ phosphoric 
acid (23-33% P2O5). In the third step, 
the phosphoric acid is concentrated 
by reducing the liquid content, via 
evaporation with submerged combustion 
burners and vacuum circulation 
evaporators. ‘Wet’ phosphoric acid must 
be concentrated to 40-55% P2O5 for 
fertiliser/merchant grade, 50%-61.6% 
P2O5 for technical grade phosphoric acid, 
and above 61% P2O5 for semiconductor 
grade (de Boer et al., 2019).

Around 95% of the phosphoric acid 
produced globally is made using the wet 
process. An issue associated with the 
wet process is the production of large 
quantities of phosphogypsum, which 
can contain contaminants, depending on 
PR type (Tayibi et al., 2009). Impurities 
in PR can be carried into phosphoric 
acid products and/or phosphogypsum. 
A fourth stage can be added to remove 
impurities, but can represent a major 
challenge (Syers, 2001). The concentration 
and type of contaminants present are 
dependent on the PR origin as well 
as the digestion method. For example, 
phosphoric acid produced from igneous 
PR typically contains 5-10 mg l-1 of 
uranium, whilst 120-160 mg l-1 of 
uranium can be found in phosphoric 
acid produced from sedimentary PR 
(Cioroianu et al., 2001). The risk posed 
by impurities in fertilisers is discussed in 
more detail later in this chapter.
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The thermal process is a less common 
method for producing phosphoric 
acid. Whilst methods differ between 
production plants, the thermal process 
can be described by three major steps: 
(1) combustion, (2) hydration, and (3) 
demisting (Speight, 2017). In the thermal 
process, the raw materials to produce 
phosphoric acid are elemental phosphorus, 
air and water. In the combustion step, 
the liquid elemental P is oxidised in 
a combustion chamber at temperatures 
of 1650–2760°C to form phosphorus 
pentoxide. The P2O5 is then hydrated 
with dilute phosphoric acid or water 
to produce a strong phosphoric acid 
liquid. The last stage is demisting, which 
removes the phosphoric acid mist from the 
combustion gas stream, before releasing 

it to the atmosphere, usually using high-
pressure-drop demisters (Speight, 2017).

Because the thermal process is energy-
intensive, purified wet-process phosphoric 
acid has replaced thermal phosphoric acid 
in many applications. However, phosphoric 
acid produced via the thermal process is 
of a much higher purity, which is often 
required to produce some organo-P 
compounds (often used in pesticides), 
such as phosphorus trichloride (PCl3), 
and several other high-grade chemicals, 
pharmaceuticals, detergents, food products 
and beverages. The compounds that 
are produced using phosphoric acid are 
diverse, as summarised in Figure 2.5. 

Figure 2.5 Common uses of phosphoric acid (H3PO4). NMR – Nuclear Magnetic Resonance Spectroscopy. Figure modified 
from de Boer et al. (2019).
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2.2.5 White phosphorus 
Several materials require elemental P 
in their production. Elemental P has 
ten allotropic forms, different structural 
modifications of an element, in which the 
atoms of the element are bonded together 
differently. The P allotrope ‘white P’ (P4) 
is used for 99% of elemental P demands, 
with ~0.85 Mt produced each year (de 
Boer et al., 2019). 

White P is extremely reactive with 
oxygen, and as such must be stored 
underwater, with a layer of nitrogen above 
the surface. This aggressive reactivity has 

led to its limited and controversial use 
as a weapon (e.g. explosives and smoke 
grenades) (Macleod and Rogers, 2007). 
Most commonly, white P, which accounts 
for 1% of global P use, is a starting 
material to create other compounds, 
including those used in batteries, flame 
retardants, catalysts, anti-scale agents, 
plastic additives and the herbicide 
glyphosate (Figure 2.6). White P can also 
be further heated to make the much less 
reactive allotrope red P, which is stable 
in air and used as the striking contact on 
matchboxes.

HydrolysisWhite 
phosphorus

O2

300C

S8

Food beverages, detergents & cleaners, 
metal treatment, water treatment, 

toothpaste, luminescent materials, NMR 
references standard

H3PO4 

Flame retardants, plastic additivesPCl3, PCl5, 
POCl3

Glyphosate (pesticide), pharmaceuticals, 
vitamin A, antiscale agents, flame-

retardants, catalysts, battery electrolytes NaH2PO2

Lubricant additives, flotation agents, 
insecticides

PH3

Matchboxes, pyrotechnics, flame-
retardants

Red 
Phosphorus

Catalysts, biocides, extraction agentsP4O10, PPA

Electroless nickel plating, flame
retardantsP4S10

Hydrolysis

Hydrolysis

Cl2 gas

Figure 2.6 Common uses of white phosphorus, modified from de Boer et al. (2019) using data based on Gantner et al. (2014) 
and inputs from Willem Schipper. 
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2.3 Why do we 
need to improve 
the management of 
our phosphate rock 
reserves? 
Demand for PR to supply fertiliser demands 
has increased rapidly since the 1950s, primarily 
due to the increase in fertilisers for agricultural 
production aiming to sustain a growing human 
population with an increasing demand for 
animal products (Metson et al., 2014), non-
food products (Hamilton et al., 2018) and 
biofuel production ( Jarvie et al., 2015) (Figure 
2.7). A drop in production was observed 
between 2016 and 2020 but is still higher than 
at any point pre-2016 (Figure 2.7).

Besides the demand for fertiliser, there is also 
a steady increase in P demand for animal 
feed supplements, fizzy drinks, and flame-

retardants (de Boer et al., 2019). Since the 
mid-1980s, an increasing number of countries 
have made reductions and/or banned the 
use of phosphates in domestic laundry and 
dishwasher detergents (but in some cases not 
industrial detergents) to reduce the amount of 
P entering waterbodies (van Drecht et al., 2009; 
van Puijenbroek et al., 2019). This has caused a 
drop in P demand for detergents over the last 
3-4 decades, whilst demand in all other sectors 
has increased and is expected to continue to 
increase (de Boer et al., 2019). Drawing on 
data from Xu et al. (2020), Spears et al. (2022) 
estimate that the projected global demand for 
P to make LiFePO4 batteries for electric cars 
(assuming a 60% LiFePO4 market share), could 
increase to >3 Mt P per year by 2050.

Natural losses of P from soils to air and waters 
have been estimated at about 10 Mt year-

1 (Smil, 2000). In contrast, in recent times 
(2000–2020), intensified erosion introduces an 
estimated additional 30 Mt year-1 P into the 

Figure 2.7 Annual mass of phosphorus mined from phosphate rock reserves globally between 1900 and 2020. Based on world 
production of phosphate rock (Mt) data as compiled by the U.S. Geological Survey ( 2014) and Jasinski (2021)i. 

iData are based on the assumption that 30% of the mass of phosphate rock is P2O5, which was calculated as a global average of P2O5 content 
of PR mined from global PR reserves in 2017, as detailed in Jasinski (2017b). The phosphorus content of P2O5 was calculated by multiplying 
the mass of P2O5 by 0.4364.
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global environment, mainly because human 
actions have approximately tripled the rate 
at which P reaches waters (Table 2.3). We 
highlight that wide variation in such estimates 
exists in the literature (e.g. Beusen et al., 
2016). Further work is required to agree on 
standardised model parameters to assess P 
flows (see Chapter 9). 

Poor P management has resulted in widespread 
P losses to waterbodies, causing significant 
damage to rivers, lakes, and coastal waters 
(Smith and Schindler, 2009) (see Chapter 5). 
Reliance on mined sources of P will continue 
to mobilise P that would otherwise be ‘locked 
away’, into a global mineral cycle where 
elevated P flows are having major impacts 
on freshwater and marine ecosystems around 
the world (see Chapter 5). The human-driven 

release of P has been estimated to exceed 
the “planetary boundary” for freshwater 
eutrophication (i.e., beyond levels deemed safe 
to avoid abrupt, irreversible environmental 
change) by a factor of three (Carpenter and 
Bennett, 2011; Steffen et al., 2015) (see 
Chapter 5). At the same time, current global 
reliance on mineral P for fertilisers to produce 
food means access to mineral P remains a 
critical requirement for food security at present 
(see Chapter 3). Actions to reduce the fraction 
of available P resources that are wasted by 
losses to the wider environment are necessary 
to address this dilemma (Chapter 6 and 7), 
thereby moving towards a more circular 
economy for phosphorus.

 Flux type Natural Preindustrial 
(1800)

Recent 
(2000–2020)

Natural fluxes (including recent intensification by human actions)

Erosion (wind) <2 <3 >3

Erosion (water) <8 >12 >27

River Transport >7 >9 >22

Biomass combustion <0.1 <0.2 <0.3

Anthropogenic fluxes

Crop uptake - 1 12

Animal wastes - >1 16*

Human wastes - 0.5 3

Organic recycling - <0.5 15*

Mineral fertiliser - - 21**

Table 2.3 Human intensification of the global phosphorus cycle (Mt year-1), based on estimates from Smil (2000), updated 
from Chen and Graedel (2016)* and Jasinski, (2021)**. Note that estimates vary in the literature. 
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 2.4 Global 
phosphorus 
reserves 
and resources
Whilst estimates vary, in 2020, 29.2 Mt 
of P was mined from global PR reserves 
estimated to contain 9295 Mt of P ( Jasinski, 
2021)i. For the purpose of these estimates, 
PR ‘reserves’ are defined as PR deposits from 
which PR can be economically produced at 
the time of the determination using existing 
technology. This definition can be contrasted 
with P ‘resources’, which are defined as PR 
of any grade, including deposits that cannot 
be currently mined without significant 
economic and/or environmental cost (van 
Kauwenbergh, 2010). 

i Calculated from Jasinski (2021) and assumption that 30% of the mass of phosphate rock (PR) is P2O5, as a global average, as detailed in 
Jasinski (2017b), i.e. in 2020, 223 Mt of PR, containing 67 Mt P2O5, was mined from global PR reserves of 71,000 Mt of PR, containing 
21,300 Mt P2O5. Lifetime estimates also assume that remaining PR reserves are of homogeneous P2O5 content of 30% by weight. The 
phosphorus content of P2O5 is calculated by multiplying by the mass of P2O5 by 0.4364.

Based on rates of PR production for 2020, 
the ‘lifetime’ of existing reserves is 318 years 
( Jasinski, 2021). However, this estimate 
fluctuates in response to changes in reported 
estimates (van Kauwenbergh et al., 2013; 
Blackwell et al., 2019). For example, annual 
PR production and PR reserves data for 
2010 indicated PR reserves would last for 87 
years. One year later this estimate rose to 325 
years, largely due to an increase in reserve 
estimates in Morocco (discussed later in this 
chapter) ( Jasinski, 2009) (Figure 2.8). 

Estimated PR production can be compared 
with global consumption of phosphoric acid, 
fertilisers, and other uses, which in 2020 
contained 21 Mt of P, 68% of the amount 
of PR mined (i.e. 47 Mt of P2O5 ( Jasinski, 
2021)). The remaining 32% is estimated to 
be lost to the environment as part of PR 
processing. 

Figure 2.8 Estimated lifetime of global phosphate rock (PR) reserves (years) at current rates (2021) by year between 1996 
to 2020, shown with and without Morocco. The estimated lifetime of reserves excluding Morocco is shown based on current 
total global production assuming that this is market driven. 
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Steiner et al. (2015) showed that PR 
mining efficiency increased between 1983 
and 2013, due to improved technologies 
to regain losses during the excavation 
and early PR processing stages. They also 
suggested that the average P content of PR 
mined globally increased from 513 Mt at 
14.5% P2O5 in 1983, to 661 Mt at 17.5% 
P2O5 in 2013. However, PR reserves are 
finite, and concerns that high-quality PR 
reserves will diminish over time have been 
raised (Cordell and White, 2011; Scholz et 
al., 2013; Edixhoven et al., 2014).

Changes in estimated reserves have 
been observed for other commodities, 
for example, oil (Aleklett, 2012), rare 
earth elements, magnesium, tin and 
tantalum (Sutton et al., 2013; Scholz and 
Wellmer, 2013). However, unlike many 
other commodities where alternatives are 
available (e.g. renewable energy provides 
an alternative to fossil fuel combustion), 
nutrients are essential biological 
requirements; there are therefore no 
alternatives. Furthermore, nitrogen as a 
component of the air, is not constrained 
geographically.

Total global PR resources are estimated at 
40,000 Mt of P (or 300,000 Mt of PR). 
As reserves are depleted and technological 
innovation occurs, some of these resources 
would be expected to be made available to 
increase the number of minable reserves. 
Based on current mining rates of 30 Mt 
P year-1, the lifetime of estimated PR 
resources is 1330 years. There is therefore no 
risk of exhausting global P supplies within 
the next 100-300 years (Blackwell et al., 
2019). However, Blackwell et al. (2019) 
demonstrate that, if mining production 
continues at the current rate (as of 2018 
and based on current reserve estimates), 

domestic supplies in the three countries 
with the largest populations, China, India, 
and the USA, will be depleted within 
40 years. A similar calculation for 2020 
estimates (of PR reserves and production) 
shows that, within the next 46 years, 
three of the four countries that produce 
the highest quantities of PR globally (i.e. 
China, the USA and Russia), will have 
exhausted their PR reserves (Table 2.4). 
While some of these time horizons may 
appear long, it is evident that such a linear 
economy of mining followed by waste of 
lost P resources is ultimately unsustainable, 
with a major challenge to move toward a 
more circular system where recovery and 
reuse are central. 

The calculated lifetimes of reserves 
summarised in Table 2.4 are unlikely to 
be accurate in practice. As demonstrated 
above, reserve estimates fluctuate, new 
reserves may be found, and market forces 
and technological advances may allow 
further resources to be economically mined 
(i.e. converting resources to reserves). 
However, Table 2.4 highlights that 
imminent, fundamental changes in global 
P trade, use and recycling efforts will be 
necessary. Whilst most now acknowledge 
that geological depletion of PR is not an 
immediate threat, factors that may impact 
P access go beyond physical reserves and 
include geopolitical, institutional, economic 
and managerial factors (Cordell and 
White, 2011). 

In the following section, the challenges 
and solutions are discussed for managing 
our PR reserves in ways that are more 
sustainable, equitable and safe for human 
and environmental health. We highlight 
potential P access issues and risks to supply 
and suggest key actions that will help to 
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improve ‘Phosphorus Security’. As defined 
by Cordell, (2010), ‘Phosphorus Security’ 
allows the world’s farmers to access 
sufficient P in the short and long term 

to grow enough food to feed a growing 
world population, while ensuring farmer 
livelihoods and minimising detrimental 
environmental and social impacts. 

Country/region PR Reserves (Mt) Annual PR 
Production (Mt)

Lifetime of reserves at 
2019 production rates

China 3200 90.0 36

USA 1000 24.0 42

Morocco and Western Sahara 50000 37.0 1351

Russia 600 13.0 46

Jordan 800 9.2 87

Tunisia 100 4.0 25

Brazil 1600 5.5 291

Egypt 2800 5.0 560

Israel 57 2.8 20

Australia 1100 2.7 407

India 46 1.5 31

World 71,000 223 318

Table 2.4 Estimated phosphate rock (PR) reserves in 2020, PR production in 2019, with a lifetime of reserves calculated at 
2020 production rates. The countries selected include the ten countries that produced the highest quantities of PR in 2019 
and India. Based on data from Jasinski (2021). 
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2.5 Challenges

Challenge 2.1: Few 
nations have phosphate 
rock reserves

Five countries hold around 85% of 
known phosphate rock reserves, 
with 70% found in Morocco 
and Western Sahara alone. 
Most countries do not have any 
phosphate rock reserves and are 
reliant on imports to supply their 
phosphorus demands to maintain 
food security. China, Morocco 
and Western Sahara, the USA and 
Russia currently produce around 
80% of the planet’s phosphate 
rock supply. 

Phosphate rock reserves are not equally 
distributed in the world ( Jasinski, 2021) 
(Figure 2.9). Around 85% of the world’s 
known PR reserves are found in only 
five countries, with 70% in Morocco and 
Western Sahara alone ( Jasinski, 2021). 

Mining in China, Russia, the USA, 
Morocco and Western Sahara accounted 
for around 80% of global PR production 
in 2019 ( Jasinski, 2021). Since 2006, the 
production of PR in China has increased 
significantly, from 30.7 Mt to a peak of 
144 Mt in 2017 ( Jasinski, 2009, 2019) 
(Figure 2.10). 

Whilst China contains less than 5% of 
the global PR reserves, it is the largest 
producer (and consumer) of PR in the 
world, accounting for 52% of global PR 
production in 2019 ( Jasinski, 2021) (Figure 
2.11). However, with ongoing investments 

in PR mining in Morocco it is anticipated 
that Morocco will become the largest 
producer in the coming years (Rosemarin 
and Ekane, 2016).

In 2019, the global phosphate fertilisers 
market was worth US$66 billion, with 
growth projected at a compound annual rate 
of 7% to reach US$84 billion by 2023 (The 
Business Research Company, 2020). The 
global market is dominated by a few key 
companies (Rosemarin and Ekane, 2016). 
In 2021, major players in the phosphate 
fertilisers market included Agrium Inc. 
(Canada), Coromandel International 
Ltd. (India), EuroChem Group A (EU), 
Guizhou (China), Israel Chemicals Limited 
(Israel), Ma’aden (Saudi Arabia), The 
Mosaic Company (USA), Nutrien Ltd. 
(Canada), OCP S.A (Morocco), PhosAgro 
(Russia) and Yunthianhua (China).

A high dependency on imported PR and/
or mineral P fertiliser can contribute to 
national food system vulnerability. For 
example, South Asia is almost completely 
reliant on P imports (Subba Rao et al., 2015; 
Jasinski, 2018). In 2015, India imported 
8.27 Mt of PR, mainly from Jordan (39%), 
Egypt (22%) and Morocco (17%), whilst 
85% of India’s mineral P fertilisers came 
from China (Indian Bureau of Mines, 
2016). Similarly, European countries rely 
heavily on P imports for mineral fertiliser 
and animal feed supplements (Ott and 
Rechberger, 2012; van Dijk et al., 2016). In 
2010, the EU imported 7.5 Mt (de Ridder 
et al., 2012), whilst the remaining ~10% 
was produced in Finland (the only active 
PR mining country in Europe). Similarly, 
Australia is heavily reliant on imports, 
which have been estimated to supply 80% of 
its P use (Cordell et al., 2013). 
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Figure 2.9 Distribution between countries of known phosphate rock (PR) reserves in 2019, equal to 69,000 Mt. Countries 
with reserves 1000-1500 Mt are Finland, Jordan, and the USA. Countries with <1000 Mt include Russia, Peru, India, 
Senegal, Kazakhstan, Tunisia, Uzbekistan, Vietnam, Mexico, Israel, and Togo. (Data source: ( Jasinski, 2021)). Phosphate 
rock ‘reserve’ is defined here as the part of the reserve base which could be economically extracted or produced at the time of 
determination but need not signify that extraction facilities are in place and operative. 

Figure 2.10 Phosphate rock (PR) production between 2000 and 2020 in the ten countries that produced the highest 
quantities of PR in 2020. Based on data from the annual U.S. Geological Survey reports from 2003-2021 ( Jasinski, 2003 
through to 2021).
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China, the USA, Russia, Saudi Arabia and 
Morocco are among the few countries that 
contain large PR reserves and fertiliser 
production facilities, and hence are less 
reliant on imported phosphorus.

For P, the concept that ‘the few’ own 
the supply needed by ‘the many’ is an 
oversimplification. Not all countries 
with PR deposits mine them, while not 
all countries that mine PR can produce 
fertilisers. In addition, some countries 
that lack PR  reserves are producers of 
P fertilisers (Table 2.5). For example, 
phosphate rock resources are located across 
Europe in Belgium, Germany, Spain, 
France, Italy, Greece and the UK. However, 
under current markets, these resources are 
not economically viable to mine and/or have 
been closed due to environmental concerns 
(Notholt et al., 2005). Brazil contains 2.4% 
of known global PR reserves, producing 
2.0% of global PR annually (FAO, 2017). 
However, Brazilian PR reserves are mainly 
poor quality igneous fluorapatites, with 
low P solubility and high processing costs. 

Although Brazil has been expanding its 
PR production, it is insufficient to supply 
domestic requirements, and thus imported 
P supplies about 70% of Brazil’s mineral P 
fertiliser demands (Withers et al., 2018b). 

Some countries may contain PR reserves 
but lack the infrastructure to produce 
fertilisers. For example, Sub-Saharan 
African countries (SSA) hold an estimated 
2% of global PR reserves ( Jasinski, 2021), 
but manufacture little fertiliser (Chianu 
et al., 2012). Phosphate rock is instead 
exported from SSA, often to EU countries 
that do not have PR reserves but do have 
fertiliser production capacity. In some 
cases, fertiliser produced in the EU is re-
imported back into SSA (de Ridder et al., 
2012), where it is sold at prices reported 
to be too expensive for most farmers to 
access (Chianu et al., 2012). By contrast, 
despite having no significant PR reserves, 
Japan produces ~36% of the fertiliser it uses 
for domestic agriculture and even exports 
a small amount of mineral P fertiliser 
(FAO, 2017). 

Figure 2.11 Distribution between countries of global PR production in 2019 (Data source: Jasinski, 2021).
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The European Commission has formally 
acknowledged that PR is a commodity 
with a high supply risk, adding PR to the 
EU ‘Critical Raw Materials list’ in 2014 
(European Commission, 2014) and white P 
in 2017 (European Commission, 2017). The 
EU Critical Raw Materials list is composed 
of 30 materials (after 2020 revision) of high 
importance to the EU economy and with 
a high risk associated with their supply 
(European Commission, 2020). These 
decisions were made because: 

• limited PR reserves in the EU make it 
highly dependent on imports, 

• P demand is expected to increase (due 
to the growing world population), and 

• there are no alternatives to P in 
fertilisers or animal feeds (European 
Commission, 2014). 

Challenge 2.2: Phosphate 
rock can contain 
contaminants harmful 
to human, animal and 
environmental health

Different phosphate rock ores 
vary in their composition between 
phosphates, impurities and 
contaminants. Phosphate rock 
contaminants can be transferred into 
fertiliser products, spread on soils, 
and end up in food. Cadmium is of 
particular concern as it can pose a risk 
to human, animal and environmental 
health when above threshold levels. 
The by-products of phosphate rock 
processing also include ~200 Mt 
year-1 of phosphogypsum, which can 
contain hazardous contaminants. 
Concerns have been raised 
that contaminant leaching from 
phosphogypsum stockpiles may 
pose a risk to the environment and the 
health of local communities.

Contaminants of PR include non-P bearing 
minerals and potentially toxic elements, 
such as heavy metals and metalloids. Heavy 
metals found in PR include arsenic, cadmium, 
chromium, uranium, mercury, lead, iron and 
copper (Al-Shawi and Dahl, 1999; Corbridge, 
2000). Phosphate rock can also contain the 
radionuclides uranium and thorium. The 
recovery of uranium from PR can have value 
for nuclear power production. The USA 
recovered uranium from PR processing from 
the 1970s to the 1990s, but the production 
facilities were dismantled when prices for 
uranium from other sources dropped (Merkel 
and Hoyer, 2012). Processing PR into fertiliser 
can increase the concentration of potentially 
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toxic elements by 1.5 times compared to 
the original ore (Sattouf, 2007). Cadmium 
concentrations in fertilisers have been reported 
between 1 and >640 mg kg-1 (Mclaughlin et al., 
1996; Ulrich et al., 2014). The concentration of 
contaminants depends on the origins of the PR 
and is also highly variable between and within 
the same PR reserve. Typically, concentrations 
of heavy metals and radioactive elements are 
much higher in sedimentary phosphate rock. 
However, whilst igneous rock deposits have 
lower contaminant concentrations, they also 
contain less phosphate. The PR reserves in 
Finland and Russia are igneous and relatively 
contaminant-free, whereas most PR ores 
in Africa, the Middle East and Israel are 
sedimentary and contain higher concentrations 
of contaminants (e.g. cadmium) that are largely 
exported, transferred into fertiliser products and 
spread on soils (Hermann et al., 2018). Russia 
is the only major PR producing country with 
mainly igneous rock reserves. Differences in the 
content of cadmium and phosphate in PR ores 
between the major PR producing countries, 
China, Russia, the USA and Morocco, are 
summarised in Table 2.6. 

Cadmium, uranium, chromium and arsenic 
tend to bio-accumulate (Al-Shawi and Dahl, 
1999; Sabiha-Javied et al., 2009; Ertani et al., 

2017) and can be toxic to humans and animals 
if ingested above certain levels (Kratz et al., 
2011). Cadmium is efficiently retained in the 
kidney and liver in the human body, with a 
very long biological half-life ranging from 
10 to 30 years (EFSA, 2012). Cadmium is 
classified as a class 1 carcinogen (Group B1) 
by the International Agency of Research on 
Cancer and the World Health Organization 
(World Health Organization & International 
Programme on Chemical Safety, 1992; IARC, 
1993). Phosphate fertilisers are the main source 
of uranium enrichment of topsoil globally 
(Schnug and Lottermoser, 2013). Although 
little uranium is incorporated into crops, it can 
bind to root vegetables, and thus enter the food 
chain, and also be transported by groundwater 
and surface waters. The intake of uranium by 
humans from plant products is considered 
negligible, with ingestion through drinking 
water suggested as the main exposure route 
(Schnug et al., 2005). Whilst it is dependent 
on the region, uranium in drinking water 
may derive from the bedrock geology or from 
fertiliser use (Smedley et al., 2006; Brindha et 
al., 2011; Smidt, 2011).

Concentrations of cadmium and other 
metals in soils vary and depend on natural 
background levels, but increasingly also 
on human activities, including mineral 

Origin of 
PR reserves PR ore type Cadmium content 

(mg Cd kg rock-1) Phosphate content

China Sedimentary 4 High

Morocco Sedimentary 3-186 High

USA Sedimentary 3-186 High

Russia Igneous 0.1-<13 Low-moderate

Table 2.6 Concentrations of cadmium (Cd) and phosphate in phosphate rock (PR) ore types of the major PR producers, 
China, Morocco, US and Russia. Modified from de Boer et al. (2019b), with cadmium data based on Mar and Okazaki (2012) 
and Geissler et al. (2019).
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fertiliser use (Römkens et al., 2018). From 
analysis of mineral P fertilisers used in 
Germany and Southern Brazil, (Smidt 
et al., (2011) estimated that annually, 42 
and 611 t of cadmium, and 228 and 1614 
t of uranium, are applied to agricultural 
soils in mineral P fertilisers in Germany 
and Brazil, respectively. This is equivalent 
to 2.9 g cadmium ha-1 year-1 and 11.8 g 
uranium ha-1 year-1 applied to agricultural 
soils in Brazil, and 1.4 g cadmium ha-1 year-

1 and 8.2 g uranium ha-1 year-1 applied to 
agricultural soils in Germany (Smidt et al., 
2011). With repeated application of fertilisers 
containing cadmium, levels of cadmium can 
accumulate to undesirable concentrations in 
agricultural topsoil, dependent on multiple 
factors including fertiliser application rates, 
crop rotation, soil properties and weather 
conditions (Bigalke et al., 2017). Cadmium 
sequestration by some crops can be high, 
depending on soil pH, organic matter, and 
leaching losses to deeper soil layers or in run-
off (Smolders, 2001; Rizwan et al., 2017). 
FitzGerald and Roth (2015) concluded that 
cadmium in fertilisers used in Switzerland 
should be controlled to reduce human 
exposure as much of the population already 
ingests close to the tolerable limit. The 
European Food Safety Authority (EFSA) has 
shown that children and adults that consume 
higher amounts of vegetables grown in soils 
containing cadmium frequently exceed the 
tolerable weekly intake of 2.5 µg cadmium 
kg-1 body weight (EFSA, 2012). Although 
the risk of adverse effects on kidney function 
at an individual level at dietary exposures 
across Europe is very low, it was concluded 
that the current exposure to cadmium at the 
population level should be reduced (EFSA, 
2012). A study by de Vries and McLaughlin 
(2013) suggested that cadmium inputs in 
fertilisers in Australia exceed the long-term 

critical loads in heavy-textured soils for 
dryland cereals, although all other systems are 
at low risk. de Vries and co-authors concluded 
that current cadmium inputs in fertilisers in 
the EU27 countries are nearly always below 
critical thresholds for toxic impacts on food 
quality (ETC/ULS, 2016) and soil organisms 
(de Vries and Römkens, 2017), but exceedance 
may occur locally. Similarly, Römkens et al. 
(2018) predicted small absolute changes at 
the EU level in soil cadmium concentration 
of less than 0.02 mg kg-1 after 100 years 
application of P fertilisers with cadmium 
concentrations of 20 and 60 mg cadmium 
kg-1 P2O5. However, regional differences were 
substantially larger varying from -0.15 mg kg-1 
to 0.07 mg kg-1 (compared to the EU average 
soil cadmium content).

As mentioned earlier, phosphogypsum is 
a by-product of the digestion stage in PR 
processing. Production of 1.0 t of phosphoric 
acid yields around 5.0 t of phosphogypsum, 
equivalent to a global annual production 
of 100-280 Mt phosphogypsum year-1 
(Tayibi et al., 2009; Saadaoui et al., 2017). 
The construction industry uses gypsum 
(CaSO4) as a component of cement 
amongst other uses. For example, in Russia, 
between 2008 and 2019, hemi-hydrate 
phosphogypsum was used in road building 
(Levin et al., 2020). However, impurities in 
phosphogypsum, such as thorium, radium, 
cadmium and uranium, can prevent such 
uses depending on the regulatory threshold 
levels for contaminants within the operating 
country. Hilton (2020) provides an expansive 
list of regulatory and commercial barriers 
related to phosphogypsum use, by country. 
‘Flotation’, which is mainly used to separate 
P from igneous rock deposits (see Section 
2.2.2 above), is increasingly used to extract P 
from ‘low grade’ sedimentary ores, that were 
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traditionally discarded as waste, thus reducing 
stockpiling of phosphogypsum (Steiner et 
al., 2015). However, currently, around 85% of 
phosphogypsum produced in the wet process 
is disposed of without treatment (de Boer et 
al., 2019), and discharged into the sea and 
watercourses, or stored in large stockpiles. The 
stockpiling of large quantities of potentially 
hazardous phosphogypsum generates 
concerns over impacts to the environment and 
health risks for communities living close to 
stockpiles (Rutherford et al., 1994; Tayibi et 
al., 2009; Saadaoui et al., 2017; Attallah et al., 
2019). The composition and characterisation 
of phosphogypsum depend mainly on 
the ore source (Hilton, 2020). Where 
phosphogypsum is free from or contains 
insignificant amounts of contaminants, it may 
have much fewer negative impacts on the 
environment. 

The leaching of toxic elements and 
radionuclides from phosphogypsum stockpiles 
shows variation been multiple sites that 
have been assessed. For example, minimal 
environmental impacts were observed 
from stockpiles in Poland (Olszewski et 
al., 2016), Jordan (Al-Hwaiti, 2005) and 
Greece (Papageorgiou et al., 2016), whilst 
more significant impacts were observed from 
stockpiles in India (Haridasan et al., 2001) 
and Portugal (Corisco et al., 2017). The 
method used to assess the impacts of different 
stockpiles will influence comparability 
between results. However, differences can be 
largely attributed to the variation in impurity 
concentrations of the phosphogypsum 
stockpiled, and the local conditions (e.g. 
weather, soil types, hydrology, species 
impacted), suggesting that thorough and 
individual site-level assessments will always be 
needed to reduce risks. 

Challenge 2.3: Geopolitics 
can impact phosphorus 
supply and demand 
while slowing action on 
phosphorus sustainability

National and regional policies can 
have direct and indirect impacts on 
phosphorus access domestically 
or abroad. This includes taxes, 
tariffs, trade agreements and 
legislation. Political instability in 
countries mining phosphate rock 
can affect phosphate supply (e.g. 
Syria). Concerns over the legality/
legitimacy of phosphate rock 
production in Western Sahara 
remain unresolved. Such issues 
also contribute to sensitivities that 
represent a barrier to effective 
dialogue and action on phosphorus.

Geopolitics (i.e. the interaction between 
politics and international relations and 
dynamic geographical settings) can have 
significant impacts on P supply and 
demand. Countries with the capacity to 
export PR or P fertiliser can implement 
export restrictions in the form of export 
taxes, quantitative restrictions, or export 
bans of P products (PR and fertilisers) 
(Karapinar, 2011). Such export restrictions 
are often subject to extensive public 
attention and heated debate as they can 
impact food security (Karapinar, 2011).

For example, in 2008, China introduced 
an export tax of 100-135% on fertilisers 
to ensure that fertilisers produced in 
China were used domestically (Huang, 
2009). This was driven by an increase 
in domestic fertiliser demand to match 



45

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 2

: P
H

O
S

P
H

O
R

U
S

 R
E

S
E

R
V

E
S

 R
E

S
O

U
R

C
E

S
 A

N
D

 U
S

E
S

increased national agricultural production, 
and by concerns that easily extracted and 
processed Chinese PR reserves were being 
overexploited (van Kauwenbergh, 2010; 
de Ridder et al., 2012; Li et al., 2015). 
In relation to P specifically, this led to 
legal proceedings under the World Trade 
Organisation (WTO). China is permitted 
under its WTO obligations to impose 
an export duty of up to 20% on yellow 
phosphorus. In early 2009, it had imposed 
an additional duty of 50% on yellow P, as 
well as certain other measures, including 
minimum export prices. Because of this, and 
related restrictions on other raw materials, 
including PR (de Ridder et al., 2012), the 
EU, Mexico and the USA commenced legal 
proceedings in the WTO against China 
in 2009. China withdrew the special duty 
of 50% on yellow P on 1 July 2009 before 
the dispute commenced and so the WTO 
panel made no findings on this point, but 
China lost its case in relation to minimum 
export prices for yellow P (World Trade 
Organization, 2009). In the end, China 
succeeded on appeal on a technicality, 
namely that the three complaining 
countries had not specified the legal basis 
of their claim with sufficient precision 
(World Trade Organization, 2009). In 
January 2019, China dropped all taxes on all 
fertiliser exports, including phosphate ore 
and phosphoric acid. 

Policies in P-importing countries can also 
affect supply. In late 2018, the European 
Parliament agreed on the revision of 
Fertilisers Regulation (EC) No 2003/2003, 
originally proposed in 2016. The revised 
‘Fertilising Products Regulation’ (EU) 
2019/1009, which repealed Regulation 
(EC) No 2003/2003 and harmonised the 
requirements for phosphate fertilisers 

including by setting harmonised cadmium 
limits (Fertilising Products Regulation, Part 
II), may increase the EU’s dependence on 
countries that can provide low cadmium 
PR or fertilisers (discussed in more detail in 
Solution 2.1 below).

Instability in the Middle East and North 
African countries after the ‘Arab Spring’ 
has been noted to impact P trade, with 
issues over sovereignty, labour disputes 
and civil war cited as factors impacting PR 
production (Webeck et al., 2014; Smith, 
2015). In Tunisia, annual PR production 
decreased from 7.6 to 2.6 Mt between 
2010 and 2012 ( Jasinski, 2013), related to 
unrest among industrial workers, due to 
employment disputes, involving miners, 
as well as rail workers, who obstructed the 
transport of PR from mines (Gobe, 2010; 
de Ridder et al., 2012; Al Jazeera, 2020). 
Previously, the Syrian PR industry, which 
held 1800 Mt in PR reserves produced 
3.9 Mt of PR in 2006 ( Jasinski, 2009). 
However, the phosphate rock mines in Iraq 
and Syria were closed in late 2015 because 
of ongoing conflicts ( Jasinski, 2009). 
Conversely, during the same period, other 
countries in the Middle East increased PR 
production, including Egypt and Saudi 
Arabia, where production doubled between 
2011 and 2013 ( Jasinski, 2013). It could 
be argued that this reflects an automatic 
rebalancing mechanism on the supply side: 
when production in one area falls, it is 
compensated by a rise elsewhere. Disruption 
in Syria and Tunisia had effectively no 
impact on the global price of phosphate 
rock. However, this is expected since the 
highest PR production levels in the period 
2000-2020 for Tunisia (8.0 Mt in 2000) 
and Syria (3.9 Mt in 2006) represented less 
than 3% and 2% of global PR production 
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(in 2020), respectively (data based on annual 
reports of Jasinski, (2002-2021). 

Phosphate rock production in Morocco 
between 2000 and 2020 has steadily 
increased from 22 to 37 Mt year-1 ( Jasinski, 
2002-2021). However, the controversy 
surrounding PR mining in Western Sahara 
by Moroccan mining operations is widely 
documented (Chernoff and Orris, 2002; 
Leite et al., 2006; Arts and Leite, 2007; 
Mundy and Zunes, 2010; Boukhars and 
Roussellier, 2014; Camprubí, 2015; White, 
2015; Smith, 2015; Hagen, 2015; Allan, 
2016; Kingsbury, 2018; Omar, 2018). A 
summary of issues associated with the 
political context of Western Sahara is given 
in Focus Box 2.1.

i The International Court of Justice stated “the Court’s conclusion was that the materials and information presented to it did not establish any 
tie of territorial sovereignty between the territory of Western Sahara and the Kingdom of Morocco or the Mauritanian entity” 
https://www.icj-cij.org/en/case/61
ii Frente Popular para la Liberación de Saguía el Hamra y de Río de Oro (Frente POLISARIO).

Focus Box 2.1 - The conflict in 
Western Sahara 
The ongoing conflict in Western Sahara 
is one of the more intractable legacies 
of European colonisation (Boukhars 
and Roussellier, 2014). Following the 
withdrawal of Spain in 1975, forces from 
Morocco and Mauritania moved in to 
occupy much of the territory. In 1975, the 
International Court of Justice issued a 
landmark ruling (The International Court 
of Justice, 2017)i, that found no convincing 
historical evidence that Western Sahara 
belonged to anyone but the indigenous 
Sahrawi inhabitants. 

The territory has a native population 
of less than half a million ethnic 
Sahrawis, 170,000 of whom have lived as 
refugees in Algeria since 1976 (UNHCR, 
2018). In 1976, the Frente POLISARIOii 
(also known as the Polisario Front) in the 
representation of Sahrawi, proclaimed 
the Sahrawi Arab Democratic Republic 
(SADR) as a sovereign State over the 
Territory of Western Sahara (Omar, 2018). 
Boukhars and Roussellier (2014) explain 
that this territorial dispute escalated 
into a war of independence between 
the POLISARIO, who were backed by 
Algeria, and the states of Mauritania (who 
withdrew in 1996), and Morocco who claim 
sovereignty. 

It is widely accepted by legal scholars and 
under international law that Morocco has 
no legal title to Western Sahara (Chernoff 
and Orris, 2002; Leite et al., 2006; Arts 
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and Leite, 2007; Mundy and Zunes, 2010; 
Boukhars and Roussellier, 2014; Camprubí, 
2015; Smith, 2015; Kingsbury, 2018; Omar, 
2018). Similar positions have been taken by 
the African Union (2017), the European 
Union (High Court of Justice (England 
& Wales), 2016) and the United Nations 
General Assembly (1980). For example, 
the European Court of Justice has ruled 
that treaties between the EU and Morocco 
do not cover Western Sahara, as this is 
not considered to be Moroccan ‘territory’ 
within the meaning of those treaties (The 
European Court of Justice, 2016). 

It follows that Morocco remains an 
occupying power subject to international 
obligations concerning the exploitation 
of natural resources in that territory. 
These obligations prevent Morocco from 
exploiting these resources for its own 
benefit. By the same token, Morocco is 
constrained in granting exploitation licences 
to state-owned foreign companies. In a 
letter from the United Nations Under-
Secretary-General for Legal Affairs and 
the Legal Counsel to the President of the 
Security Council in 2002 (in response to 
a request for legal advice), the UN Legal 
Counsel considered that it was not per se 
illegal for Morocco to conclude contracts 
with foreign companies to exploit mineral 
resources in Western Sahara, as has been 
done, but it would be illegal to do so if this 
was done ‘in disregard of the needs and 
interests of the people of that Territory” 
(UN Legal Counsel, 2002). 

i A full list of UN member states that have recognised the Sahrawi Arab Democratic Republic from 1975 to 2020, is provided on Wikipedia 
with relevant references included: https://en.wikipedia.org/wiki/International_recognition_of_the_Sahrawi_Arab_Democratic_Republic

A long-term solution to the issue does not 
appear to be in sight. In 1991, the United 
Nations Mission for the Referendum 
in Western Sahara (MINURSO) was 
established under the ‘Security Council 
resolution 690 (1991) [Western Sahara]’ 
settlement plan (United Nations Security 
Council, 1991). MINURSO was mandated 
to monitor a cease-fire and to organise an 
independence referendum. To date (2021) a 
referendum has not been held. 

The Sahrawi Arab Democratic Republic 
(SADR), whilst not admitted into 
the United Nations, by 2021 has been 
recognised at some point in time by 84 
of its member states and South Ossetia 
(45 of which have “suspended”, “frozen” 
or “withdrawn” recognition)i. The African 
Union recognises both Morocco and 
Western Sahara as full member states. 
The United Nations observe Western 
Sahara as the last ‘non-self-governing 
territory’ in Africa (United Nations, 2020). 
Recent opinions of the European Court 
of Justice have reinforced that so long as 
Western Sahara is denied its right to self-
determination, it is a non-self-governing 
territory (Court of Justice of the European 
Union, 2018). In 2020, in a change 
from 45 years of US policy, the Trump 
administration announced US recognition 
of Moroccan sovereignty over Western 
Sahara (Mundy, 2020) and this policy does 
not seem set for reversal under the Biden 
administration (Kasraoui, 2021). 
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Despite major interruptions of supply 
due to the Morocco-Polisario war (1976-
1991), between 1976 and 2015, Moroccan 
investment in PR mining in the town of 
Bou Craa in Western Sahara has resulted 
in the export of over US$4 billion worth of 
PR (Smith, 2015). The Bou Craa reserves 
are mined by ‘Phosphates de Boucraa S.A.’ 
(Phosboucraa), a fully-owned subsidiary 
of the Moroccan state-owned phosphate 
mining company OCP. Phosboucraa also 
markets the PR from the Bou Craa mine 
and operates the loading dock and treatment 
plant located on the Atlantic coast at El 
Aaiún (or Laayoune). Whilst the Bou Craa 
mines represent 2% of Morocco’s PR reserves 
(OCP, 2021), in 2016, 22% of Morocco’s 
exported PR departed from El Aaiún (OCP 
SA, 2018). The average exports from Bou 
Craa over the last years have generated an 
annual income of around US$200 million 
(OCP, 2021). Phosboucraa is engaged in a 
development programme of approximately 
US$2.2 billion to move its operations 
up the value chain from raw materials 
to intermediate products and phosphate 
fertilisers by 2022 (OCP, 2015). OCP claim 
Phosboucraa is a major provider of economic 
viability and well-being of the region’s 
inhabitants (OCP, 2015). Phosboucraa has 
around 2,195 employees, of which 75% are 
“locals” (without specifying whether they 
are Sahrawis or settlers). Zunes (2015) 
argues “the benefits of such ‘development’ 
have largely gone to Moroccan settlers and 
occupation authorities, not the indigenous 
population”. 

Disruption to supply from Bou Craa will 
not impact global P access significantly 
since around 1-2% of annual global PR 
production is in Western Sahara (based on 
PR production rate in 2019; see Jasinski, 

2021). However, Camprubí (2015) argues 
that such quantities are significant enough 
to disrupt prices, and that countries currently 
and historically involved in exploiting the 
PR reserves in Western Sahara are not 
only interested in mining the resources, 
but also preventing others from doing so. 
Moreover, ethical questions for countries 
receiving PR supply from Bou Craa have 
been raised by several authors (including: 
Chernoff and Orris, 2002; Leite et al., 2006; 
Arts and Leite, 2007; Mundy and Zunes, 
2010; Boukhars and Roussellier, 2014; 
Camprubí, 2015; Smith, 2015; Kingsbury, 
2018; Omar, 2018). This controversy has 
been acknowledged by international courts 
(United Nations Security Council, 2002; 
Leite et al., 2006; White, 2015). For example, 
in December 2016, the Court of Justice of 
the European Union issued its decision in 
the appeal case of the POLISARIO against 
the European Council, concerning the EU’s 
free trade arrangements with Morocco in 
Western Sahara (The European Court of 
Justice, 2016). The Court of Justice ruled that 
Morocco had no territorial right to make 
agreements covering Western Sahara with 
respect to free trade in this context. 

Furthermore, ships carrying Western 
Saharan PR were detained in South Africa 
(OCP, 2018; WSRW, 2018) and Panama 
in 2017, with local courts asked to rule 
on the legality of their cargo. The High 
Court in South Africa ruled that the vessel 
NM Cherry Blossom carried PR that had 
been illegally exported from the territory, 
and was owned by SADR (High Court of 
South Africa, 2017). Conversely, the court 
in Panama ruled it did not have the right 
to hear the case, and the vessel was able to 
continue on its journey (Reuters, 2017a, b; 
Dudley, 2018).
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Such concerns have not only been a matter 
of international dispute over resources 
but have also affected investment in PR 
production and import (Hagen, 2015; Allan, 
2016; WSRW, 2020). The Western Sahara 
Resource Watch (WSRW)i report that the 
Danske Bank, the Norwegian Government 
Pension Fund, Luxembourg Pension Fund, 
KLP (the Norwegian insurance company), 
MP Pension (Denmark), the Norwegian 
Pension Fund, AP Fonden (the Swedish 
government pension fund), Nykredit 
Realkredit Group (Denmark) and PGB 
Pensioenfonds (the Netherlands), are 
among those to divest shares from OCP, 
and/or companies importing PR from 
Western Sahara (WSRW, 2018, 2020). They 
claim reasons for divestmentii are based 
on concerns of human rights breaches, 
international law violations and political 
controversy (WSRW, 2020). In 2018, 
the Canadian company Nutrien stopped 
importing PR from Western Sahara, stating 
this decision was based on a restructuring 
of the company (Nutrien, 2019). The 
WSRW report this caused a 50% drop in 
exports from the Bou Craa port of El Aaiún 
between 2018 and 2019 (WSRW, 2020). 
Notwithstanding this, in 2019, companies 
in New Zealand, India, Brazil and China 
imported PR from Western Sahara 
(WSRW, 2020).

For the present report, we do not focus 
on the legitimacy or otherwise of any 
territorial claims (including claims over 
natural resources) by Morocco or the 
SADR over land and mineral rights, nor on 
the determination of the European Court 
of Justice or other courts in regarding the 

iThe Western Sahara Resource Watch (WSRW) is an independent international non-governmental organisation that works “in solidarity 
with the people of Western Sahara, researching and campaigning against Morocco’s resource exploitation of the territory”.
iiThe WSRW provides quotes from divesting companies justifying their decisions to divest shares from OCP, and/or companies importing 
phosphates from Western Sahara on page 5 of WSRW, (2020) – www.wsrw.org/files/dated/2020-02-24/p_for_plunder_2020-web.pdf

merits or otherwise of any claim. Our role 
as sustainability researchers is rather to 
draw attention to these issues as part of 
providing a comprehensive picture of the 
challenges for sustainable P management. 

Importantly, we note that this topic has 
become taboo for certain stakeholders. 
This section of the report has been 
subject to intense scrutiny as part of 
a peer review process linked to the 
UNEP-affiliated Global Partnership on 
Nutrient Management. The comparison of 
stakeholder engagement in sustainability 
discussions around P and nitrogen is 
particularly informative. Discussion about P 
is extremely sensitive. For example, a Policy 
Brief led by SCOPE identifying P as an 
emerging issue for food production (Syers 
et al., 2011) was reported by SCOPE staff 
as being exceptionally difficult to negotiate. 
Later, a policy brief for UNEP, prepared by 
some of the present authors, proved equally 
difficult, taking three years to finalise what 
was essentially a two-page brief (Brownlie 
et al., 2017). Experience in developing 
the International Nitrogen Management 
System by some of the authors (e.g. 
Sutton et al. 2021) has clearly shown that, 
if fast progress should be achieved with 
nitrogen, then P should be excluded from 
the stakeholder and intergovernmental 
discussion. 

It is difficult to apportion the relative 
contribution of possible reasons for this 
extreme sensitivity about P, which we term 
here ‘phosphorus hypersensitivity’. For 
example, is P sensitive to producers and 
relevant industry associations because of 
the way that any public discussion might 
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affect resource value and market confidence 
of a commodity that has already been seen 
to be vulnerable to price instability? (See 
Figure 2.12 and Challenge 2.4 below). Or 
are the geopolitical interactions between 
companies and the relevant governments 
more important? Here it is possible to 
envisage that certain company interests 
would not wish to be in conflict with 
specific governments controlling access 
to PR reserves. In both cases, it can easily 
be seen how conflict surrounding PR in 
Western Sahara could spill over to make 
the whole topic of P extremely sensitive for 
certain stakeholders. 

For this report, it is therefore not our 
purpose either to justify or to defend any 
party. Rather, we draw attention to the 
critical message from a global perspective: 
that P hypersensitivity associated with 
such geopolitical conflicts makes P 
difficult to discuss in the international 
arena. Consequently, it becomes even 
harder to make effective progress towards 
sustainable P management. Much more 
work is needed to better understand the 
complex geopolitical-business-sustainability 
dynamics at play. Future efforts should 
focus on finding governance models which, 
while considering the complexities involved, 
would enable relevant stakeholders to 
address the underlying issues and provide 
the confidence needed to accelerate the 
global conversation about phosphorus. 
Ultimately, this will be essential to mobilise 
the global adoption of sustainable P 
practices.

Challenge 2.4: Phosphate 
rock price spikes remain an 
ongoing risk

In 2008, phosphate rock prices 
spiked by 800%, causing a 
subsequent increase in fertiliser 
prices that affected the livelihood 
of many of the world’s poorest 
farmers. This price spike occurred 
in response to a combination 
of factors, including instability in 
energy prices, changing dynamics 
of supply/demand for agricultural 
and phosphorus products, and 
the influence of geopolitics on 
exports. The stability of phosphate 
rock prices remains vulnerable to 
such drivers.

Two major PR price spikes have been 
observed in the last 30 years, in 1974 
and 2008 (Rosemarin and Ekane, 2016) 
(Figure 2.12). Mew (2016) predicted 
that PR price spikes should be expected 
in the future. After the 1974 price spike, 
the price of PR remained reasonably 
stable at around US$50 t-1. In 2008, PR 
prices increased by 800%, impacting P 
fertiliser prices accordingly (de Ridder 
et al., 2012), with a further modest 
spike in 2012. Spiralling fertiliser prices 
eventually led to a crash in demand for P, 
and the PR price dropped. However, as 
observed by Mew (2016), although the 
PR price dropped after each price spike, 
it has dropped to double the baseline 
preceding the increase (Figure 2.12). 

The cause of the 2008 PR price 
spike is complex and likely driven by 
a combination of factors including 
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changing the market supply/demand 
dynamics for agricultural and P 
products, instability in energy prices 
and geopolitical control on exports. 
Indeed, the price spike in 2008 was not 
unique to PR and affected almost all 
commodities, including oil, minerals, 
and grains (Martin and Anderson, 2012). 
An International Fertiliser Association 
(IFA) bulletin suggested the 2008 
volatility in agricultural and fertiliser 
prices reflected a combination of long- 
and short-term factors (IFA, 2011). 
Long-term factors included: 

• income growth and dietary changes 
in emerging economies; 

• competing objectives for agriculture, 
in addition to food and feed 
production (e.g. production of fibre, 
biofuel feedstock and bio-chemicals); 

• global grain market conditions (i.e. 
low cereal stocks); and 

• regular increases in energy prices. 

Contributing short-term factors included 
economic weakness in many countries, 
export restriction measures and extreme 
weather conditions and natural disasters 
(IFA, 2011). Some reports suggested 
the introduction of a US ethanol policy 
and increases in food prices were the 
major contributors to the increases in P 
demand (Cordell et al., 2009; Childers 
et al., 2011). However, Khabarov and 

Figure 2.12 Phosphate rock (PR) and crude oil prices 1960–2019, indicating a PR price spike in 1974 and an 800% price 
spike in 2008, with another spike following in 2012. After each price spike, the cost drops and stabilises at a higher cost. 
Other commodities experienced price spikes in 2008, including crude oil. Data source: World Bank Commodity Price data.
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Obersteiner (2017) argue that fertiliser 
market policies in India, which led to 
India doubling its import of P-fertiliser in 
2008 at a time when prices doubled, were 
the major contributor to the global PR 
price spike. 

The 2008 price spike affected the 
livelihood of many of the world’s poorest 
farmers, resulting in farmer debt and 
reports of farmer riots, for example, in 
Haiti and India (Cordell and White, 
2014). Mew (2016) states “these price 
spike events can be seen to be related to 
the escalating investment cost required 
by new mine capacity, and as such can be 
expected to be repeated in future…[and] 
...phosphate rock price volatility is likely 
to have more impact on food prices than 
rising phosphate rock production costs.” 
In 2021, the PR price began to rise 
steeply again.

Challenge 2.5: There is 
a lack of transparent, 
complete and comparable 
phosphate rock data

Significant discrepancies in 
phosphate rock data are reported, 
making it difficult to assess 
accurately the risk of geographic 
depletion of reserves. Differing 
definitions for phosphate rock 
‘reserve’ and ‘resource’ are a 
cause of discrepancies. Datasets 
on phosphate rock reserves 
and resources are commercially 
sensitive and are often not publicly 
available. Reserve estimates 
are dynamic and require regular 
updating, while conformity in data 
and reporting is needed. The 
United States Geological Survey 
estimates global phosphate rock 
reserves in 2020 at 70,000 Mt, 
indicating a current lifetime of >300 
years, although a longer lifetime 
may be expected in practice due to 
innovation and price elasticity.

The current rate of PR mining far 
outweighs the geological replacement of 
reserves and resources. Geological deposits 
of PR take millions of years to form, such as 
via the decomposition of marine organisms. 
In 2020, 223 Mt of PR (containing 67 
Mt P2O5) were mined from global PR 
reserves estimated at 71,000 Mt of PR 
(containing 21,300 Mt of P2O5) ( Jasinski, 
2021). In the same year, 47 Mt of P2O5 was 
consumed in the anthropogenic global P 
cycle, in phosphoric acids, fertilisers and 
other products ( Jasinski, 2021). Even if only 
currently-identified reserves are considered 
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(excluding P resources which are a factor 
of 4 larger), this indicates that there is little 
risk of scarcity of PR in the coming decades 
(Ulrich and Frossard, 2014). However, 
access to P for many smallholder farmers, 
especially in parts of Africa, remains a 
significant issue, impacted by factors other 
than geological scarcity associated with 
total P reserves and resources (Cordell and 
White, 2014) (see Chapter 3).

Concerns over the depletion of PR reserves 
are not only a contemporary issue (Ulrich 
and Frossard, 2014), as illustrated on the 
front cover of ‘The Fertiliser Review’ from 
1938, which depicts concern in North 
America over depletion of reserves (i.e. 
Eastern Field) against a backdrop of 
considerable ‘resources’ (i.e. Western Field) 
(Figure 2.13). 

 In 2009, there were renewed concerns 
about the geological depletion of P 
reserves under the term ‘Peak Phosphorus’ 
(Déry and Anderson, 2007) resulting in 
contention in accounting reserves (Déry 
and Anderson, 2007; Cordell et al., 2009) 
and debates on how long PR reserves 
may last (e.g. Cordell and White, 2011; 
Scholz et al., 2013; Ulrich and Frossard, 
2014; Geissler et al., 2018). As Ulrich and 
Frossard (2014) explain, however, concerns 
about P scarcity, when framed as geologic 
depletion alone, have been repeatedly 
disproven by resource appraisals from 
industry or government experts. 

Authors who have conducted estimates 
in the past share frustration that PR 
reserve data are unsatisfactory and call 
for conformity in reporting (Brobst and 
Pratt, 1973; McKelvey, 1974; Bender, 
1986). Currently, estimates are constrained 
by a lack of available information and 

often based on data collected using 
different methodologies (Ulrich and 
Frossard, 2014). Notable publicly available 
datasets include: 

• USGS PR reports (the major 
data source for global scientific 
publications on mineral resources) 
(https://www.usgs.gov/centers/
nmic/phosphate-rock-statistics-and-
information).

• FAO fertiliser datasets, available at its 
FAOSTAT data portal (http://www.
fao.org/faostat/en/). 

• IFA data portal (IFASTAT) (http://
ifastat.org) which provides limited 
publicly available data, with extensive 
data for members.

Figure 2.13 Cover of The Fertiliser Review Vol. XIII, No. 
2, March–April 1938. The small pile of phosphate rock 
(PR) represents 200 years left of supplies in Florida, with 
the larger pile representing 2000 years left of other US PR 
resources, illustrating the role of the undeveloped western 
PR deposits in USA phosphorus supply considerations 
(image featured in Ulrich, 2016). 
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• World Bank ‘pink sheets’ (https://www.
worldbank.org/en/research/commodity-
markets) providing long-term price 
series for PR and various mineral 
fertiliser types. 

However, since estimates are not reported 
in the same units (i.e. P2O5 or P content, 
or amount of PR) comparable analyses 
have to rely on assumptions that may 
not be accurate (e.g. concentration of P 
in PR, which differs between rock type). 
There is no independent source of data or 
governance at the international level to set 
standards and norms for reporting on PR 
(Rosemarin and Ekane, 2016). A review 
of the commonly used data sources on PR 
by Geissler et al. (2018a) identified current 
and significant discrepancies in global PR 
production data. 

A major source of discrepancies has been 
variation in the definitions of PR ‘reserve’ 
and ‘resource’ (Nedelciu et al., 2020). 
Phosphate rock ‘reserves’ can be considered 
PR resources that can be economically 
produced. However, ‘economic’ is contextual, 
dependent on changing socio-economic 
conditions and technological capacity. 
Currently, a classification method for 
monitoring reserves is not universally 
agreed upon, or required by law (Edixhoven 
et al., 2014), which can lead to uncertainty 
in reserve and resource speculations. 

For example, in 2010, reserves and 
resources as reported by the USGS were 
reassessed by the International Fertiliser 
Development Centre (IFDC). The USGS 
reported the global PR reserves in 2010 

of 16,000 Mt, 36% of which were in 
Morocco and Western Sahara. In the 
same year, the IFDC issued a report (van 
Kauwenbergh, 2010) in which global PR 
reserves were estimated at 60,000 Mt, with 
85% in Morocco and Western Sahara. In 
the USGS report, reserves were defined 
as an upgraded concentrate (when the 
information is available), a term used by 
the mining industry for ore processed to 
remove tailings to give a concentrate with 
phosphate content of at least 30%, ready 
for sale on the market. In the IFDC report 
(van Kauwenbergh, 2010), the term ‘PR 
deposit’ is used for both unprocessed rock 
and beneficiated concentrates, although it is 
not detailed how the weight of beneficiated 
ore is converted to the weight of PR. The 
USGS subsequently adopted the reserve 
estimation of the IFDC (de Boer et al., 
2019), resulting in significant increases in 
the estimated PR reserves from 2009 to 
2010 in Morocco and Western Sahara and 
in the Middle East (Figure 2.14). 

Reserves estimates are dynamic and require 
regular updating. Currently, there is a high 
degree of uncertainty on the extent of PR 
reserves (Edixhoven et al., 2014). As with 
oil reserves, the effort to discover new 
reserves is not static and will increase with 
impending shortages, and technological 
development. Furthermore, some PR 
resources may become economically 
profitable to exploit as prices of PR rise or 
through innovation to increase P yield or 
reduce processing costs. 
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Figure 2.14 Estimated world reserves of Phosphate Rock (PR) in Mt in 2009 and 2010, according to USGS ( Jasinski, 2009). 
In 2011, following a reassessment of PR reserves by the International Fertiliser Development Centre (van Kauwenbergh, 
2010), the USGS adopted a different definition for ‘PR reserve’ (as used by the IFDC). This resulted in the USGS reporting 
a significant increase in the estimated size of PR reserves in Morocco and Western Sahara, from 5700 Mt in 2009 to 50,000 
Mt in 2010, despite no new PR reserves being identified (compare with Figure 2.8). The definition of ‘PR reserve’ has a 
significant impact on PR reserve reports and our understanding of P scarcity. 
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2.6. Solutions

Solution 2.1: Reduce reliance 
on mineral phosphorus 
fertiliser

Replacing mineral phosphorus 
fertiliser with recycled phosphorus 
fertiliser would help to shift reliance 
away from mined phosphorus 
sources. Optimising capacity to 
recycle phosphorus throughout 
the food value chain in combination 
with societal change (e.g. diet 
change) would help to reduce 
phosphorus demand and 
losses. Enabling mainstream 
production of sustainable recycled 
phosphorus fertilisers containing 
low concentrations of contaminants 
is an essential prerequisite to 
upscaling operational recycling. 

National and international resilience to 
mineral P fertiliser supply risk can be 
increased by implementing a more circular 
approach to P use (Withers et al., 2015a). 
A framework to address inefficient P use 
throughout the food value chain is outlined 
in the 5R stewardship framework (Withers 
et al., 2015a). The 5R framework promotes 
Re-aligning P inputs, Reducing P losses, 
Recycling P in bioresources, Recovering P 
in wastes, and Redefining P in food systems. 
Through consideration of these elements, 
it can help identify and deliver a range 
of integrated, cost-effective and feasible 
technological innovations to improve 
Phosphorus Use Efficiency (PUE, defined 
and discussed in Chapter 4) in society and 
reduce dependence on mined P imports 

(Withers et al., 2015a). For most regions, 
this will require a combination of actions 
highlighted in later chapters in this report, 
including significantly improving PUE in 
agriculture (Chapter 4), reducing societal P 
demand (Chapter 8), and shifting reliance 
from PR to recycled P from both domestic 
and international sources (Chapters 
6 and 7). 

National policies that optimise P recycling, 
and hence reduce reliance on mineral P 
fertilisers, are acknowledged as pivotal 
to a transition to a more sustainable P 
future (Koppelaar and Weikard, 2013; 
Reijnders, 2014; Cordell and White, 2014; 
Withers et al., 2015b; van Dijk et al., 
2016; Chowdhury et al., 2017; Withers 
et al., 2018a; van Kernebeek et al., 2018). 
Switzerland, Sweden, Austria and Germany 
are pioneering policies to recover P from 
waste streams (Günther et al., 2018). 
Furthermore, the revision of the Fertilisers 
Regulation (EC) No 2003/2003, aimed to 
increase market opportunities for recycled 
P fertilisers to give farmers and consumers 
a wider choice of more sustainable 
products, promote green innovation and 
help to develop the circular economy while 
reducing dependence on imported nutrients 
(European Parliament, 2018). 

Currently, the use of recovered P to produce 
fertiliser cannot compete financially against 
phosphate rock. To make a significant 
increase in the use of the recovered P, 
the mineral fertiliser industry must make 
a substantial shift to increase its use of 
recovered P as a raw material (see Chapter 
7). Increasing national capacity and further 
research and development to support 
mainstreaming of fertiliser production 
using recovered P materials is essential as a 
foundation to reduce costs, although issues 
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of contaminants should also be addressed 
(Kratz et al., 2016; Kumpiene et al., 2016; 
Bigalke et al., 2017) (see Chapters 6 and 7). 
Marketing opportunities for using recycled 
P sources may also merit consideration 
by the fertiliser industry. For example, a 
goal for fertiliser products to contain a 
minimum of 20% recycled P by 2030 could 
set a benchmark that demonstrates green 
commitment across the industry. 

Solution 2.2: Establish safety 
levels for contaminants 
in fertilisers and 
agricultural products

Internationally agreed limits should 
be set for cadmium and harmful 
contaminants in mineral and 
recycled phosphorus fertilisers and 
food. Existing national cadmium 
limits require better enforcement. 
Optimising fertiliser use to match 
plant needs and practices to 
reduce phosphorus losses can 
also decrease inputs, thereby 
further lowering the application 
of fertiliser contaminants to soils, 
complementing the use of clean 
mineral and recycled phosphorus 
fertilisers.

Implementing safe limits for cadmium and 
other potentially harmful contaminants 
in all P fertilisers and feed supplements 
should be applied globally, especially 
when considering the global trade in 
agricultural produce (Bigalke et al., 2017; 
Hooser, 2018). National limits on cadmium 
in mineral P fertilisers exist in 21 EU 
countries and to a lesser extent around the 

world (Ulrich, 2019), though Bigalke et 
al. (2017a) argue that existing cadmium 
limits need to be better enforced. In 
addition to reducing contaminant inputs, a 
reduction in the recycling of contaminants 
in manure and other organic resources 
may be necessary. Optimising fertiliser 
practices to match plant needs, reducing 
fertiliser losses and increasing the use of 
clean and high-quality mineral and recycled 
P fertilisers are all important in reducing 
the load of fertiliser-borne contaminants 
to the environment (Bigalke et al., 2017; 
Hermann et al., 2018). Furthermore, 
contaminants can be removed during PR 
processing and fertiliser production through 
existing measures such as blending (mixing 
of PRs with varying levels of cadmium) 
and decadmiation (i.e. processes to remove 
cadmium) (Syers, 2001; Benredjem and 
Delimi, 2009). However, such processes can 
be expensive and, given limited regulatory 
requirements in many territories, they are 
not currently used at industry scales.

Whilst there has long been a lack of global 
policy or regional legislation on cadmium 
levels in fertiliser products, this is starting to 
change. In 2019, the European Parliament 
and Council adopted Regulation 2019/1009 
which set harmonised cadmium limits for 
CE marked phosphate fertilisers (European 
Parliament & the Council of the European 
Union, 2019). Whilst cadmium limits are 
currently unrestricted, by 2022 P fertilisers 
must contain less than 60 mg cadmium kg-1 
P2O5 (European Parliament & the Council 
of the European Union, 2019). Further 
tightening of this limit to 40 mg kg-1 (by 
2025) and 20 mg kg-1 over the next 12-16 
years has been proposed (Ulrich, 2019), 
but was not accepted by the European 
Commission. 
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Solution 2.3: Promote 
models of governance 
aimed at ensuring 
phosphorus security

Ensuring phosphate security which 
supports all farmers to access 
sufficient phosphorus to grow 
crops, is a global responsibility and 
requires international cooperation. 
Balanced stakeholder participation 
in negotiations is necessary to 
ensure phosphate security and 
avoid domination of regulatory 
agencies by industries or private 
interests. An internationally agreed 
framework promoting sustainable 
phosphate rock mining and 
trading is currently missing and 
urgently needed. 

Ensuring all farmers (in particular, on 
small-scale farms in less economically 
developed countries) have access to 
sufficient P to grow crops and are buffered 
from fertiliser price fluctuations is a global 
responsibility and requires international 
cooperation (Teah and Onuki, 2017). There 
are several dimensions to this from a legal 
perspective. Under international law, states 
are entitled to control the natural resources 
located in their territory and maritime areas. 
This is an attribute of their sovereignty and 
stems from the well-recognised principle 
of permanent sovereignty over natural 
resources. As such, states are entitled to 
freely decide whether to exploit their 
resources (even, if they wish, to the point 
of depletion) or instead to leave them in 
situ. In light of the unequal distribution 
of PR reserves and the growing need for 
all states to have access to P, it would be 

sensible for states to explore models of 
governance driven by a benefit-sharing 
approach, following examples adopted for 
other natural resources (De Jonge, 2011; 
Morgera, 2016). 

Two other areas of international law are 
also relevant. First, international trade 
obligations prohibit export bans (but 
not production bans) on products, unless 
this is justified on good grounds, e.g. 
environmental considerations. Second, 
human rights law requires states, in certain 
circumstances, not to harm persons in 
other states. In this respect, it is relevant 
that access to P is an essential step towards 
reaching the objectives of SDG 2 - Zero 
Hunger (Gil et al., 2019; El Wali et al., 
2021). The right to food is recognised in 
the 1948 Universal Declaration of Human 
Rights as part of the right to an adequate 
standard of living and is enshrined in the 
1966 International Covenant on Economic, 
Social and Cultural Rights (United Nations, 
2010). This does not mean that states 
with P are necessarily under an obligation 
to allow exports of P to states in need of 
fertiliser, but it is a relevant consideration 
in any negotiated solution, and also plays a 
role in the interpretation of other relevant 
international rules. 

Balanced stakeholder participation in 
negotiations is necessary to ensure P 
security and avoid ‘regulatory capture’ by 
industry. The concept of ‘regulatory capture’ 
has been introduced to reflect situations 
where the decisions of regulatory agencies 
are dominated by the industries or interests 
they are charged with regulating (De Jonge, 
2011). There is also a need to recognise 
socio-political power differences between 
different stakeholders, both nationally 
and internationally. This may require 
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engagement to go beyond governments 
and international organisations to include 
indigenous communities and their 
respective rights over specific resources, 
including healthy ecosystems, access to 
agricultural lands and access to clean 
water (De Jonge, 2011; de Ridder et al., 
2012; Smith, 2015). Indeed, PR mining 
can require large amounts of water, 
which may challenge the needs of local 
communities. Furthermore, potential 
adverse environmental effects and human 
health risks associated with the discharge 
of phosphate mining waters have been 
reported (Chraiti et al., 2016; Reta et al., 
2019). It is appropriate that assessment 
of social impacts be informed through 
consultation with all stakeholders, and 
careful analysis of the complex relationships 
between all stakeholders involved in the 
mining, trade and use of P from PR reserves 
(Nedelciu et al., 2020). Two initiatives in 
the mining sector have relevance here: 
the Extractive Industries Transparency 
Initiative (EITI) and the Due Diligence 
Guidance for Responsible Mineral Supply 
Chains from Conflict-Affected and High-
Risk Areas (DDG) of the Organisation for 
Economic Co-operation and Development 
(OECD). The EITI Standard (EITI, 2019) 
requires the disclosure of information 
along the extractive industry value chain, 
such as how extraction rights are awarded, 
how revenues make their way through the 
government and how these revenues benefit 
the public. Whilst currently implemented 
in 55 countries, it would be appropriate for 
the EITI standard to be extended to all 
nations that mine PR reserves. The OECD 
DDG provides detailed recommendations 
to help companies respect human rights. 
The OECD DDG cultivates transparent 
mineral supply chains and sustainable 

corporate engagement in the mineral sector. 
It aims at enabling countries to benefit from 
their mineral resources, whilst preventing 
the extraction and trade of minerals from 
becoming a source of conflict, human rights 
abuses, and insecurity. The OECD DDG is 
available for use by any company potentially 
sourcing minerals or metals from conflict-
affected and high-risk areas (OECD, 2016). 

Ultimately, it is up to the international 
community to agree on the exact terms 
and provisions of a fair and equitable PR 
sharing mechanism. The World Trade 
Organization and the United Nations are 
perhaps best positioned to take a leading 
role in facilitating these processes. It is 
recommended that states should seek 
to adopt a multilateral legal framework 
promoting ‘sustainable PR mining and 
trading’. Although PR mining cannot be 
fully sustainable, as it depletes a natural 
resource, it can be optimised and made 
more efficient (Nedelciu et al., 2020). 
Such a framework would need to consider 
environmental impacts, socioeconomics, 
fairness for local communities and 
intergenerational equity. Its activities would 
need to consider reasonable export/import 
taxation of PR and trade agreements that 
are not exploitive (e.g. addressing potential 
concerns about favouring rich countries 
and affecting access of poorer nations to P 
reserves). 

It is recommended that progress in P 
sustainability would be advanced by the 
establishment of an appropriate United 
Nations body entrusted with making 
a global assessment of all PR reserves 
(Rosemarin and Ekane, 2016; Nedelciu 
et al., 2020) and developing harmonised 
criteria for ‘sustainable PR mining and 
trading’. A potential framework to address 
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these needs is suggested in Chapter 9, 
and in Brownlie et al. (2021). Significant 
investments and compromises from all 
governments and other stakeholders are 
needed to move forward successfully. 
The approach of addressing common but 
differentiated responsibilities as used in 
climate change negotiations could provide a 
suitable model. In this way, the parties with 
more means (e.g. high-income countries) 
might take the lead in promoting PR 
security and equitable access to phosphorus.

Solution 2.4: Improve 
stakeholder capacity to deal 
with phosphate rock price 
volatility

Stakeholders need to plan for 
uncertainty by increasing adaptive 
capacity. Building national 
capacity to close the phosphorus 
loop in food production systems 
and shifting reliance from 
mined phosphorus to recycled 
phosphorus will help protect 
against phosphorus supply risk. 
Governments need to recognise 
phosphorus supply risks through 
appropriate policy and regulation.

Understanding the drivers of PR price 
spikes is important as a foundation to 
anticipate and mitigate the impacts 
of future volatility. Given PR price 
spikes are expected in the future (Mew, 
2016), P stakeholders need to plan 
for uncertainty by increasing adaptive 
capacity. Ultimately, improving nutrient 
management to ensure the most efficient 
use of P in agriculture (as discussed in 

Chapter 5), and improving circularity in 
national P cycles will provide the greatest 
protection. Progress towards this goal 
requires a shift in reliance away from 
mined P sources to recycled P sources 
and the reuse of organic sources of P 
on farmland (see Chapters 6 and 7). 
Implementing strategies to optimise P 
demand and investing in innovations 
to access legacy P from soil stores and 
reduce P losses to the environment are 
also required. However, for most nations 
‘phosphate independence’ is unrealistic, 
even impossible; governments, therefore, 
need to recognise P supply risks within 
national policy. To assess supply risk, 
governments and stakeholders require 
accurate and comparable data on reserves, 
resources, supply and demand at the 
national scale. Approaches have been 
developed to produce these data to inform 
analyses of P supply resilience (Rosemarin 
and Ekane, 2016; Geissler et al., 2018). 

Governments need to recognise P supply 
risks through appropriate policy and 
regulation. The 2008 fertiliser price 
spike was certainly a trigger for the 
European Union to place PR on the EU 
list of critical raw materials (European 
Commission, 2014), which has in part 
led to innovative legislation in Germany 
and Switzerland to increase P recycling 
from wastes. Whilst current processes to 
recover P and manufacture recovered P 
fertilisers can be expensive (see Chapter 
7), legislation to support innovation and 
growth in P recycling industries can 
help to bring down prices of recycled P 
fertilisers. 

Finally, the international financial sector 
can play a crucial role in shaping the 
behaviours of the industry with respect 
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to reducing the financial impact of P 
losses through the food system and in 
realising the financial benefits of new 
investment in companies developing 
sustainable P approaches. There is an 
opportunity to dovetail and build upon 
the progress currently being made 
in climate change responses across 
the international financial sector, 
recognising that unsustainable nutrient 
use is a key driver of climate change and 
environmental degradation. These impacts 
carry large financial costs, for example, 
to the drinking water sector, whereas the 
emergence of more sustainable nutrient 
use technologies and approaches (e.g. 
the recycling industry) represents an 
opportunity for future investment. An 
example of the type of approach that 
could be utilised is the Task Force on 
Climate-related Financial Disclosure 
(TCFD, 2017), which was established 
by the Financial Stability Board of the 
G20 group of countries. Nutrient-related 
financial information could be developed 
to help support investors and companies 
make evidence-based decisions on their 
response to environmental change, new 
regulations, and customer behaviour 
associated with a transition towards a 
more sustainable P future. 

Solution 2.5: Improve 
transparency and the 
independent assessment of 
phosphate rock data

There is a need for transparency 
and free access to accurate, 
current data on global reserves and 
resources of phosphate rock. An 
independent, international body is 
needed to assess data regularly 
and to disseminate findings 
through appropriate mechanisms, 
institutions, and outreach 
programmes.

The need for transparency on global 
reserves and resources of PR and estimated 
quality of supply is recognised widely (e.g. 
Ulrich and Frossard, 2014; Rosemarin 
and Ekane, 2016; Wellmer and Scholz, 
2017; Geissler et al., 2018; Nedelciu et al., 
2020). Increasing transparency will require 
the collaborative efforts of governments, 
industry stakeholders, geological surveys, 
academia and inter/-national organisations 
(van Kauwenbergh, 2010; Ulrich and 
Frossard, 2014). 

Strategies for P management often rely 
on quantitative models to underpin 
decision-making and policy development. 
Independent of the modelling approach, 
robust data is essential. With the lack 
of available data, decisions taken by 
governments may not be correct, and 
predictions by scientists uncertain (Geissler 
et al., 2018). Currently, private consulting 
firms collect data, which are then available 
to paying members. For example, CRU is a 
business intelligence company that collects 
data (e.g. mineral P fertiliser production 
costs, prices, supply and demand) and 
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uses IFA data to cross-check its numbers, 
whilst scientists usually depend on access 
to publicly available data from national 
geological surveys. Geissler et al. (2018) 
suggest IFA data on global PR production 
is likely to be the most accurate, and covers 
98% of global production, but points out 
that only limited reports and data are 
available to non-members. 

The establishment of an independent and 
international body to regularly assess data 
and to promote and disseminate findings/
results through appropriate mechanisms, 
institutions and outreach programmes is 
urgently needed (Rosemarin and Ekane, 
2016; Geissler et al., 2018; Nedelciu et al., 
2020; Brownlie et al., 2021) (see Chapter 

9). This could serve a similar function for 
P supply and demand, as the UN World 
Water Quality Alliance does for water 
quality, by providing governments and 
other stakeholders with relevant evidence-
based assessment, scenarios, solutions, 
and services. It is recommended that such 
activities be accompanied by efforts to agree 
on the definitions of reserves and deposits, 
and conversion of all phosphate data to a 
common base, such as 100% P2O5 (“total 
tonnes of P2O5 nutrients”) (Geissler et 
al., 2018). In the meantime, policymakers 
should be made aware of the discrepancies 
and uncertainties in PR data when making 
policy decisions. 
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Transforming food 
systems: implications 
for phosphorus
Lead authors:  Dana Cordell, Tim G. Benton

Co-authors:  Paul J.A. Withers, Penny J. Johnes, Tina-Simone Neset, Bryan M. Spears

Managing phosphorus underpins 
the sustainability of the food 
system and is vital in achieving 
future food security. Strategies to 
deliver phosphorus sustainability 
include a transition to circular 
phosphorus value chains, land-use 
planning approaches that support 
greater phosphorus use efficiency 
and a reduction in consumption 
of animal products. Affordable 
access to sustainable phosphorus 
sources is imperative to ensure 
food provision for all and to protect 
the livelihoods of smallholder and 
marginal farmers.

Left: A woman sells fruits and 
vegetables at Siti Khatijah Market, 
Kelantan, Malaysia. 'Phosphorus 
security’ envisages a world where 
all farmers have access to sufficient 
phosphorus to grow enough food to 
feed a growing population a healthy 
diet while ensuring farmer livelihoods 
and minimising detrimental 
environmental and social impacts. 
Photograph taken by Alex Hudson 
on www.unsplash.com - www.
unsplash.com/@aliffhassan91

Suggested citation for this chapter: D. Cordell, T.G. Benton, P.J.A. Withers, P.J. Johnes, T.S. Neset, B.M. Spears. (2022) Chapter 3. 
Transforming food systems: implications for phosphorus, in: W.J. Brownlie, M.A. Sutton, K.V. Heal, D.S. Reay, B.M. Spears (eds.), 
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Challenge 3.1: Business as usual is unsustainable: we must 
produce healthier foods, using appropriate phosphorus inputs
Our food system is a significant cause of nutrient pollution in terrestrial, freshwater and marine 
ecosystems, and of global climate change, while more than half the global population are acutely 
hungry, malnourished, overweight, or obese. The public health and ecological costs of the current 
food system exceeds the economic value of agriculture. Systemic transformation is required for food 
systems to become environmentally sustainable and provide nutritional security for all. Sustainable 
phosphorus strategies must directly support, not hinder, this transformation. On the current path, the 
global food system will increase the mining of finite phosphate rock to produce fertiliser, feed additives 
and food supplements, and is not tracking towards a circular phosphorus system (driven on recycled 
phosphorus inputs). 

Challenge 3.2: Increasing global consumption of animal 
products is increasing phosphorus demand
The amount of phosphorus required to produce the average per capita global diet has increased by 38% 
in the last 50 years, due to the rise in consumption of animal products, increase in average per capita 
consumption and increased food waste. Excluding phosphorus-efficient grass-based systems, a large 
proportion of cropland is needed to support intensive meat and dairy production through concentrated 
animal feeding operations. This trend is driving increased mining of phosphate rock for fertilisers, 
animal feed and supplements. Unhealthy diets, including overconsumption of animal products, are also 
a significant contributor to non-communicable diseases.

Challenge 3.3: Balancing intensive agriculture with low 
input farming
Agricultural intensification increases productivity yet increasing phosphorus inputs to crops can 
also over-enrich adjacent land and waterbodies with nutrients. Lowering phosphorus inputs reduces 
environmental risk and promotes biodiversity but may restrict yield in the long-term. Strategies need 
to provide the right balance of intensification to avoid the need to convert more land to agriculture. 
Optimising the multitude of costs and benefits and taking account of direct and indirect impacts can 
be challenging and context specific. The challenge we face is in developing low phosphorus input 
farming systems which can sustain food production.

Challenge 3.4: Many farmers lack access to phosphorus, 
threatening their livelihoods
Currently, 1 in 7 farmers cannot access or afford phosphorus fertilisers to increase productivity, 
reducing their ability to maintain food security and livelihoods. Those farmers most affected are rural 
smallholder farming families, particularly in less economically developed countries, but also in some 
more economically developed countries. There are marked global inequalities in access to phosphorus 
as a resource, leading to substantial inequalities in the distribution of risks to food security.
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Solution 3.1: Managing phosphorus sustainably can support a 
shift to healthier diets
Global food systems must produce, actively support, and provide access to nutritious food and diets 
for all. This shift, from ‘market-led’ to ‘sustainable’ food security, can reduce phosphorus demand and 
adverse impacts on ecosystems and society. Concurrently, strategies to deliver better phosphorus 
sustainability, including circular phosphorus value chains, can benefit agricultural economies, whilst 
effective monitoring systems, data sharing, and knowledge exchange can ensure strategies adapt to a 
transforming food system. 

Solution 3.2: Shift global consumption of animal products 
towards plant-based diets 
Reduced consumption of animal products especially from intensive production systems in some 
regions may reduce global agricultural phosphorus demand and contribute to healthier environments. 
Increased awareness amongst policymakers and the public of the environmental impacts of phosphorus 
use in food production, and the human health risks of excessive consumption of animal products, 
will be an essential driver of change. Knowledge exchange between academics, stakeholders and the 
public can help identify solutions to support a transition to more phosphorus sustainable consumer 
behaviour, as could policy and regulatory changes (including internalising the environmental costs into 
food pricing).

Solution 3.3: Integrated landscape strategies to improve 
phosphorus use efficiency and reduce losses
There is an opportunity to develop novel land-use planning approaches to support more sustainable 
phosphorus use across multiple and interacting contexts. These include agricultural production, 
ecosystem and human health, local economies and regional capacity for institutional planning and 
coordination. Sustainable farming systems in which animal and crop production are more integrated 
and animal residues and manures are treated as valuable phosphorus resources, will support efforts to 
increase phosphorus use efficiency within landscapes while reducing negative impacts on aquatic and 
terrestrial ecosystems. 

Solution 3.4: Better support for smallholder farmers
Affordable access to sustainable phosphorus sources is imperative to ensure food provision for all and 
to protect the livelihoods of smallholder and marginal farmers. Multiple options exist to help improve 
phosphorus access in these communities. These include access to credit, extension services, investment 
in sustainable infrastructure (such as local phosphorus recycling systems from food waste and 
sanitation where available), and knowledge exchange to support better phosphorus use efficiency and 
recycling. Developing the capacity to recycle phosphorus from local and regional food systems where 
available can help to shift reliance away from mineral phosphorus fertilisers.
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3.1 Introduction
All farmers need access to phosphorus (P) 
to grow crops, regardless of what they grow 
or where they farm. Yet, access to affordable 
and sustainable sources of P is, currently, not 
guaranteed. At the same time, excess P use 
can harm aquatic ecosystems and in turn 
the food, ecosystem and agricultural services 
they support (see Chapter 5). Managing 
P sustainably, therefore, underpins the 
sustainability of the food system and is 
vital in achieving future food security. To 
make progress towards a sustainable global 
food system we must take a multiple-
stressor mitigation approach. This includes 
better managing P use in addition to other 
essential macro- and micro-nutrient sources 
essential to food production to reduce 
the impact of food production on climate 
change, human and ecosystem health, 
and to addresses inequalities in access to 
nutritious food from local to global scales. 
Efforts focused on single-stressor action 
are not sustainable and will be unlikely to 
tackle the scale of the challenge. Multiple 
United Nations Sustainable Development 
Goals (SDGs) demand a transformation to 
more sustainable food systems, however, the 
role of P management in food systems is 
not yet sufficiently addressed. ‘Phosphorus 
security’ envisages a world where all farmers 
have access to sufficient P to grow enough 
food to feed a growing population a healthy 
diet while ensuring farmer livelihoods and 
minimising detrimental environmental and 
social impacts (Cordell, 2010).

Actions to improve global P security 
should be underpinned by a comprehensive 
understanding of food systems and the 
flows of P within them. Such actions 
should be co-developed with relevant 

stakeholders to achieve food security whilst 
delivering multiple benefits to society, for 
example as defined by the SDGs. This 
will decrease the likelihood of ‘lock-ins’, 
where actors are unwilling or unable to exit 
a position because of sunk infrastructure 
costs, regulations, or penalties. For example, 
while phosphorus recovery will be essential, 
investing in expensive phosphorus recovery 
technologies that do not produce phosphorus 
in biochemical forms that can be easily used 
to produce fertilisers, and are more energy-
intensive to produce than mineral fertilisers, 
may not be the best use of financial resources.

One significant challenge to overcome 
with respect to the global food system 
is the equitable supply of, and access to, 
phosphorus. Only a few countries control the 
bulk of non-renewable phosphate reserves 
and production, due to natural geological 
phosphate formations. Most countries are 
import-dependent and hence vulnerable to 
price shocks, supply disruptions, and import 
barriers (see Chapter 2), which can disrupt 
food security and farmer livelihoods if not 
sufficiently managed.

In this chapter we provide an overview of the 
importance of sustainable P management in 
global food security, outlining the need to 
transform our food system to enhance public 
health and farmer livelihoods whilst reducing 
adverse impacts on the environment. We 
then propose possible future scenarios for 
food systems and highlight that whilst 
the future trajectory of food system 
transformations remains uncertain, it should 
embrace both trade-offs and synergies for 
P security. We then summarise some of the 
key challenges and solutions to achieving 
P security within a food system under 
transformation.
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3.1.1 Food and fertiliser 
price spikes
Food and fertiliser prices have a significant 
impact on food systems, especially in 
developing economies. In 2007–2008, the 
nominal prices of almost all food commodities 
increased by more than 50%, then dropped 
soon after, and surged again in 2010–2012 
(FAO, 2017). This was accompanied by an 
800% increase in the price of phosphate rock 
in 2008, with a further peak in 2011–2012, 
impacting P fertiliser prices and food security 
(de Ridder et al., 2012) (Figure 3.1).

Against the background of declining food 
prices since the 1950s ( Jacks, 2018), the 
2007–2008 increase in the FAO Food Price 
Index came as a global surprise. It was likely 
driven by a combination of increasing biofuel 
demand, speculation in commodity futures 
markets, countries’ aggressive food stockpiling 

policies, trade restrictions, macroeconomic 
shocks to the money supply, exchange rates, 
and economic growth (Tadasse et al., 2014). 
Whilst the 2008 phosphate rock (PR) price 
spike is connected, the drivers are again 
complex, contentiously debated, and likely 
include a combination of market supply and 
demand dynamics for agricultural products, 
instability in energy prices and geopolitical 
control on exports (Childers et al., 2011; 
Cordell et al., 2015; IFA, 2011; Khabarov and 
Obersteiner, 2017) (see Chapter 2).

Spikes in food and fertiliser prices directly 
affected access to food for the global poor and 
vulnerable. The risk of food production being 
unable to meet the rapidly growing global 
population demand for food (and the water 
and energy needed to supply it), as well as 
the impacts of climate change, was cause for 
global concern, placing P sustainability on 
the global food security agenda.

Figure 3.1 FAO food price index (international prices of a basket of food commodities) in nominal terms (data source: 
FAOstat) and phosphate rock price (US$/t) (Data source: World Bank Commodity Price data) from 1980 to 2019, showing 
peaks in price between 2007-2008, and again in 2011.
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3.1.2 Shifting paradigms of 
food security
Food security occurs, according to the 
FAO definition, when “all people, all of the 
time, have physical, social and economic 
access to sufficient, safe and nutritious 
food that meets their dietary needs and 
food preferences for an active and healthy 
life” (FAO, 2009). This definition is often 
discussed under a conceptual framework 
of supply availability and access (including 
economic access through price), the ability 
to utilise food (e.g. safe preparation) and 
stability (i.e. without undue fluctuations in 
availability and access).

Historically, discussions about food security 
have focussed on the provision of sufficient 
food (with emphasis on staple crops 
supplying calories) for the global poor, 
particularly in the developing world. More 
recently this discussion has been nuanced 

by recognition of two further key issues 
(Figure 3.2). First, is the need to address the 
global rise in obesity and the health burden 
this creates through non-communicable 
diseases (NCD Risk Factor Collaboration 
(NCD-RisC), 2016). In many parts of 
the developed world, obesity is related to 
inequality and dietary choice and driven by 
the availability of calorie-dense food that 
is relatively cheap, whereas nutritionally 
dense food is expensive (Darmon and 
Drewnowski, 2015). Poor education 
around healthy food choices, but perhaps 
most importantly poor food environments 
coupled with effective marketing strategies 
of ‘junk food’ companies, contribute to this 
issue. There is an increasing need to focus 
on providing diets that are healthy and 
not obesogenic, going beyond providing 
calories to providing nutrition (Swinburn et 
al., 2019).

Figure 3.2 Global drivers that have informed discourse on food security since the 1960s to present (GMO – genetically 
modified organisms; SDGs – sustainable development goals).
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Second, is the need to build environmental 
sustainability into food production 
systems. Following the 2007–2008 food 
price spike, and recognising the growing 
demand for food driven by a rising, more 
affluent population, projections of demand 
for food (based on historical trends) 
suggested a 70–100% demand increase by 
2050 (Alexandratos and Bruinsma, 2012). 
These projections launched a discussion 
about how to meet that demand by raising 
the output per unit area (i.e. agricultural 
intensification) but doing it sustainably. This 
concept is called sustainable intensification 
and can be described as a process or system 
where agricultural yields are increased 
– or maintained – whilst reducing the 
environmental impact and without the 
conversion of additional non-agricultural 
land (Baulcombe et al., 2009; Benton, 
2016; Pretty et al., 2011). Garnett et al. 
(2013) highlighted that whilst sustainable 
intensification is an evolving concept, it is 
only part of what is needed to improve food 
system sustainability and is not synonymous 
with food security. Food security has 
multiple social, ethical and environmental 
dimensions and to achieve it requires more 
than just changes in agricultural production. 
It is also the case that a move to ‘sustainable 
intensification’ of food production against 
rising demand is unlikely to be achieved 
without increasing environmental impact, 
albeit at a slower rate than might occur if 
such approaches were not adopted.

The 2015 Paris Agreement reflected a 
consensus on the existence of “planetary 
boundaries”, setting limits on global 
temperature increase related to greenhouse 
gas (GHG) emissions (IPCC, 2018) and 
informing discussions on the role of the 
global food system as a key driver of global 

climate change, as well as the impact of 
climate change on food security. This has 
led to the recognition that “supply-side” 
measures alone will not deliver sufficient 
increases in sustainability within food 
systems (Bajželj et al., 2014; Springmann 
et al., 2018). For example, redressing the 
increasing consumption of meat and dairy 
products in both developed and developing 
economies may be necessary (Hoekstra, 
2012; Leip et al., 2015; Poore and Nemecek, 
2018; Röös et al., 2018). In 2021, the term 
‘Food Systems’ was officially adopted at a 
summit convened by the United Nations 
to better integrate these issues within the 
delivery frameworks of the SDGs (United 
Nations, 2021).

3.1.3 Why the food system 
needs to change
With more people suffering from hunger 
and malnutrition than consuming healthy 
diets (FAO, IFAD, UNICEF, WFP, and 
WHO, 2017; FAO et al., 2018), the need 
for transformation of the food system is 
primarily driven by the need to address 
malnourishment. This runs alongside the 
need to reduce the adverse impacts of food 
production on the global climate system 
and ecosystem health across all planetary 
domains. However, transforming the food 
system to deliver healthy and sustainable 
diets also addresses P sustainability and 
climate security (Willett et al., 2019). There 
is growing recognition that a systemic 
transformation of the food system is 
required, and that “business as usual is 
not an option” (Webb et al., 2020). This 
recognition comes not just from academic 
institutions (Fears et al., 2019; Poore and 
Nemecek, 2018; Ripple et al., 2017) and 
the Intergovernmental Panel on Climate 
Change (IPCC) (IPCC, 2018) but also 
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from the business community (High Level 
Forum, 2019; World Economic Forum, 
2017). Furthermore, environmental and civil 
society institutions, including the World 
Wide Fund for Nature Fund (WWF) 
(SustainAbility and WWF, 2018) and 
the World Resources Institute (WRI) 
(Searchinger et al., 2019) acknowledge the 
need for change. However, if “business as 
usual is not an option” what will the future 
look like for our food systems, and how will 
this relate to P security?

3.2 Plausible food 
system scenarios
In the following, we propose a suite of 
plausible future scenarios for food systems 
(Benton, 2019). Scenarios are a route to 
aid decision-making under conditions of 
high uncertainty (Courtney et al., 1997; 
Rosa et al., 2017), when past trends cannot 
necessarily be extrapolated into the future 
with confidence, and where the future is 
likely to be shaped by drivers or events 
which may plausibly lead to very different 
outcomes. Whilst scenarios may take a 
variety of forms, a common approach is to 
identify the two most important drivers 
which will shape the future, but for which 
there is great uncertainty about what 
form they will take (e.g. World Economic 
Forum, 2017).

A variety of recent exercises have suggested 
two axes, defining four plausible scenarios 
(see Benton, 2019 for an overview). 
These axes are:

Axis 1: Dietary shifts from today’s diet, 
towards food systems that provide healthy 
food with low-externalised costs to human 
health and the environment.

The drivers for such a shift include 
climate change mitigation, health care 
costs of malnutrition and associated non-
communicable diseases, the rise of anti-
microbial resistance from intensive livestock 
production (Rushton, 2015), air quality 
impacts caused by intensive agriculture 
and volatilisation of nitrogenous fertiliser 
(Sutton et al., 2013), the rise in plastic and 
food waste, and demand to reduce nutrient 
and pesticide use in agriculture (Chapter 
5). Other initiatives that support a shift to 
healthy and/or sustainable diets include 
the EAT-Lancet Commission (Willett et 
al., 2019), Agrimonde foresight work on 
food security and land use (Paillard et al., 
2014), the EU JRC’s food systems’ foresight 
study (Bock et al., 2014) and Shared Socio-
economic Pathway (SSP) SSP1 for the 
IPCC (O’Neill et al., 2017).

Axis 2: Change in globalisation towards 
regional or local food systems.

The dominant view has been that global 
trade based on economies of scale and 
comparative advantage is an economic 
necessity. However, geopolitical trends over 
the last five years, such as the erosion of the 
post-WW2 architecture of international 
cooperation and the rise of inward-
looking and protectionist policies driven by 
increasing global inequality and migration, 
suggest the future may be shifting towards 
less globalised trading systems, compared to 
the trend of the last 70 years. A shortening of 
supply chains may also be driven by climate 
change impacts on current food systems and 
geopolitical instability, incentivising local 
sourcing to reduce reliance on imported 
foods. Social change, for example, increasing 
trust in locally produced foods to support 
local businesses and communities, might 
also drive reform (Moberg et al., 2021). 
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Unforeseen shocks like COVID-19 can 
also act to increase the resilience of local 
food systems, or at least highlight the 
fragility of long supply chains (FAO, 
2020). Other exercises also considering 
the global to local dimension include 
the EU JRC’s food safety foresight study 
(Mylona et al., 2016), and its scoping study 
(European Commission, 2013) as well as 
the IPCC’s SSPs (e.g. SSP3 considers more 
regionalised economies). Both the USA 
and UK governments publish periodic 
reports by their intelligence communities, 
which, in the most recent editions, have 
highlighted food security scenarios, 
including the impacts of radical change to 
the international architecture of trade and 
cooperation (The National Intelligence 

Council (USA), 2017; UK Ministry of 
Defence, 2018). The Millennium Ecosystem 
Assessment scenarios (Carpenter et al., 
2005) also contained a global-to-regional 
axis. Other discussions around the balance 
of risks, benefits and costs of trade have 
included the UK’s Climate Change Risk 
Assessment (Challinor et al., 2018) and the 
EU JRC’s 2030 Foresight Report on Food 
(Maggio et al., 2015).

Acknowledging the uncertainty associated 
with these factors, we can define four 
plausible, alternative, scenarios for food 
systems, each of which has implications for 
P, with respect to what food is grown, where 
it is grown, and how it is grown (Figure 3.3 
and Table 3.1).

Figure 3.3 Four plausible, alternative, scenarios for food systems, based on axes of global-local connectivity, and degree of dietary shifts. 
Source: Benton (2019) and World Economic Forum (2017). 
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Scenario Scenario description

Scenario 1 (S1): 
Business as usual 

Unchecked 
consumption in a 
globalised world. 

Increasing consumption of processed foods based on a few 
commodity crops.

Livestock production continues to increase but is increasingly 
dependent on grain.

Wasting food and over-consuming calorie-dense food continues to be 
economically rational.

Obesity and related ill health and environmental damage increase.

“Sustainable intensification” dominates agriculture because meeting demand 
is the priority.

Impacts of the food system exacerbate climate change, nutrient pollution, 
and biodiversity loss.

Land required for climate change mitigation measures (e.g. afforestation, 
biofuels) adds to land competition.

High-tech, intensive cropping systems and intensive livestock 
production dominate.

Economies of scale drive farm amalgamation into bigger units, further 
marginalising smallholders.

Scenario 1(S2): 
Sovereign 
insufficiency 

Significant 
reduction in global 
trade with no 
change in diets.

Global distrust in international cooperation.

Diets are increasingly based on nationally available crops.

Diversity of diets shrinks compromising human health, driven by increased 
reliance on processed food.

As the comparative advantage of globally traded food is lost, most 
countries need to significantly intensify agriculture to become more self-
sufficient, leading to increased use of inputs like fertilisers and pesticides. 

Impacts of the food system exacerbate climate change, nutrient pollution, 
and biodiversity loss.

Endowment-poor, high population countries project more power to ensure 
food security (e.g. land grabbing). 

Endowment-poor, low population nations struggle leading to increased 
human migration. 

The last two points undermine the national security of endowment-rich 
countries.

Table 3.1 Scenario descriptions of four plausible, alternative, scenarios for food systems, based on axes of global-local 
connectivity, and degree of dietary shifts Source: Benton (2019) and World Economic Forum (2017).
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Scenario 3 (S3): 
Global, green, 
and healthy 

Globalised supply 
chains coupled with 
a switch towards 
more “sustainable” 
and healthy diets

People eat less, aiming for the right amount of calories and with lab meat 
dominating the alternative protein market. They also produce less waste.

Commodity-crop agriculture dominates; nutrition is added through food 
and agronomic biofortification. 

Food is processed but with fewer sugar and fats than in Scenario 1.

Intensification occurs to meet rising demand but is increasingly focussed 
in “breadbaskets” of commodity production where there is both scale and 
intensity of production. “Sustainable intensification” through increasing 
efficiency is the main focus of environmental concerns.

Climate change mitigation actions reduce the need for land-based negative 
emissions measures, decreasing competition for land.

Governments incentivise lower waste through subsidies, food pricing, and 
waste and food-carbon taxes. 

Small-scale intensive horticulture increases delivering high-value 
nutritious crops more widely (especially peri-urban and vertical farming). 

Adoption of large-scale horticulture by technologically advanced, arid, 
countries using technological solutions to provide water.

Scenario 4 (S4): 
Localised and 
sustainable 

Circular food 
systems are 
diversified to provide 
healthy diets in a 
closed system.

Agriculture is local/regional, diverse, with complex rotations, mixed 
farming, and nutrient recycling. This is necessary to produce nutritionally 
diverse diets for the population.

Without global competition, efficiency should be built into food systems, 
because local systems struggle to produce an excess of food.

People eat less, aiming for a healthy diet that is sustainably produced. 
Rather than eat hyper-processed foods, people switch to whole foods 
cooked at home because food is more expensive.

Agricultural policy is driven by nutritional needs and environmental 
protection, not just economic growth.

Health costs are avoided because people eat healthily, and, along 
with circularity, agriculture is more diversified and landscapes more 
heterogeneous. 

Nutrient losses are reduced leading to environmental recovery and a 
reduction in greenhouse gas emissions from land-based food systems 
alleviates impacts on climate change. 

Localised systems will exacerbate among-country inequality, which may 
lead to aggressive land-grabbing (as with Scenario 2).

Localised food systems experience low resilience to local extreme weather 
events, but are not exposed to risks from interrupted trade (which may 
become more common as climate impacts increase). 

Food systems reflect local conditions, creating diet seasonality and locally 
adapted produce.
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The scenarios describe plausible future food 
systems and define different research and 
policy agendas. We stress that scenarios do 
not describe the “most likely future”; their 
main value lies in providing stress tests to 
aid in future policy development. However, 
these scenarios do suggest the future 
farming system – and the associated needs 
for, and impacts on, P – may not reflect 
a linear extrapolation of current farming 
systems. Therefore, farming systems should 
avoid being locked into an undesirable 
future (e.g. creating a greater reliance on 
fewer crops when the future may require 
diversification), but instead, be designed 
to be adaptive. Table 3.2 (presented at 
the start of the Solutions section in this 
chapter) identifies the implications for 
P, of sustainable transformations of the 
food system.

3.2.1 Implications for farming 
and the food system of a 
transition to healthy diets
Currently, about 2.5 times more cereals are 
grown worldwide than is needed to meet 
US dietary guidelines and only a fifth of 
fruit and vegetables needed are grown (KC 
et al., 2018). The EAT-Lancet report (2019) 
states that transformation to healthy diets 
by 2050 will require the average global 
consumption of fruits, vegetables, nuts 
and legumes to double, and consumption 
of foods such as red meat and sugar to be 
reduced by more than 50%. Currently, there 
is a stark global misalignment between 
what we eat and what we need for a healthy 
diet (EAT, 2019), though with regional 
variations (Figure 3.5 - see the following 
page spread). A move to a diet that supports 
a preventative health care system, therefore, 
has significant implications for agriculture, 
and consequently phosphorus.

A sustainable food system implies more 
flexitarian diets (Machovina et al., 2015; 
Springmann et al., 2018). Globally, eating 
less meat, especially red meat, and animal 
products, is required to reduce the emission 
of GHG from the global food system, 
a significant step in mitigating climate 
change (IPCC, 2018). Life cycle analysis 
used to underpin this shift is based on CO2 
equivalent emissions per unit mass of meat 
(de Vries et al., 2015; McAuliffe et al., 
2018a). However, replacing the ‘mass’ with 
‘nutrient content’ of meat as the functional 
unit can dramatically alter relative emissions 
intensities associated with different 
livestock systems. In some cases, cattle 
systems can outperform pig and poultry 
systems (McAuliffe et al., 2018b).

Animal welfare can, and already does, 
influence societal dietary behaviours, 
which can have global impacts on 
agricultural systems, tending to drive a 
decrease in intensive livestock production 
and support more local food production 
with higher priorities for animal welfare. 
However, it is not clear if a reduction 
in meat consumption will lead to a 
compensatory increase in plant-based 
protein consumption. On average, globally, 
people consume too much animal protein 
(Figure 3.5), and protein in general (WRI, 
2016). Thus, there may be little nutritional 
need to substitute the same quantity of 
animal protein with plant-based protein. A 
shift to more plant-based diets creates new 
challenges and opportunities for meeting 
the fresh fruit and vegetable demands 
of urban populations. The substitution 
of animal protein with insect protein in 
human diets warrants further investigation 
(Durst et al., 2010; Martin, 2014) (Figure 
3.4), as does the use of insect protein as 
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an alternative or supplementary source 
of animal feed (Leiber et al., 2015). 
What is clear is that our food systems 
are unpredictable and transforming, 
highlighting a significant challenge for 
future P management.

In the following section, we discuss the key 
challenges and solutions with respect to 
achieving more sustainable P use to deliver 
greater food security.

Figure 3.4 An 'Essento Insect Burger' contains 30% organic mealworms (Tenebrio molitor) farmed in Switzerland, along 
with chickpeas, bulgur, spelt, carrots, celery and a spice mix. The burgers, made by Swiss startup, Essento, are available 
(as of August 2021) in all larger Coop branches in Switzerland and for food service companies in Austria, Germany and 
Switzerland. Photograph copyright of Essento. 
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Figure 3.5 What we eat versus what we need for a healthy diet as the global average (left middle) and in North America, 
South Asia and Sub-Saharan Africa. A healthy diet is indicated by the dotted line orange circles (the health boundary). Food 
types that expand beyond the health boundary are eaten in excess, whilst more should be consumed of the food types that 
fall short of the health boundary. The figure shows that globally we consume far more red meat and starchy vegetables than 
required for a healthy diet, and far too few legumes, whole grains, fruit and vegetables. Source: adapted from (EAT, 2019). 
Reprinted from the EAT-Lancet Commission Summary Report, with permission from Elsevier. 
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3.3 Challenges

Challenge 3.1: Business as 
usual is unsustainable: we 
must produce healthier 
foods, using appropriate 
phosphorus inputs

Our food system is a significant 
cause of nutrient pollution in 
terrestrial, freshwater and marine 
ecosystems, and of global 
climate change, while more than 
half the global population are 
acutely hungry, malnourished, 
overweight, or obese. The public 
health and ecological costs of the 
current food system exceeds the 
economic value of agriculture. 
Systemic transformation is required 
for food systems to become 
environmentally sustainable and 
provide nutritional security for all. 
Sustainable phosphorus strategies 
must directly support—not 
hinder—this transformation. On 
the current path, the global food 
system will increase the mining of 
finite phosphate rock to produce 
fertiliser, feed additives and food 
supplements, and is not tracking 
towards a circular phosphorus 
system (driven on recycled 
phosphorus inputs).

A systemic transformation of the food 
system is required. Under a ‘business as 
usual’ scenario, including current inefficient 
food production and consumption practices, 
it has been estimated that a 70-100% 
increase in crop production will be required 

to feed an expected global population 
of 9.7 billion in 2050 (based on 2005 
levels) (Tilman et al., 2011). However, 
these estimates misinterpret underlying 
projections and ignore recent and potential 
production gains across the whole food 
value chain. Hunter et al., (2017) argue that 
an increase in production by 25-70% will 
be sufficient although simply intensifying 
current food systems to meet this demand 
is not sustainable. The current food system, 
including societal dietary choices, is widely 
acknowledged as eroding human and 
planetary health (IPCC, 2019; Willett et 
al., 2019).

Dietary-related malnourishment 
(including both under-nutrition and over-
consumption of calories) is the prime 
global determinant of morbidity and is 
affecting every society in every country 
(Development Initiatives, 2018; GBD 2017 
Risk Factors Collaborators, 2018). In 2016, 
821 million people were acutely hungry, 
with an additional 2 billion undernourished. 
At the same time 2.3 billion people 
were overweight or obese (FAO, IFAD, 
UNICEF, WFP, and WHO, 2017; FAO 
et al., 2018). There are now more obese 
adults in the world than underweight and, 
if current trends continue, by 2025 there 
will be more severely obese adult females 
than underweight (NCD Risk Factor 
Collaboration (NCD-RisC), 2016). Simply 
put, out of every nine people, one person is 
starving, three people are undernourished, 
and three people are overweight or obese. 
In the developed world, at least, obesity 
is often linked to poor diets and poverty 
(Darmon and Drewnowski, 2015), because 
many cheaper foods are rich in calories but 
poor in nutrition. These foods are based on 
major commodity crops providing oil, sugar 
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and starch (Development Initiatives, 2018). 
The ill-health burden that arises from 
malnourishment is also a growing economic 
burden (FAO, IFAD, UNICEF, WFP, and 
WHO, 2017; FAO et al., 2018). When 
combined with the environmental costs of 
producing foods (Burlingame et al., 2012; 
Kahiluoto et al., 2014; SustainAbility and 
WWF, 2018; West et al., 2014), including 
impacts of agricultural nutrient use, the cost 
of the current food system far exceeds its 
current economic value (Collins et al., 2018; 
Fitzpatrick et al., 2017; TEEB, 2018).

Food production practices must change 
to avoid further P-related environmental 
damage. For example, there is a need to 
reduce the inputs of non-renewable PR to 
produce food through increased nutrient 
recycling and more efficient utilisation of P 
in agricultural systems. The use of mineral 
fertilisers has played a crucial role in feeding 
billions of people over the past 60 years. 
Mining PR for use as fertiliser, and other 
human changes to the global P cycle, have 
increased the rate of P movement from 
mineral rock deposits to the ocean by four-
fold (Falkowski et al., 2000; Smil, 2000). 
Phosphorus losses from land to surface 
waters have increased globally from around 
5 to 9 Mt P year-1 over the 20th century 
(Beusen et al., 2016). Significant P losses 
are delivered from food production systems, 
such as livestock wastes or runoff from 
P-rich agricultural soils, or as excreted 
wastes, in the form of sewage discharges, 
into waterbodies with detrimental impacts 
on ecosystem and human health (see 
Chapter 5). Low P use efficiency (PUE) 
throughout food systems (from farm to fork 
and beyond) is widely acknowledged in 
Europe (Fischer et al., 2017; Muhammed 
et al., 2018; van Dijk et al., 2016), China 

(Lou et al., 2015), Brazil (Fischer et al., 
2018; Withers et al., 2018) and the USA 
(Suh and Yee, 2011) (see Chapter 4). Low 
PUE drives losses that could be recouped 
to drive more sustainable food systems in 
these regions and others. More widespread 
adoption of strategies to increase PUE is 
urgently needed.

Challenge 3.2: Increasing 
global consumption of 
animal products is increasing 
phosphorus demand

The amount of phosphorus 
required to produce the average 
per capita global diet has increased 
by 38% in the last 50 years, due to 
the rise in consumption of animal 
products, increase in average per 
capita consumption and increased 
food waste. Excluding phosphorus-
efficient grass-based systems, 
a large proportion of cropland is 
needed to support intensive meat 
and dairy production through 
concentrated animal feeding 
operations. This trend is driving 
increased mining of phosphate 
rock for fertilisers, animal feed 
and supplements. Unhealthy 
diets, including overconsumption 
of animal products, are also a 
significant contributor to non-
communicable diseases.

Global consumption of animal products is 
rising, with a significant increase in countries 
such as Brazil and China, although at levels 
below those in industrialised countries 
(Westhoek et al., 2015). 
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The amount of P required to produce the 
average per capita global diet has increased by 
38% in the last 50 years (Metson et al., 2012), 
due to the rise in consumption of animal 
products and increased food waste (and calorific 
intake in some regions). The current average 
per capita protein intake in the EU is about 
70% higher than recommended (WHO, 
2003). In Europe, ~20% of total P imported is 
for animal feed, whilst 60% of P in harvested 
crops is used in animal feed, and only ~30% is 
directly consumed by humans in plant-based 
food (van Dijk et al., 2016). In addition to grass-
based systems, a large proportion of cropland is 
needed to support intensive meat production 
in concentrated animal feeding operations. 
Livestock density is, therefore, a major driver of 
the overall low PUE in national and regional 
food systems, both in grazed and in animal feed 
supplemented systems (e.g. Withers et al., 2020; 
Rothwell et al., 2020).

Global demand for P is highly influenced by 
diets that are high in animal protein (especially 
red meat) (Metson et al., 2012). For example, 
up to 16 times more P (and other resources) 
is required to produce a unit of beef from a 
concentrated animal feeding operation than to 
produce plant-based proteins (Metson et al., 
2012). However, changing eating habits at the 
population scale is complex because behaviours 
are based on a large set of factors, unique to each 
person and their environment (see Chapter 8). 
Further, a third of all food produced globally 
is wasted (FAO, 2011), which contains P, 
resulting in a significant environmental and 
economic burden. For P, this means a significant 
unnecessary P demand and associated nutrient 
pollution (Kummu et al., 2012). We are currently 
on track for a more wasteful future scenario (i.e. 
‘unchecked consumption and sovereign (in)
sufficiency’) in which P demand will increase.

Challenge 3.3: Balancing 
intensive agriculture with low 
input farming

Agricultural intensification increases 
productivity yet increasing 
phosphorus inputs to crops can 
also over-enrich adjacent land 
and waterbodies with nutrients. 
Lowering phosphorus inputs 
reduces environmental risk and 
promotes biodiversity but may 
restrict yield in the long-term. 
Strategies need to provide the 
right balance of intensification to 
avoid the need to convert more 
land to agriculture. Optimising the 
multitude of costs and benefits and 
taking account of direct and indirect 
impacts can be challenging and 
context specific. The challenge 
we face is in developing low 
phosphorus input farming systems 
which can sustain food production.
Agricultural intensification using mineral 
P fertilisers, high-yielding crops, irrigation, 
and pesticides has contributed significantly 
to the large increases in food production over 
the past 60 years. Nevertheless, shortages of 
land that can be converted to agricultural 
use without inflicting yet greater damage on 
the environment (Lambin et al., 2013) mean 
there is still a need to increase the output 
of food, and other products like fibres, on 
existing agricultural land, unless there are 
dietary shifts that change demand. A similar 
scenario is emerging for aquaculture.

However, such intensification has long been 
known to alter the biological interactions 
and patterns of resource availability in 
ecosystems, with serious local, regional, 
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and global environmental consequences 
(Matson et al., 1997). Some intensification 
of food production may well be necessary for 
sustainable human development, however, 
the increase in intensive agriculture has 
complex impacts on P demand and losses to 
waters (Ockenden et al., 2017). For example, 
while high-yield farming might increase 
PUE (Syers et al., 2008), increasing P use 
per hectare also increases the accumulation 
of unused P in the landscape both on land 
and in waters (Powers et al., 2016; Withers 
et al., 2014a). Historically in the global 
north, farmers have been advised to over-
supply P to avoid risking yield loss (so-
called insurance-based farming; Withers 
et al., 2014b), and areas with intensive 
livestock systems add further manure P 
loading pressures on the landscape, greatly 
exacerbating pollution risks to neighbouring 
water bodies (Leip et al., 2015; Powers et al., 
2016; Withers et al., 2014b).

In some regions, such as the tropics, the 
need to increase food production is driving 
farming on ‘P fixing’ soils. Phosphorus 
readily binds to these soils, meaning a 
lower proportion of P applied as fertiliser is 
available for plants (Batjes, 2011; Sanchez et 
al., 2003). To overcome this, farmers often 
over-apply P well above plant requirements, 
increasing, over time, the risk of P transport 
to water bodies in runoff (Withers et al., 
2018). Roy et al. (2016) estimate that 
intensification of the 8–12% of global 
croplands overlying P-fixing soils in 2005 
would require 1–4 Mt P year-1 to overcome P 
fixation limits, equivalent to 8–25% of global 
inorganic P fertiliser application that year. 
This imposed P ‘tax’ is in addition to P added 
to soils and subsequently harvested in crops, 
and is projected to double to 2–7 Mt P year-1 
for scenarios of cropland extent in 2050.

Continued high P inputs inevitably lead to 
high P losses from food systems (Doody 
et al., 2016; Withers et al., 2020). There is 
little evidence to date that this relationship 
can be effectively decoupled by best land 
management practices without transforming 
food systems. Nevertheless, PUE can be 
increased in some regional food systems by 
a range of measures. These include: reducing 
unnecessary P use in fertilisers and feeds; 
careful management of the P fertilisers and 
manures that are applied; breeding more 
P-efficient crop cultivars and novel and more 
precise agronomic practices that reduce P 
input requirements and better utilisation of 
both applied P and existing legacy P reserves 
in soils (see Chapter 4).

Currently, efforts to combat food insecurity 
in Sub-Saharan Africa (SSA) focus on 
agricultural intensification, although an 
alternative approach emphasising diets, 
health and the environment has been put 
forward (Global Panel on Agriculture 
and Food Systems for Nutrition, 2020). 
Given the high soil nutrient depletion 
in this region, replenishing soil fertility 
is a major component of such efforts 
(Nziguheba, 2007; Nziguheba et al., 2016). 
The dominant ‘productivist’ mentality that 
still governs the food system, means that 
farmers and policymakers will continue to 
favour measures that maintain or enhance 
production. There remains a reluctance 
to implement measures that might, for 
example, take land out of production 
(Inman et al., 2018) or reduce animal 
density (Metson et al., 2012; Withers et 
al., 2020).
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Challenge 3.4: Many farmers 
lack access to phosphorus, 
threatening their livelihoods

Currently, 1 in 7 farmers cannot 
access or afford phosphorus 
fertilisers to increase productivity, 
reducing their ability to maintain 
food security and livelihoods. 
Those farmers most affected are 
rural smallholder farming families, 
particularly in less economically 
developed countries, but also 
in some more economically 
developed countries. There are 
marked global inequalities in access 
to phosphorus as a resource, 
leading to substantial inequalities 
in the distribution of risks to 
food security.

We currently produce enough food to 
feed 10 billion people; about 30% more 
than the global population. As Holt-
Giménez et al. (2012) point out, hunger 
is caused by poverty and inequality, not 
food scarcity, at a global scale. Those 
that live on less than US$2 a day, mainly 
subsistence farming families, cannot 
afford to buy sufficient food. If the 
priority is better health for all, global 
food systems must stop fuelling diets with 
adverse public health impacts, requiring a 
systemic change to global food production 
systems (Global Panel on Agriculture 
and Food Systems for Nutrition, 2020). 
A significant proportion of industrially-
produced grain crops goes to biofuels and 
confined animal feedlots rather than food 
for the 1 billion hungry (Holt-Giménez 
et al., 2012). Therefore, calls to double 
food production by 2050 only apply if 

we continue to prioritise the growing 
population of livestock and automobiles 
over hungry people.

Most of the world’s food insecure are 
marginalised families in urban and rural 
environments. The latter are also typically 
smallholder farmers (Dixon et al., 
2001), who struggle to access fertilisers. 
According to the FAO (2014), there 
are more than 500 million family farms 
globally, producing 80% of the world’s 
food, although Ricciardi et al. (2018) 
suggest this figure is closer to 35%. In 
many low-income countries, including 
in SSA, South Asia, East Asia and the 
Pacific (excluding China), around 70–80% 
of farms are smallholder farms (Lowder et 
al., 2016).

The livelihoods of more than 2 billion 
people depend on smallholder farms 
(Lowder et al., 2016). Yet many of these 
smallholder farmers (particularly in low-
income countries) lack sufficient access 
to P fertiliser markets due to poverty, 
low purchasing power or because they 
lack access to credit (Dixon et al., 2001; 
Druilhe and Barreiro-Hurlé, 2012; IATP, 
2005; McIntyre et al., 2009; Runge et al., 
2003). Farmers need access to P to replace 
the P removed in harvested crops and 
other losses and maintain fertile soils for 
crop growth. Affordable and sustainable 
access to P fertilisers is therefore 
imperative to ensure food security at a 
national scale, and the food and livelihood 
security of smallholder and marginal 
farmers (Weber et al., 2014).

Fertiliser prices are increasing in the long-
term and may be subject to further short-
term price spikes, (Mew, 2016). In 2008, 
PR prices spiked by 800%. The cause of 
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this was complex and discussed earlier 
(see also Chapter 2). Elevated fertiliser 
prices made farmers more prudent with 
their fertiliser use and eventually led to a 
crash in demand for phosphorus. After this 
price peak, phosphate rock price dropped 
significantly, but is on average more than 
two times higher than before the price peak 
(Mew, 2016) (see Chapter 2).

The use of fertiliser subsidies has been 
widespread in SSA for decades and is 
highly controversial. For example, in 
Nigeria between 1980 and 2010, it has been 
claimed up to  90% of subsidised fertiliser 
was bought by officials and sold to private 
companies (Propcom Mai-karfi, 2014). 
Only 11% of farmers received subsidised 
fertilisers, which were often adulterated, 
damaged, and delayed (Banful et al., 2010; 
Udo, 2013). Fertiliser subsidies in Africa are 
politically popular due to their immediacy 
and visibility (Druilhe and Barreiro-Hurlé, 
2012), however, work is needed to ensure 
they deliver on their aims, and importantly 
are not impacted by corruption. The African 
Union during its 30th Assembly of Heads 
of State and Government in January 
2018, declared 2018 as the African Anti-
Corruption Year, aiming to ensure better 
cooperation and mutual legal assistance, and 
secure stronger international cooperation 
in dealing with corruption (African 
Union, 2018).

In some low-income countries, insufficient 
use of fertilisers and soil erosion has led 
to substantial nutrient depletion of soils, 
constraining agricultural productivity. 
The most vulnerable are subsistence 
farmers, many of whom are already seeing 
production levels fall as soil fertility 

declines, such as African farmers practising 
shifting cultivation or cultivating marginal 
lands (Nziguheba et al., 2016), and 
Brazilian livestock farmers relying on the 
degrading pastures in the Cerrado region 
(Pereira et al., 2018). In Africa, fertilisers 
cost 2 to 6 times more than in Europe, the 
USA or Asia (Chemonics and IFDC, 2007; 
Sanchez, 2002), predominantly due to poor 
infrastructure which can create high costs 
for over-land transporting, stocking, and 
distribution (Cordell et al., 2015; Druilhe 
and Barreiro-Hurlé, 2012). These high costs 
can undercut the trade competitiveness of 
agricultural produce (Keyser and Tchale, 
2010). African agriculture has enormous 
potential to drive equitable and sustainable 
economic growth across the continent, 
but a keystone in its success will be access 
to and sustainable management of P, and 
other nutrients (Chianu et al., 2012). 
Without change, it has been predicted that 
insufficient P inputs to African soils could 
lead to a further 30% reduction in crop 
yield by 2050 (van der Velde et al., 2014). 
Of course, the expansion of agriculture in 
any region of the world should be balanced 
against the adverse impacts of all agriculture 
on biodiversity. Greater yields per hectare 
are desirable in this context, but the 
conversion of biodiverse habitat to farmland 
may not be (Benton et al., 2021).

.
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3.4 Solutions

Solution 3.1: Managing 
phosphorus sustainably 
can support a shift to 
healthier diets

Global food systems must produce, 
actively support, and provide 
access to nutritious food and diets 
for all. This shift, from ‘market-led’ 
to ‘sustainable’ food security, can 
reduce phosphorus demand and 
adverse impacts on ecosystems 
and society. Concurrently, strategies 
to deliver better phosphorus 
sustainability, including circular 
phosphorus value chains, can 
benefit agricultural economies, 
whilst effective monitoring 
systems, data sharing, and 
knowledge exchange can ensure 
strategies adapt to a transforming 
food system.

Transforming the food system to deliver 
healthy diets within planetary boundaries 
implies lower production of red meat and 
the ‘Big Three’ grains of wheat, rice and 
maize (corn), and increasing the diversity of 
grains (e.g. pulses and lentils) and producing 
more fruit and vegetables (EAT, 2019). Such 
a shift may dramatically change fertiliser 
requirements. Whilst reductions in livestock 
numbers would significantly reduce global 
demand for P fertiliser to grow feed (Metson 
et al., 2012) and increase overall food system 
P efficiency (Withers et al., 2020), an increase 
in the production of fruit and vegetables could 
require more P fertiliser. It could also require 
more water either from rainfall or through 

irrigation, which will increase the risk of 
P loss from farmed soils to waters. Indeed, 
any change to quantity and types of foods 
produced will impact mineral P application 
rates, formulations and timing, the efficiency 
of P use, and P mobilisation and export within 
fields, and thus influence P loads entering 
wastewater treatment works (Forber et al., 
2021) and waterbodies (see Chapter 5). Where 
foods are grown will also affect P demand and 
the environmental footprint due to different 
soils, climates, cropping systems and knowledge 
systems, especially if there is a shift to local and 
regional food systems. Climate change impacts 
P input requirements, agricultural output and 
subsequent losses to water, adding yet another 
layer of complexity that will vary considerably 
between different regions (Forber et al., 2018).

Strategies and measures to improve sustainable 
P use can support the transformation towards 
more sustainable food systems (Withers 
et al., 2015). For example, improving PUE 
can reduce farmers’ fertiliser input costs, 
while reducing their reliance on mineral P 
fertiliser by increasing access to local recycled 
P markets, including animal manures and 
slurries produced on local livestock farms. This, 
in turn, can create new business opportunities 
for nutrient recovery in a circular economy, 
where wastes and residues become products in 
their own right. Furthermore, providing better 
information on which farming systems best 
match P availability in local wastes can support 
spatial planning and decision-making to 
optimise agricultural productivity. For example, 
coupling livestock and arable food production 
systems to support nutrient reuse between 
them, and discouraging or providing better 
options for farming on P fixing soils represent 
two relevant opportunities to support this 
transition.
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Strategies to deliver sustainable P management 
must recognise co-benefits and evolve 
alongside a transforming food system 
(Table 3.2). The use of ‘dynamic adaptive 
policymaking’ (Haasnoot et al., 2013; Walker 
et al., 2013) supported by effective monitoring 

systems (e.g. to assess nutrient concentrations 
in water bodies), data sharing, and effective 
communication of scientific evidence to both 
the public and policymakers (Brownlie et al., 
2017) can help in this regard.

Table 3.2 Implications for phosphorus (P) of transforming the food system 

Sustainable pathways for transforming the 
food system

Implications and co-benefits for 
phosphorus

Pathway 1: Produce appropriate food for 
nutritious diets

Systemic changes to the food system are 
required that address the current disconnect 
between what we produce (e.g. red meat and 
the “Big Three” grains: wheat, rice, maize 
(corn)) versus a recommended balanced diet 
(Figure 3.4; EAT, 2019). We need to grow 
more vegetables, fruits, legumes globally.

Producing different foods can change 
the P fertiliser demand associated with 
different crop types. For example, shifting 
from cereal crops to legumes may reduce 
P fertiliser requirements because the latter 
is more P-efficient to produce (Lyu et al., 
2016). This may also require changes in 
fertiliser formulations for different crops 
and geo-climates. 

Pathway 2: A shift away from diets with 
adverse public health impacts

Changing diets is one of the single biggest 
food transformation levers, especially in high 
meat-consuming countries (Ranganathan 
et al., 2016). Unhealthy diets (including red 
meat consumption) are one of the greatest risk 
factors to human health (e.g. cardiovascular 
disease, obesity) (GBD 2016 Risk Factors 
Collaborators, 2017). The triple burden of 
food insecurity means that 2 billion people 
are obese or overweight (increasing in every 
country, including low-income countries); 2 
billion people have micronutrient deficiency 
(e.g. iron, vitamin A); 816 million people are 
hungry (exacerbated by climate change & 
conflict, even in high-income countries like 
Australia where 10-20% are hungry) (FSIN 
2018, 2019). 

A shift towards healthier plant-based 
diets globally will result in a lower overall 
P footprint of the food system, delivering 
global-scale gains in PUE. For example, the 
average person in the high-meat consuming 
nations of Argentina and the USA has a P 
footprint of over 6 kg P year-1, compared 
with those in India (~1 kg P year-1). This is 
predominantly a result of per capita meat 
consumption, not total food consumption 
(Metson et al., 2012). Knock-on effects of 
dietary change on increased P loading to 
wastewater treatment centres may provide an 
additional concentrated source of secondary 
P for reuse if recovered effectively (Forber 
et al., 2021), or greater adverse impacts on 
aquatic ecosystems, if not recovered before 
the discharge of effluent to waters.
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Sustainable pathways for transforming the 
food system

Implications and co-benefits for 
phosphorus

Pathway 3: Decreased environmental 
footprints of food production and 
consumption

The cost of the environmental and health 
burden of the current food system far exceeds 
the value of global agriculture (Collins 
et al., 2016; Zhang et al., 2017). Climate 
change, water scarcity and pollution, energy 
scarcity and pollution, obesity and the non-
communicable food-related disease epidemic 
(diabetes and cardiovascular health, cancers) 
means business as usual commodity-crop 
based agriculture is not an option.

Measures to reduce the environmental 
footprints of food production often 
have a lower P footprint (Metson et al., 
2014). For example, millet is not only a 
nutritionally dense grain (high in calcium 
and iron) but has a low carbon footprint 
and low pesticide and fertiliser requirement 
(ICRISAT, 2018). Reducing P losses from 
agriculture can reduce water pollution 
by minimising fertiliser losses in eroded 
topsoil, surface entrainment of P-rich 
manures and slurries, and the flushing of 
desorbed P through P-saturated soils and 
groundwaters to rivers, lakes, estuaries and 
the coastal zone.

Pathway 4: Reduce food waste in the 
supply chain

Pre- and post-harvest food waste globally 
are estimated at 30-50% (varying widely 
across value chains and regions). This results 
in waste of embodied energy and resources 
(e.g. nutrients) used to produce, process and 
transport the food, and occupation of valuable 
space in landfills from which methane is 
released upon decomposition, in addition to 
the cost to consumers and food producers 
(FAO, 2011).

Reducing food waste directly reduces P 
wastage because, like all organic waste, 
food processing waste and food waste 
contains P and has a P footprint associated 
with its production. Currently, 80% of 
input P is wasted along the whole P value 
chain (Cordell et al., 2009), half of which 
could be post-harvest. Reducing this loss 
would reduce global demand for mined 
non-renewable phosphate and/or make P 
more available for reuse such as the use of 
compost or digestate.
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Sustainable pathways for transforming the 
food system

Implications and co-benefits for 
phosphorus

Pathway 5: Shorten food value chains (where 
appropriate) 

Producing food closer to where it is consumed 
can increase food security in the face of 
shocks like fuel shortages or floods that affect 
transport routes. Shorter supply chains reduce 
energy, waste, middle-management, transport 
and cooling, to deliver the same unit of food.

This pathway presents a potential trade-
off for phosphorus. There is a risk that 
local food systems can be potentially less 
P efficient at the farm scale, depending 
on local soils, technical and knowledge 
systems. However, at the larger system 
scale, this would reduce P wastage in 
the post-harvest value chain by, for 
example, reducing the P embodied in food 
commodities that end up as food waste due 
to spoilage or market excess.

Pathway 6: Increase food access

Currently, over 800 million people lack 
sufficient access to food. There is a need to 
increase financial access, physical access, and 
food literacy, to in turn improve the health, 
productivity, quality of life and livelihoods of 
this food insecure group.

Most of the world’s food insecure are rural 
smallholder farming families – the same 
group who struggle to access fertilisers. 
Around 1 in every 7 farmers cannot access 
fertiliser markets (McIntyre et al., 2009). 
Fertiliser prices are increasing and may be 
subject to further price spikes. Increasing 
access to fertilisers or local nutrients (or 
access to loans/credit) can increase crop 
yields and hence income and food security 
for farming families.

Pathway 7: Consider the food system’s whole 
value chain, beyond agriculture 

The FAO and the Organisation for Economic 
Co-operation and Development (OECD) 
have adopted the term ‘food systems’ 
to acknowledge and assess the complex 
links between consumption patterns, food 
processing and retail value chains, farmer 
livelihoods, public health, environment 
and agricultural inputs. Adoption of 
this consistent framework will provide 
insights into opportunities for addressing 
unsustainable practices across currently 
obscured value chains.

In addition to on-farm P management, 
such as the timing of fertiliser applications 
to crops and grass and the management of 
manures and slurries, many opportunities 
occur before or after the farm, like 
recycling P in organic waste (or reducing 
losses), fertiliser production, food storage, 
processing, and retail. In addition, shifting 
consumer preferences can have a significant 
impact up the value chain, in terms of how 
sustainably crops are grown (including their 
P efficiency), and which foods are produced 
(such as animal or plant-based proteins).
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Solution 3.2: Shift global 
consumption of animal 
products towards plant-
based diets

Reduced consumption of 
animal products especially from 
intensive production systems 
in some regions may reduce 
global agricultural phosphorus 
demand and contribute to 
healthier environments. Increased 
awareness amongst policymakers 
and the public of the environmental 
impacts of phosphorus use in food 
production, and the human health 
risks of excessive consumption of 
animal products, will be an essential 
driver of change. Knowledge 
exchange between academics, 
stakeholders and the public can 
help identify solutions to support 
a transition to more phosphorus 
sustainable consumer behaviour, 
as could policy and regulatory 
changes (including internalising 
the environmental costs into 
food pricing).

Reduced consumption of animal products 
from concentrated feeding operations in 
some regions will significantly reduce global 
agricultural P demand (Elser, 2012; Ma et 
al., 2012; Metson et al., 2012; Schröder et 
al., 2011; Suh and Yee, 2011). Reducing 
the consumption of animal products 
(for those people eating excess amounts) 
will contribute to healthier humans and 
environments (EAT, 2019; Elser and 
Bennett, 2011), especially for high-meat 
consuming countries. Plant-based diets 

typically have a lower P footprint; 1 kg of 
P fertiliser can produce over 3000 kg of 
starchy roots or 16 kg of beef (Metson et al., 
2012). Hence, if diets shift to plant-based, 
this could reduce global P demand by some 
50%. Whilst this may not be realistic in 
the short term (e.g. 5 years), even modest 
shifts to plant-based diets will have a 
significant impact on P demand (Metson 
et al., 2012). However, such a shift can 
increase P loadings to wastewater treatment 
works instead of agriculture, although if 
effectively recovered this could provide 
an additional source of secondary P for 
reuse in agricultural systems (Fober et al., 
2021). If this P is not recovered, however, P 
availability and loading impacts on aquatic 
ecosystems could increase. Therefore, a 
shift to more plant-based diets will require 
more investment in P recovery technologies 
and wastewater treatment infrastructure 
in parallel, if off-site P impacts are to 
be managed.

Changing eating behaviours is possible 
(IPCC, 2019; Loken and DeClerck, 2020; 
Ranganathan et al., 2016). Improving 
public and policy awareness of the impacts 
of P use in food production will help to 
change societal and policy support for 
sustainable P practices. Currently, it would 
be reasonable to presume most people do 
not buy foods based on the P impacts of 
their production. A combination of factors 
influences each consumer’s buying choices, 
such as cost, convenience, availability, 
taste, appearance, positioning (e.g. at eye 
level), marketing health, environmental 
impacts (e.g. impacts on climate change, 
biodiversity), animal welfare, and buying 
habits. It is, therefore, important to ensure 
that products with low P footprints are 
aligned with these criteria, so consumers 
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are more likely to purchase them (see 
Chapter 8). Knowledge exchange between 
social scientists, stakeholders and the public 
will help identify solutions to support a 
transition to more P sustainable consumer 
behaviour. Efforts are increasing in this 
area. For example, networks and platforms 
have been developed at the national and 
international scales to support knowledge 
exchange (e.g. the European Sustainable 
Phosphorus Platform, the Sustainable 
Phosphorus Alliance, and the Global 
Phosphorus Research Initiative). These 
bodies support networks across multiple 
sectors providing evidence on sustainable P 
issues across different scales. The combined 
efforts of these groups are powerful, and 
they offer an essential conduit through 
which emerging approaches and evidence 
can be effectively integrated across scales 
to support the transition of food systems 
towards greater P security. For example, 
recent developments across multiple fields 
in P sustainability include bringing together 
international experts to identify national-
scale improvements (Macintosh et al., 
2019), conducting stakeholder analyses to 
support coordination across sectors (Lyon et 
al., 2020), identifying barriers and solutions 
to fostering pro-environmental behaviour 
(Okumah et al., 2020), and delivering 
cost-benefit analyses including impacts on 
human health associated with an increase in 
P recycling (Tonini et al., 2019).

Solution 3.3: Integrated 
landscape strategies to 
improve phosphorus use 
efficiency and reduce losses

There is an opportunity to 
develop novel land-use planning 
approaches to support more 
sustainable phosphorus use 
across multiple and interacting 
contexts. These include agricultural 
production, ecosystem and human 
health, local economies and 
regional capacity for institutional 
planning and coordination. 
Sustainable farming systems in 
which animal and crop production 
are more integrated and animal 
residues and manures are treated 
as valuable phosphorus resources, 
will support efforts to increase 
phosphorus use efficiency within 
landscapes while reducing negative 
impacts on aquatic and terrestrial 
ecosystems.

There is a recognised need for integrated 
land-use planning that considers how to 
balance multiple needs including resource 
stocks and flows, energy dynamics, flood 
retention, urban regeneration, biodiversity, 
and climate change mitigation (Estrada-
Carmona et al., 2014; Macintosh et al., 
2019). Robust data on soil P content 
and the amount of P applied to soils in 
fertilisers and manures and other residual 
flows will support more effective P 
management in sustainable agricultural 
intensification (Macintosh et al., 2019). 
Methods to mine ‘legacy P’ (i.e. P stored 
in soil that is not immediately available for 
plant uptake), such as through P efficient 
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cultivars, root management, rhizosphere 
microbiome engineering and rhizosphere 
interactions (Lemaire et al., 2021; Rowe 
et al., 2016; Schneider et al., 2019), can 
be used in combination with careful 
management to improve PUE throughout 
the food production chain, from mine to 
fork (see Chapter 4).

Field data suggest that sustainable agricultural 
intensification can protect biodiversity by 
boosting yields on existing farmland and 
sparing undisturbed habitats from being 
brought into production (Balmford et al., 
2018; Garnett et al., 2013). Whilst high yield 
farming generates more externalities per 
unit area (e.g. greenhouse gas emissions and 
nutrient losses), Balmford et al. (2018) argue 
these metrics underestimate the impacts of 
low yield farming. In some areas, increases in 
yield will be compatible with environmental 
improvements. In others, yield reductions or 
land reallocation will be necessary to ensure 
sustainability and to deliver other desirable 
benefits (e.g. wildlife conservation, carbon 
storage, flood protection, and recreation). 
For example, the opportunity exists to 
better integrate nature-based solutions 
within agricultural catchments to deliver 
both reduced greenhouse gas emissions and 
more sustainable P use through the food 
system (Seddon et al., 2019). It is important 
to recognise that urbanisation and food 
system efficiency drive important feedbacks 
with climate systems. An overall increase 
in food production does not mean yields 
must increase everywhere or at any cost. The 
challenge is context- and location-specific 
and requires careful land-use planning and 
reform (Balmford et al., 2018) based on 
sound scientific evidence to support decision-
making (Garnett et al., 2013).

Solution 3.4: Better support 
for smallholder farmers

Affordable access to sustainable 
phosphorus sources is imperative 
to ensure food provision for all 
and to protect the livelihoods of 
smallholder and marginal farmers. 
Multiple options exist to help 
improve phosphorus access 
in these communities. These 
include access to credit, extension 
services, investment in sustainable 
infrastructure (such as local 
phosphorus recycling systems 
from food waste and sanitation 
where available), and knowledge 
exchange to support better 
phosphorus use efficiency and 
recycling. Developing the capacity 
to recycle phosphorus from local 
and regional food systems where 
available can help to shift reliance 
away from mineral phosphorus 
fertilisers.

Smallholder farmers are particularly at risk 
from volatility in future P prices. Therefore, 
P stakeholders need to plan for uncertainty 
and develop adaptation strategies 
that consider P demand management, 
including measures targeting increased 
efficiency in the value chain and selecting 
for low P footprint nutritious foods. 
Improving farmer and food stakeholders’ 
adaptive capacity, such as technical know-
how, access to equipment and financial 
resources, provision of extension services 
and training for smallholder communities 
and regions to recycle P in local waste 
streams (see Chapters 6 and 7), may 
help to diversify P sources and alleviate 
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reliance on expensive mineral P fertiliser. 
In some cases, vulnerable farmers can adapt 
to both P and climate exposure through 
diversification strategies, such as growing 
more P-efficient and climate-resilient crops 
or supplementing income with off-farm 
employment such as agri-tourism (Cordell 
et al., 2017). Policymakers need to support 
and enable such measures, to ensure that 
socio-economic costs of transitioning 
towards more sustainable practices do not 
punish the most vulnerable in society.

A substantial barrier obstructing fertiliser 
use in SSA is farmer poverty, promulgated 
by the poverty trap in smallholder 
agriculture (Hanjra et al., 2009). To combat 
this, government schemes to subsidise 
fertilisers have been widespread across 
SSA (AGRF, 2018). At the 2006 Africa 
Fertiliser Summit, the African Union 
signed the ‘Abuja Declaration on Fertiliser 
for an African Green Revolution’ calling 
for the elimination of all taxes and tariffs 
on fertiliser and increased fertiliser use 
(African Development Bank, 2021). As 
of 2017, 47 of the African Union states 
had not achieved this, due to a lack of 
harmonisation on policy and regulation 
frameworks, lack of tax incentives, trade 
barriers, and poor quality control on 
fertilisers (AGRF, 2018). Ironically, fertiliser 
subsidies have played a role in this and 
remain controversial, with evidence of 
success (Seck et al., 2010), failure (Druilhe 
and Barreiro-Hurlé, 2012; Jayne and 
Rashid, 2013), and political misuse (e.g. 
politically motivated regional allocation of 
subsidies to win votes) (Banful et al., 2010). 
However, whilst it is clear that P inputs 
to nutrient-deficient soils in Africa are 
urgently needed, this should be delivered in 
coordination with education and training 

for farmers to optimise sustainable nutrient 
practices, especially in terms of appropriate 
mineral P fertiliser application.

Increasing soil fertility through the 
addition of nutrients is essential to address 
soil P deficiency in SSA (Vanlauwe and 
Giller, 2006). However, mineral fertilisers 
are not the only means available, and 
opportunities exist to develop the capacity 
to fertilise soils using other P sources. 
Renewable P fertilisers can theoretically 
be processed from any locally available 
raw organic material that has a high 
enough P concentration, contains minimal 
contaminants, meets local soil and farmer’s 
agronomic needs and can be converted into 
bioavailable form through cost-effective 
means (Cordell et al., 2011). Raw sources 
could include food waste, manure, algae, 
bones, crop waste and human excreta. Using 
such sources can also provide co-benefits 
to environmental and human health in 
addition to food security. Currently, 54% 
of the population in SSA does not have 
access to safe sanitation (WHO/UNICEF 
JMP, 2017). Aspirational goals to improve 
sanitation (e.g. the United Nations SDG 
6) provide an opportunity to lead global 
sanitation innovation by building P reuse 
into sanitation as standard (urine-diverting 
toilets being one example) (Udert et al., 
2016) (see Chapter 7).

Direct application of local phosphate rock 
with organic materials has also shown 
to be a successful cheaper alternative 
to superphosphates on acidic soils 
(Chianu et al., 2012; Sanchez, 2002). 
Opportunities that make use of local 
indigenous knowledge have proven 
successful, such as Zai pits (small planting 
pits, usually filled with organic matter to 
create microenvironments) that reduce 
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soil erosion, retain nutrients (Danjuma 
and Mohammed, 2015) and optimise 
plant nutrient uptake from P-rich organic 
materials. Investment in sustainable 
infrastructure (such as local P recycling 
systems from food waste and sanitation) 
and knowledge exchange to support better 
P use efficiency and recycling is required. 
In some cases, extension services and 
training will be needed to raise awareness 
of local options for farmers (AGRF, 2018). 
In other regions, particularly low-income 
countries and vulnerable communities, 

increasing affordable access to sustainable P 
sources will be a priority. Opportunities for 
achieving this range from access to credit 
and investment in sustainable infrastructure 
(such as local P recycling systems from food 
waste and sanitation where available) to 
extension services and knowledge exchange 
to support better P use efficiency and 
recycling.
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agriculture 
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Low phosphorus use efficiency 
(~20%) and high phosphorus losses 
from agricultural land to waterbodies 
is a growing global problem and 
exacerbated by climate change 
and rainfall extremes. Fertiliser 
use can be optimised and should 
consider all nutrients. Widespread 
soil phosphorus testing is required. 
In some regions appropriate control 
limits on phosphorus inputs will 
be needed, whilst in others an 
increase in P inputs will be required 
to improve/maintain agricultural 
productivity. An integrated 
approach to improve phosphorus 
use efficiency, reduce losses and 
increase recycling throughout the 
food production and consumption 
chain is needed. A multi-stakeholder 
approach will, therefore, be critical.

Left: A farmer fertilising arable 
land with granular phosphorus 
fertiliser. In 2019, around 18 
Mt of phosphorus in fertiliser 
products were applied to 
agricultural fields and grasslands 
globally. Photograph courtesy of 
Adobe Stock. 
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Challenge 4.1: Low phosphorus use efficiency and high 
phosphorus losses are common in agriculture 
Low phosphorus use efficiency (~20%) and high phosphorus losses from agricultural land to 
waterbodies is a growing problem globally and is exacerbated by climate change and rainfall extremes. 
In some cases, slow/controlled-release fertilisers can improve phosphorus use efficiency but these 
are not yet widely used. In regions where access to phosphorus fertilisers is not a limiting factor, 
there is a trend to apply high rates of phosphorus to compensate for soil phosphorus fixation, which 
can increase potential losses. Improving the utilisation of residual phosphorus in soils is critical for 
achieving efficient agricultural phosphorus use in these regions. 

Challenge 4.2: The complexity of soil-crop phosphorus cycles 
can confound management efforts
The phosphorus cycles that underpin organic, intensive monoculture and mixed farming systems vary 
widely and are sometimes poorly understood. This can make crop uptake of phosphorus difficult to 
predict, resulting in inaccurate estimates of fertiliser requirements that may confound attempts to 
improve phosphorus use efficiency.

Challenge 4.3: Livestock in intensive farming operations are 
often fed phosphorus in excess leading to high excretion rates
Demand for animal products is increasing. In some regions, poor management (i.e. collection, storage, 
and application) of animal manures leads to avoidable phosphorus losses to waterbodies. Furthermore, 
livestock and poultry are commonly fed more phosphorus than they can utilise, leading to excretion 
of phosphorus-rich manures; they typically retain less than 30% of the phosphorus ingested.

Challenge 4.4: Recycled phosphorus is not sufficiently used in 
agriculture
A circular approach to phosphorus management in agriculture is critical to address the significant 
amounts of phosphorus currently lost to the environment or landfills. Recycling is currently limited 
by transport costs of recycled resources and decoupling of phosphorus cycles across agricultural 
sectors due to intensification of livestock production. Policies and negative public perceptions about 
the safety of use can limit phosphorus recycling of certain wastes and residues. Phosphorus recovery 
technologies can produce contaminant-free phosphorus materials for safe reuse in recycled fertilisers.

Challenge 4.5: There are insufficient policies and targets to 
deliver integrated action on phosphorus
Policies and/or regulations relating to sustainable phosphorus management at national or regional 
scales are sparse, and none exist at the global scale. Where regulations exist, policy incoherence 
and weak enforcement due to the lack of coordination among relevant ministries is commonly 
observed. Aspirational goals/targets (e.g. for phosphorus recycling, phosphorus losses, phosphorus use 
efficiency) and indicators to monitor improvement are also lacking for most regions.
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Solution 4.1: Provide farmers with the support needed to 
increase phosphorus use efficiency
Farmers should not apply more phosphorus than needed to maximise crop yields. Fertiliser use can 
be optimised and should consider all nutrients. Soil phosphorus testing and appropriate control limits 
on phosphorus inputs may be needed. In some regions, such as parts of Africa, more phosphorus 
should be applied to improve/maintain crop productivity. Slow-release fertilisers, structural farming 
measures to reduce erosion and runoff and, innovations to improve uptake of residual phosphorus 
stores may reduce phosphorus losses whilst maintaining yield. Training farmers and advisors in 
nutrient management and providing access to decision support systems/tools for nutrient budgeting 
are required. 

Solution 4.2: Implement crop management measures that 
improve plant uptake of phosphorus in soils
Multiple strategies can be used to optimise phosphorus use efficiency of crops, through site-specific 
modifications to crop management, integrated soil fertility management (including water and weed 
management), rhizosphere management and the use of phosphorus efficient cultivars and bio-
fertilisers. Strategies can now be developed to improve plant uptake of applied and residual phosphorus 
in the soil.

Solution 4.3: Optimise animal diets to lower phosphorus 
excretion and improve manure management
Optimising the diets of animals in intensive farming operations to match growth requirements, 
and supplementing monogastric animals with phytase enzymes can reduce phosphorus excretion. 
Governments should provide guidance on recommended dietary phosphorus allowance for livestock 
based on current scientific knowledge. 

Solution 4.4: Increase phosphorus recycling from manures and 
residue streams
Globally, recycling of treated animal manures and residues and the use of recycled fertilisers should 
be increased, with corresponding reductions in mineral fertiliser use. Integrating arable and livestock 
systems can help to reduce costs associated with transporting phosphorus rich animal manures and 
residues to crops. In some cases, education, extension services and investment in infrastructure and 
technology are needed to support stakeholders and make phosphorus recycling more efficient.

Solution 4.5: Develop integrated policies and phosphorus use 
efficiency targets across scales
An integrated approach is essential to increase sustainable phosphorus use in the agricultural sector 
and will require actions across scales, sectors, disciplines, and regions. Targets to increase phosphorus 
use efficiency in agriculture and indicators to monitor improvement from farm to global scales are 
needed. Phosphorus budgets at the farm level are needed to develop catchment management plans that 
scale phosphorus use efficiency assessments to national, regional, and global scales. We must maximise 
synergies with other nutrients and ensure that policies are adaptive.
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4.1 Introduction
Sustainable agriculture must balance 
the priorities of environmental health, 
economic profitability, and social equity, and 
rests on the principle that our current needs 
(e.g. short-term economic gain) should not 
compromise the ability of future generations 
to meet their own needs (Brodt et al., 2011). 
Sustainable phosphorus (P) management 
is an essential component in delivering 
these priorities. Global agriculture, and 
subsequently, food security (see Chapter 
3), are highly dependent on inputs of P 
from finite phosphate rock (PR) reserves 
(see Chapter 2). Most mined PR is used 
to produce food, with around 85% used 
for fertilisers, 10% for animal feed, 2–3% 
for food additives, and the remainder is 
processed into elemental P for use in a wide 
range of chemical compounds (de Boer 
et al., 2019) (see Chapter 2). Accessibility 
to P resources for agricultural production 

varies widely between regions, nations, and 
farms (Cordell and White, 2014). Therefore, 
whilst many farmers have sufficient access 
to P, there are instances where ‘too little 
P’ or ‘excess P’ is used (MacDonald et 
al., 2011).

In a global estimate of agronomic inputs of 
P in 2000, annual application of fertiliser 
(~14 Mt P) and manure (~10 Mt P) to soils 
collectively exceeded P removal in harvested 
crops (~12 Mt P) (MacDonald et al., 2011). 
In most cases, P surpluses were the result 
of the excess application of fertiliser and/
or manure. Despite this, almost 30% of 
the global cropland area was in P deficit 
(MacDonald et al., 2011) (Figure 4.1).

The elevated risk of P losses from soils 
receiving P in excess to crop removal is 
widely acknowledged (Withers et al., 
2014a; Huang et al., 2017). Estimated P 
losses from agriculture to waterbodies vary 
depending on the modelling approach used. 

Figure 4.1 Global map of agronomic phosphorus (P) imbalances for the year 2000 expressed per unit of cropland area in each 
0.5° grid cell. The P surpluses and deficits are each classified according to quartiles globally (0–25th, 25–50th, 50–75th, and 
75–100th percentiles). Figure copyright of MacDonald et al., (2011).
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For example, Lwin et al. (2017) estimated 
that P losses from agriculture in 2010 were 
5.7–6.1 Mt P; the estimate of ~11 Mt P for 
2013 by Chen and Graedel (2016) was almost 
double this value. Whilst Beusen et al. (2016) 
estimate agricultural P losses to surface waters 
in 2000 were 5 Mt P year -1. These losses are 
driving the deterioration of aquatic ecosystem 
health globally (see Chapter 5). In the 
situation of less P, improving access to enough 
P fertilisers to increase crop yields and reduce 
soil P mining is the priority (van der Velde 
et al., 2014; Filippelli, 2018) (see Chapter 
5). Whilst P deficiencies are commonly due 
to a lack of sufficient P inputs in regions 
such as East Africa and Brazil, high P fixing 
soils amongst other soil properties, and a 
lack of adequate irrigation are also potential 
constraints on crop productivity (Sanchez et 
al., 2003; MacDonald et al., 2011). In some 
cases, options to improve the use efficiency of 
‘residual P’ soil stocks will be required.

The residual P in soils is a measure of the 
difference between P inputs (e.g. from mineral 
fertiliser, manure, weathering, and deposition) 
and P outputs (withdrawal of P in harvested 
products, and P loss by runoff or erosion) 
(Bouwman et al., 2009). The accumulation 
of residual P over time is also known in the 
literature as ‘legacy P’ (Kleinman et al., 2011), 
and resides in soils in a spectrum of plant P 
availabilities, from labile to non-labile forms 
depending on the extent of P occlusion in 
soil minerals and organic matter (Gatiboni 
et al., 2020). For example, Withers et al. 
(2001) estimate that since the 1930s, UK 
soils have accumulated ~12 Mt in legacy 
phosphorus. Similarly, between 1980 and 
2007, soils in China accumulated ~31 Mt 
of legacy phosphorus (Li et al., 2011) and 
over 80% of the P in French soils (equivalent 
to 65 Mt) is associated with past P inputs 

(Ringeval et al., 2014). Legacy P, therefore, 
represents a substantial secondary P resource 
that could potentially substitute for primary 
inputs of mineral P fertilisers in the short-
term, with a large cumulative global influence 
(Sattari et al., 2012; Rowe et al., 2016). That 
withstanding, legacy P can also elevate the 
risk of eutrophication due to the increased 
transfer of dissolved and particulate P into 
waterbodies and its accumulation in aquatic 
sediments (Kleinman et al., 2011; Sharpley et 
al., 2013; Bingham et al., 2020). Accumulated 
P can be remobilised or recycled, acting 
as a continuing source to downstream 
waterbodies for years, decades, or even 
centuries (McDowell and Sharpley, 2002) 
(see Chapter 5). However, the contribution of 
legacy P in soils and sediments to P loadings 
to waterbodies over and above P losses from 
fertiliser and manure applications remains 
uncertain, and will vary considerably between 
catchments (King et al., 2017; Stackpoole et 
al., 2019; Cassidy et al., 2019). Management 
of legacy P has been discussed in the literature 
(Kleinman et al., 2011; Sharpley et al., 2013; 
Wironen et al., 2018; Boitt et al., 2018) 
(see Chapter 5). In the long-term, a better 
understanding of P transport pathways 
within the land–freshwater continuum and 
climate change impacts on P losses to waters 
is required. Furthermore, local assessment of 
the bioavailability of residual P and the length 
of time this store of soil P can satisfy crop 
requirements in the absence of primary P 
inputs is needed.

In this chapter, we provide an overview of the 
P stocks and flows in agriculture, P dynamics 
within soils and the co-benefits of improving 
P sustainability in farming. We then 
summarise the key challenges and solutions 
to improving P sustainability in agriculture.
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4.2 Phosphorus 
flows in the global 
agricultural system
A conceptualisation of the key P flows in 
the global agricultural system is provided in 
Figure 4.2. For simplicity, aquaculture and 
forestry, both of which receive mineral and 
recycled P inputs, are not included.

In 2019, 18 Mt of P in fertiliser products 
were applied to agricultural fields and 
grasslands globally ( Jasinski, 2021). Other 
major P inputs to agricultural soils include 
animal manures (~12 Mt) and to a lesser 
extent crop residues (~1 Mt), human 

wastes (i.e. faeces, urine, wastewater and 
food waste) (~3.0 Mt) and atmospheric 
deposition (i.e. P carried in dust and fine 
soils) (~2.0 Mt) (Chen and Graedel, 2016).

Phosphorus inputs to agricultural soils 
will either remain in soils (i.e. residual 
P), be taken up by plant roots, or will be 
transported away from the soils in runoff, 
erosion, or, to a lesser extent, leaching to 
surface waters and groundwater aquifers. 
Phosphorus in soils can be described as 
existing in four different inorganic pools, 
which have varying degrees of availability 
for uptake by plants (as described in Syers 
et al., 2008) (Figure 4.3).

Figure 4.2 A conceptualisation of the phosphorus (P) flows to, within and out of agricultural systems (not including 
aquaculture and forestry). The width of arrows is proportional to the amount of P estimated in each flow and is based on data 
from Chen and Graedel (2016). However, wide variation not only exists between nations/farms but also within the flows 
reported in the literature (particularly for P losses from manure and soils). 
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Pool 1: Describes P in solution that is 
immediately available to plants.

Pool 2: Describes P bound to the surface 
of soil particles that is readily available to 
plants. As the concentration of P in pool 1 
is lowered via plant uptake, P in pool 2 is 
easily transferred to pool 1.

Pool 3: Describes P that is strongly 
adsorbed to soil particles and is less readily 
available to plants but can become available 
under certain conditions and over time.

Pool 4: Describes P that is precipitated 
or strongly bonded to soil minerals and 
may only become plant available over 
many years.

Only 15–25% of the P in fertilisers added 
to soil remains in solution where it is 
immediately available to plants, and the 
remainder is transferred into pools 2, 3 

or 4 (Figure 4.3) (Smil, 2000). The P in 
pool 2 has been shown to provide the bulk 
of P to plants and, therefore, it is only 
necessary to accumulate a certain amount 
of P in this pool to achieve maximum crop 
yields (Syers et al., 2008). This concept 
underpins the idea of ‘critical P’ values for 
crops, beyond which no increase in yield 
would be expected ( Johnston, 2005). Once 
the maximum amount of P that can be 
held in an insoluble form is reached, any 
additional P applied remains in solution 
and is available for plant uptake. The P 
binding capacity of soils is highly influenced 
by soil type. For example, medium‐ to 
fine‐textured soils, high in oxides and 
hydroxides of iron and aluminium, have a 
high capacity to retain P and are described 
as P fixing soils. However, in any soil 
type, P in solution is at an elevated risk of 
transfer to waterbodies (see Chapter 5). 

Figure 4.3 Conceptual diagram showing interactions between the forms of inorganic phosphorus (P) in soils categorised in 
terms of accessibility and plant availability (modified from Syers et al. (2008)). 
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Therefore, using excessive fertiliser can 
represent a financial loss to farmers (Sutton 
et al., 2013).

Losses of P from agricultural soils to 
waterbodies are transported by lateral 
surface and subsurface runoff or vertically 
via leaching to groundwater and/or tile 
drains, and can result in significant damage 
to aquatic ecosystems (Chapter 5). It is 
therefore important that only the most 
efficient and minimum amount of P is 
applied to crops (Tirado and Allsopp, 2012). 
Phosphorus losses in runoff occur when 
water carries soluble P and particulate P in 
solution and includes both soluble reactive 
P and dissolved organic P compounds. 
The rates of loss are influenced by factors 
including soil texture, moisture, pH and the 
P content of the soil, as well as vegetation, 
and field slope (Mcdowell et al., 2001), 
while the rate of P release from weathering 
processes is controlled by pH and P 
concentrations, both in soils and aquifers 
(Bingham et al., 2020). The amount of P 
lost in erosion is influenced by the amount 
of soil eroded, the soil P content, and soil 
texture. Diffuse losses from agricultural 
soils are often low concentration transfers 
over large areas, from farm fields, and to 
a lesser extent via mechanical disturbance 
(i.e. livestock tramping) and wind (i.e. dust 
storms) (Osmond et al., 2019). Whilst P 
losses from agricultural soils in tile drainage 
systems and collecting pipes from drainage 
ditches (Figure 4.4) are often legislated as 
diffuse sources (e.g. in the US Clean Waters 
Act) they can provide focused points of P 
loading to waterways.

The P assimilated by grasses is either 
consumed by grazing livestock or cut and 
fed to livestock, whilst harvested crops 
are either fed to livestock or humans. 

Part of the P in harvested crops is 
lost in crop residues, some of which is 
recycled within the agricultural system 
by ploughing residues back into soils or 
feeding them to livestock. However, much 
of the P consumed by livestock is excreted 
(see Chapter 6). Poor management of 
livestock manures and slurries can result 
in high rates of P export from agricultural 
land to water. Sources of these losses 
include poorly constructed manure 
and slurry stores, poor management 
of wastewaters produced in farmstead 
operations, fields receiving direct 
applications of manures and slurries, 
and animals excreting into rivers and 
streams directly ( James et al., 2007; Lloyd 
et al., 2019) (Figure 4.5). The P fed to 
livestock that is not excreted or lost in 
food processing is passed into products 
consumed or used by humans (e.g. milk, 
meat, and fibres). Phosphorus losses in 
food processing include disposal (often to 
landfill) of the parts of crops and animals 
not eaten (~85% of P in mammals is 
contained in bones and teeth) and food 
lost through poor storage, distribution, 
and unwanted goods (see Chapter 8). 

Figure 4.4 Effluent from drainage ditches in a sugar 
cane plantation in the Everglades Agricultural Area, 
Florida, USA. Outflow pipes from tile drainage systems 
and ditches are often legislated as diffuse sources but 
can provide focused points of phosphorus loading to 
waterways. Photograph courtesy of Prof. Alan Steinman. 
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Due to losses throughout the food value 
chain, the amount of P that makes it 
into the products processed for human 
consumption (~6.0 Mt year-1) is small in 
proportion to the P applied to agricultural 
soils (Chen and Graedel, 2016). An 
estimated 36 Mt of P was added to 
agricultural soils in 2013 (~20 Mt P from 
mineral fertilisers, ~15 Mt P from organic 
fertilisers (e.g. manures and biosolids) 
with the remainder from atmospheric 
deposition and crop residues) (Chen and 
Graedel, 2016).

4.3 Phosphorus 
budgets and 
use efficiency in 
agriculture
The resources to calculate indicators for 
P sustainability varies greatly between 
nations and regions and relies on available 
data, modelling approaches and expertise. 
National-scale P budgets are useful 
to provide a reference for comparison 
with more detailed indicators, including 
appropriate chemical and biological 
monitoring where this can be afforded by 
countries. Developing national and regional 
P budgets that sum up the key P inputs 
and outputs can help to highlight the 
integration between different components 
of the P cycle and identify where P losses 
occur (Chowdhury et al., 2014; Rothwell 
et al., 2020). Such national nutrient budget 
activities can also complement the use of 
local or farm-scale nutrient budgets to help 
identify excess nutrient use and improve 
nutrient use decision-making (Öborn et 
al., 2003; Sutton et al., 2013). Although 
establishing a direct link between P budget 
surpluses, losses to water and environmental 
impact is not straightforward, efforts to 
reduce P surpluses (i.e. P that does not 
contribute to productive output) can lessen 
the burden of P pollution, and improve 
financial performance in multiple sectors 
(e.g. in agriculture where P fertilisers and 
manures are applied in excess of crop 
needs, or in sectors impacted by P polluted 
waterbodies).

An often-cited indicator of sustainability 
derived from P budgets at various scales 
is ‘phosphorus use efficiency’ (PUE). 

Figure 4.5 A cow in Verona, Italy standing in a river with 
visible algal growth. Direct excretion of livestock wastes 
into rivers can represent a significant source of phosphorus 
loading to waters in some catchments, and should be 
avoided. Photograph taken by Marco Ceschi on www.
unsplash.com
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Phosphorus use efficiency in animal/livestock 
production can be considered the conversion 
ratio of the total P input into useful animal/
livestock products (e.g. milk and meat). 
Similarly, PUE in crop production refers to 
the conversion ratio of the total P input into 
useful plant exports (e.g. harvested crops). 
In cropping systems, this measure of PUE is 
described as the ‘balance’ method (outlined 
in Focus Box 4.1). In an agronomic context, 
PUE is usually calculated by the ‘difference’ 
method which considers not only the P 
uptake by the crops but also the P removed 
from the soil (i.e. PUE = (P uptake – P 
removed from the soil) / P fertiliser applied 
to soils, where the P removed from the soil is 
calculated as crop P off-take without any P 
added). The balance and difference methods 
can give significantly different measures 
of PUE (Dhillon et al., 2017), and their 
benefits in describing P sustainability are 
discussed in Syers et al. (2008). In addition 
to using PUE to describe P sustainability in 
livestock and cropping systems, PUE is also 
used as a metric to indicate P sustainability 
in the other components of the P cycle, 
such as PUE in food processing, and ‘full 
chain PUE’. Full chain PUE describes the 
P sustainability of the whole food value 
chain, and can be calculated by dividing 
net P outputs (e.g. P contained in the food 
consumed and exported) by the net P 
inputs (e.g. P in mineral fertiliser, animal 
feed supplements and food imports). This 
method has been used to describe full chain 
nutrient use efficiency and nitrogen (N) use 
efficiency (Sutton et al., 2013; Rothwell et 
al., 2020). However, because the definitions 
for P inputs and outputs and the spatial 
and temporal criteria can differ markedly 
between assessments, not all measurements 
of PUE are comparable. Some considerations 
when interpreting assessments based on the 

PUE of cropping systems are provided in 
Focus Box 4.1.

In recent years, several studies have assessed 
PUE in crop production (MacDonald et 
al., 2011; Wu et al., 2016) and crop-pasture 
production (Hanserud et al., 2015; Özbek 
et al., 2016) at regional, national and global 
scales. Studies have also assessed PUE 
relating to livestock/animal production 
(Senthilkumar et al., 2012a,b; Chen and 
Graedel, 2016; Chowdhury et al., 2018) 
and grassland or pasture-grazing livestock 
production (Bouwman et al., 2009; Sattari 
et al., 2016). Livestock systems are the 
major cause of P inefficiency in regional 
and national food systems (van Dijk et al., 
2016; Withers et al., 2020; Chowdhury 
and Zhang, 2021) because of the additional 
P inputs required to produce the large 
amounts of home-grown feed consumed by 
animals, particularly ruminants. In a recent 
global assessment of PUE in agriculture, 
Chowdhury and Zhang, (2021) showed 
PUE in the overall agricultural production 
system (46% averaged across subsystems) 
was lower compared to the crop-pasture 
subsystem (averaged as 72%), but higher 
than the livestock subsystem (averaged as 
18%). Whilst agricultural systems differ, 
poor P management is widespread and a 
significant cause of avoidable P surpluses 
and losses (Withers et al., 2020; Chowdhury 
and Zhang, 2021). Implementing the 
most effective measures to improve PUE 
and P sustainability requires an integrated 
management approach (Cordell and 
White, 2015a; Sharpley et al., 2018) at the 
appropriately defined spatial and temporal 
scale for the system in question.
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Focus Box 4.1 - The concept 
of nutrient use efficiency in 
cropping systems
Authors: Heidi Peterson and 
Tom Bruulsema

Generally stated, nutrient use efficiency 
(i.e. commonly referring to P and N use 
efficiency) is a measure of how much 
nutrient is taken out of a system relative 
to the amount supplied to the system. 
The measurement is quantified based on 
a defined spatial scale, time period, and 
system boundary. For example, it can be 
applied to a field or farm, to a regional 
watershed, or at a national or global level. 
The measurement can include all nutrient 
outputs and inputs, or focus on one part 
of a system, such as crops or an urban 
foodshed. When it is applied to a cropping 
system as a metric of sustainability, it is 
commonly defined by the mass of plant 
nutrient in the biomass harvested per unit 
of nutrient applied and should include 
all major nutrient sources, regardless of 
whether they are supplied as mineral 
fertiliser, manure, or other by-products. 

Defined as the equation, 

PUE = crop removed/P source inputs 

When calculated as a balance of removal 
to inputs (i.e. using the balance method), 
it considers only the nutrients removed 
in the harvested produce, and is therefore 
referred to as a “partial nutrient balance” 

(Syers et al., 2008). The balance indicates 
surpluses or shortfalls but does not provide 
information on their fate or consequences 
(e.g. whether surplus P is lost from fields 
in runoff or is stored in the soils for the 
next crops).

Since some soils retain most of the P 
applied, previous management practices 
influence the soil plant-available P, 
reflected in a soil test. Agronomic 
recommendations normally maintain soil 
test P at or near a critical level at which 
crop growth is not often limited by P 
availability. For cropping systems in which 
soil test P is below the critical level, P 
input rates greater than crop removal are 
recommended to increase soil test levels 
(i.e. a low PUE to raise P soil levels may 
be desirable in the short term). Where soil 
test P exceeds the critical level, input rates 
can fall short of removal rates without 
reductions of crop yields ( Johnston et al., 
2014). Thus, the interpretation of PUE 
depends on other performance metrics, 
particularly soil test P and crop yield. Low 
PUE may be desirable in the situations 
where soils are low in P, but not where 
soils have sufficient or surplus levels. 

PUE is a commonly used metric for 
nutrient risk assessment, but to provide 
relevance it must be defined by a system 
boundary, include a temporal scale, and 
reference a reliable data source.
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4.4 The win-wins of 
better phosphorus 
management in 
agriculture
Measures that reduce P losses and improve 
PUE in agriculture are a ‘win-win’, as they 
aim to increase food production by reducing 
the need for external P application. This can 
improve food security, reduce P transfer to 
waters and associated eutrophication, and, 
in some regions, reduce costs wasted on the 
application of excess P fertilisers (including 
animal wastes). Enhancing PUE and 
increasing P recycling across sectors will 
achieve multiple benefits. These include:

Substantially mitigating other pollutant 
emissions, including reactive N and 
carbon dioxide (CO2) emissions to the 
atmosphere, and N and carbon (C) flux 
from agricultural production systems 
to waters. This can be achieved through 
improved plant productivity and biomass, 
and consequently sequestration of C 
and N (Tang et al., 2018). Kirkby et al. 
(2014) reported a reduction of soil C 
sequestration under nutrient limiting 
conditions, including phosphorus. Lorenz 
and Lal (2010) also reported reduced C 
sequestration in forest ecosystems under 
P deficient conditions. However, care 
is needed as there are situations where 
optimising production practices to increase 
PUE may increase the risk of C and N flux 
from land to water (Zhang et al., 2017a). 
It will be important to identify those 
combinations of measures, practices, and 
influences on farmer behaviour that would 
deliver multiple benefits (Kanter and 
Brownlie, 2019).

Boosting the standardisation and 
development of nutrient-rich waste 
management for societal acceptance and 
environmental sustainability of P recycling 
from waste materials.

Bringing new sustainable economic 
growth opportunities and development of 
industrial chains to fertiliser companies 
associated with innovation of P fertilisers 
and related novel technologies (see 
Chapter 7), as well as new business models 
such as selling ‘soil fertility’ services 
instead of fertiliser products (Cordell and 
White, 2014).

Promoting collaboration between 
multiple stakeholders involved in different 
sectors of the whole food system to enhance 
the full chain PUE.

In the next section, the key challenges in 
achieving high PUE in agricultural systems 
are discussed, followed by solutions that 
will help to deliver a more sustainable 
use of P in the production of crops and 
livestock. The importance of integrating the 
management of soils, crops, and livestock 
and P recycling into a cohesive P efficient 
system is highlighted. We conclude with 
suggestions on how policy and financial 
support can drive the change needed to 
build P sustainability into future agricultural 
systems globally.
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4.5 Challenges

Challenge 4.1: Low 
phosphorus use efficiency 
and high phosphorus losses 
are common in agriculture

Low phosphorus use efficiency 
(~20%) and high phosphorus losses 
from agricultural land to waterbodies 
is a growing problem globally and 
is exacerbated by climate change 
and rainfall extremes. In some 
cases, slow/controlled-release 
fertilisers can improve phosphorus 
use efficiency but these are not 
yet widely used. In regions where 
access to phosphorus fertilisers is 
not a limiting factor, there is a trend 
to apply high rates of phosphorus 
to compensate for soil phosphorus 
fixation, which can increase potential 
losses. Improving the utilisation of 
residual phosphorus in soils is critical 
for achieving efficient agricultural 
phosphorus use in these regions.

Low PUE within agricultural systems (i.e. 
across crop and livestock production) and high 
P losses from agricultural land to waterbodies 
are a globally increasing problem (MacDonald 
et al., 2011; Dhillon et al., 2017; Bouwman 
et al., 2017). Around 80% of the mined P 
used in agriculture is stored, wasted, or lost in 
the food chain between mine, farm and fork 
(Syers et al., 2008; Cordell and White, 2015b), 
particularly in areas with surplus P in the soils 
(Bouwman et al., 2017). The average global 
PUE calculated between 1961 and 2013 for 
cereal cropping systems using the ‘balance’ 
and ‘difference’ methods (as described above) 

produced an estimate of 77% PUE using the 
balance method, in contrast to 16% PUE using 
the difference method (Dhillon et al., 2017).

Globally, the application of excess P 
fertiliser is a greater driver of P surpluses in 
croplands (>13 kg P ha−1 year−1) than manure 
application (MacDonald et al., 2011), 
although, in some areas with high livestock 
densities, manure is an important driver. 
Furthermore, high P fertiliser application 
has been typically associated with areas of 
relatively low PUE (MacDonald et al., 2011). 

Currently, in regions where access to P 
fertilisers is not a limiting factor for farmers, 
there is a trend to apply high rates of P 
to compensate for soil P fixation (Ma et 
al., 2012; Roy et al., 2016; Withers et al., 
2018). In recent decades farmers in higher-
income countries and China and India 
have built up significant reserves of residual 
P in croplands (MacDonald et al., 2011; 
Bouwman et al., 2017; Zhang et al., 2017b). 
Residual P can be used by subsequent crops, 
with many soils now containing sufficient 
P stores to buffer food security threats for 
decades (Stutter et al., 2012; Menezes-
Blackburn et al., 2018). This is driving a 
decrease in mineral P inputs in some high-
income countries, even leading to negative 
P budgets in some parts of the EU (van 
Dijk et al., 2016; Bouwman et al., 2017). 
Improving the utilisation of residual P in 
soils is a critical component for efficient P 
use in agriculture. The challenge is to build 
agricultural systems that retain and use soil P 
reserves to grow crops, instead of losing them 
to waterbodies.

The amount and availability of residual P 
stored in agricultural soil systems are not 
always well known (Tian et al., 2017), 
making it difficult for farmers to know 
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how much P to apply to their soils. The P 
retention capacity of soils varies globally 
and impacts the availability of P inputs to 
crops (Figure 4.6). In P fixing soils, excess 
P is often applied to overcome P fixation, 
such as in Brazil (Withers et al., 2018). 
In this way, residual P in soils plays a 
dominant role in determining how available 
P inputs will be to crops (Frossard et al., 
2000; Stutter et al., 2012). However, to 
maximise PUE, fertiliser P inputs must be 
carefully managed to meet crop demands, 
whilst taking account of any residual or 
legacy P stores in soils (Tian et al., 2017). 
It is important to acknowledge that there 
are also regions of “too little phosphorus 
use”, such as in parts of Africa, where an 
increase in P application to soils is required 
to improve and maintain agricultural 
productivity (see Chapter 3).

Despite the possibility of exploiting 
residual P for subsequent crops, surplus P 
in agricultural soils represents a significant 
risk of P losses to the environment 
(Bouwman et al., 2017). In some cases, 
the use of slow- and controlled-release 
fertilisers can reduce the risk of P losses 
( Jones and Oburger, 2011; Teixeira et al., 
2016; Fujiwara et al., 2019; Kabiri et al., 
2020), whilst bio-fertilisers can improve P 
uptake of applied and residual P (Adhya 
et al., 2015; Mukhongo et al., 2017). 
However, these fertiliser products and 
technologies are not widely used by farmers. 
Robust and representative field evidence 
to support their use in the wide range 
of agricultural soil types is still required, 
alongside promotion campaigns to scale up 
and roll out the application of such novel 
technologies over large areas.

Figure 4.6 Spatial variation in the soil phosphorus retention (adsorption) capacity across the world, indicated by colour, from 
low (green) to very high (red) (image courtesy of the USDA-NRCS (1998)). 
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Challenge 4.2: The 
complexity of soil-
crop phosphorus 
cycles can confound 
management efforts

The phosphorus cycles that 
underpin organic, intensive 
monoculture and mixed farming 
systems vary widely and are 
sometimes poorly understood. 
This can make crop uptake of 
phosphorus difficult to predict, 
resulting in inaccurate estimates 
of fertiliser requirements that may 
confound attempts to improve 
phosphorus use efficiency.

The P transfer between soil and plant 
is influenced by the integrated effects 
of P transformation, availability, and 
utilisation caused by soil, rhizosphere, and 
plant processes (Shen et al., 2011). The 
complexity of these processes and their 
interactions (described in Li et al., 2011) 
makes predicting crop P uptake difficult, 
which can result in poor estimates of 
fertiliser requirements (Bünemann, 2015). 
Indeed, the P cycles that underpin organic, 
intensive monoculture and mixed farming 
systems are sometimes poorly understood 
and can confound P management efforts. 
Complexity increases with the diversity of 
organic materials being applied to soils (e.g. 
manure, sewage sludge, and increasingly new 
materials with variable composition, such as 
anaerobic digestate) due to variation in their 
P content and bioavailability (see Chapter 
6). A better understanding of P cycling from 
organic inputs to soils will help to optimise 
mineral fertiliser P recommendations for 
crops and grasses (George et al., 2018).

A key issue to overcome is soil fixation of 
P, which is the process by which P reacts 
with other minerals to form insoluble 
compounds and becomes unavailable to 
crops (Figure 4.3). The capacity of soils to 
fix P is highly influenced by the presence of 
iron, aluminium and calcium, which have 
peak capacity to fix P at soil pH 3.5, 5.5 and 
8.0, respectively (Silva, 2012) (Figure 4.7). 
It is very difficult to supply sufficient P for 
crop needs when P solubility is controlled 
by iron and aluminium. To overcome this, 
P is commonly applied in excess to crop 
needs to saturate the soil, however, this can 
increase the risk of P losses (Withers et 
al., 2018).

Intercropping (growing of two or 
more crops together in proximity on 
the same land) remains widespread in 
less economically developed countries, 
especially in South America and Sub-
Saharan Africa (SSA), though it has been 
largely abandoned in more economically 
developed countries (Bracken, 2019). 
Where intercropping is practised, one of the 
challenges is to meet the P requirements 
of each crop during their respective 
critical growth stages. However, crops in 
intercropping systems often have different 
nutrient and water resource needs at 
different stages and vary in ability to access 
the different soil P fractions (Sanyal et al., 
2015). In mixed farming systems there is an 
additional layer of complexity to consider 
for good P management and cycling. Mixed 
farming systems imply the integration 
of crop and livestock farming that must 
not only manage the P requirements of 
different crop varieties, cultivars and animal 
breeds but also optimise the recycling of 
the different P-rich products they produce 
(e.g. manure, crop residues, animal residues). 
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The P demands for each farming activity 
can be highly variable in both quality (i.e. P 
bioavailability to different crops, presence of 
contaminants) and quantity. Understanding 
how to integrate this information into 

strategies to enhance PUE in multi-crop 
systems, particularly for utilisation of 
residual P stores, is important (George et 
al., 2018).

Figure 4.7 General qualitative representation of soil phosphorus (P) fixation (and hence availability) as impacted by soil pH. 
Modified from Price (2006).
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Challenge 4.3: Livestock in 
intensive farming operations 
are often fed phosphorus 
in excess leading to high 
excretion rates

Demand for animal products 
is increasing. In some regions, 
poor management (i.e. collection, 
storage, and application) of animal 
manures leads to avoidable 
phosphorus losses to waterbodies. 
Furthermore, livestock and 
poultry are commonly fed more 
phosphorus than they can 
utilise, leading to the excretion of 
phosphorus-rich manures; they 
typically retain less than 30% of the 
phosphorus ingested.

Demand for animal products has almost tripled 
in the last 50 years due to population growth 
and dietary change (Davis and D’Odoric, 
2015). This has placed greater pressure on 
agricultural systems, driving intensive farming 
and concentrated production systems (Davis 
and D’Odorico, 2015; FAO, 2018). Three-
quarters of agricultural land worldwide is used 
for livestock production (Stenfield et al., 2006), 
and an estimated third of cereal crops are fed 
to livestock (Alexandratos and Bruinsma, 
2012), with this predicted to rise to half by 
2050 (Pradhan et al., 2013). Whilst values 
vary greatly between geographic regions, on 
average 40% of global crop calories are used 
as livestock feed; 4.0 kcal of crop products 
produce about 1.0 kcal of animal product 
(Pradhan et al., 2013). Livestock numbers 
are increasing at 2.4% year-1 (twice the rate 
of the human population) to meet this rising 
demand (Alexandratos and Bruinsma, 2012; 
UNEP, 2015).

Poor management of animal manures in 
many catchments, particularly in intensively 
farmed regions, has led to significant 
damage to aquatic ecosystems (Stenfield 
et al., 2006; Oster et al., 2018; Lloyd et 
al., 2019) (see Chapter 5). This is a key 
challenge in regions of intensive livestock 
production, where large quantities of 
nutrients are imported within animal feed, 
much of which is then excreted locally in 
animal manures (Dao and Schwartz, 2011). 
Structural methods to manage P losses 
from manures are available at the field and 
farm scale (see also Chapter 5) and are well 
documented in the literature (Ulén et al., 
2007; Schoumans et al., 2014; Sharpley et 
al., 2015). In some regions, such as China, 
direct discharge of animal manures into 
waterbodies remains widely practised and a 
significant cause of P pollution (Sattari et 
al., 2014; Strokal et al., 2016). In many areas 
of Europe, intensive livestock production 
has negated some of the improvements 
in aquatic ecosystems achieved through 
implementing the European Union’s (EU) 
Water Framework Directive (2000/60/EC) 
and Urban Wastewater Treatment Directive 
(91/271/EEC) (Oster et al., 2018).

Monogastric animals and poultry cannot 
utilise much of the P in their feed because 
they lack the enzymes to hydrolyse 
phytic acid, which is an abundant source 
of P in feed grains (Dao and Schwartz, 
2011). Supplementing monogastric diets 
with phytase enzymes can improve feed 
digestibility and P uptake (Valk et al., 2000; 
da Silva et al., 2019). However, livestock 
and poultry are often fed P in excess of 
their nutritional requirements, typically 
retaining <30% of the P ingested (Dao and 
Schwartz, 2011), leading to excretion of 
P-rich manures.
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The required P supply to animals decreases 
significantly with increasing live weight and 
matured skeletal system, and over-feeding 
with P will lead to unnecessarily high P 
excretion rates (Poulsen et al., 1999; Oster 
et al., 2018). A key challenge to nutritional 
approaches is accurately matching dietary 
P to the requirements of different species 
during their different growth stages, 
without decreasing animal health or 
diminishing yield of animal products (e.g. 
meat, milk, eggs) (Lu et al., 2017; Oster et 
al., 2018). Whilst recommended dietary P 
allowances are available for livestock and 
poultry (NRC, 1994, 1998, 2001), Lu et 
al. (2017) argue that such guidelines are 
not accurate, particularly for growing and 
finishing animals, which excrete the greatest 
amounts of P (Ferket et al., 2002). For 
example, recommended Chinese guidelines 
for dietary P to dairy cows are higher than 
those indicated from studies in Europe 
and the USA (Guo et al., 2019). Currently, 
Chinese feeding standards recommend 
a dietary P content of 0.45% (by weight) 
for a dairy cow producing 30 kg of milk 
day-1 (MOA, 2004), whilst US guidelines 
recommend 0.38% for a cow producing 40 
kg milk day-1 (NRC, 2001). This is despite 
multiple studies showing that reducing the 
dietary P content for dairy cows to 0.31% 
and 0.34% does not affect milk production 
(Wu et al., 2001; Knowlton and Herbein, 
2002; Zhao et al., 2011).

Challenge 4.4: Recycled 
phosphorus is not sufficiently 
used in agriculture

A circular approach to phosphorus 
management in agriculture is critical 
to address the significant amounts 
of phosphorus currently lost to the 
environment or landfills. Recycling 
is currently limited by transport 
costs of recycled resources and 
decoupling of phosphorus cycles 
across agricultural sectors due 
to intensification of livestock 
production. Policies and negative 
public perceptions about the 
safety of use can limit phosphorus 
recycling of certain wastes and 
residues. Phosphorus recovery 
technologies can produce 
contaminant-free phosphorus 
materials for safe reuse in recycled 
fertilisers.

A circular approach to P management 
in agriculture is critical to the delivery of 
a sustainable P future. Recycling P-rich 
organic materials and recovering P from 
waste streams for reuse in new products are 
discussed in detail in Chapters 6 and 7. A 
brief overview of some of the challenges of 
recycling P in agriculture is provided below.

The challenge for recycling P within the 
agricultural sector is to increase access to 
secondary P resources and to support the 
development of policies and regulations 
that de-risk the use of these resources from 
farm to global scales (Owen et al., 2010). 
Phosphorus can be recycled from various 
wastes, including wastewater, biosolids, 
municipal wastes, crop residues,and animal 
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by-products, among others (Leinweber et al., 
2018). However, P-rich organic materials 
in waste streams are commonly treated as 
waste rather than as a source of P input to 
support production. As a result, these P-rich 
organic resources are often not collected, 
stored, processed, or applied effectively, or 
are applied as a waste to crops and grass 
to avoid over-full slurry/manure stores, 
in excess of P requirements, leading to 
significant P losses to soils, waters or landfill 
(see Chapter 6).

The intensification of livestock production 
has enhanced the decoupling of P cycles 
between sectors. Transporting manures to 
sites where they can be applied sustainably 
to land is often not economically feasible, 
due to distance and the weight and volume 
of the manures (see Chapter 6). In the 
case of significant livestock production, the 
amount of animal manure generated could 
exceed the P capacity of the receiving soils, 
particularly when soil fertilisation policies 
are enforced, i.e. a maximum amount of 
P that can be applied to a unit area, based 
on soil testing or plant tissue analysis 
(Blackwell et al., 2019). The excess manure, 
when not properly handled, consequently 
reduces the overall PUE when the full chain 
is considered from farm to fork (Risse et al., 
2006; Lun et al., 2018). Manures produced 
globally in 2013 contained an estimated 
15 to 20 Mt P, of which between 8.0 and 
12.0 Mt were recycled back to croplands 
(Chen and Graedel, 2016; Bouwman et 
al., 2017).

The variable concentrations and 
bioavailability of the P contained in P-rich 
organic materials can also restrict their 
reliability as a viable fertiliser. Whilst 
typically lower than mineral P fertilisers, 
the concentration and bioavailability of 

P in organic materials are not easy to 
determine quickly, representing a challenge 
for farm-scale nutrient management. 
The bulky nature of many P-rich organic 
materials can make them difficult to spread 
consistently, also affecting their perceived 
reliability as a fertiliser to be used in place 
of mineral P fertilisers (see Chapter 6). 
Some manures and P-rich organic materials 
may also contain contaminants, for 
example, pathogens, hormones, antibiotics, 
potentially toxic elements, and micro-
plastics, which can accumulate in soils after 
manure/biosolid application and potentially 
compromise food quality for human 
consumption (see Chapter 6).

In some cases, P and other nutrients must 
be ‘recovered’ and detoxified from wastes, 
to recycle them safely and effectively. A 
further set of challenges, including policy 
and economic barriers, require addressing 
to implement P recovery (see Chapter 
7). An essential driver of P recovery (and 
recycling) is the presence of a market for 
P recovered materials. There are markets 
for niche recycled fertilisers sold at a small 
scale (e.g. struvite). However, a potentially 
significant market option would be to 
produce contaminant-free P raw materials 
that can be used by the mineral fertiliser 
industry as an alternative to phosphate 
rock. However, this relies on significant 
industry transformation and support, which 
may require policy-based motivation (see 
Chapter 7).

Farmers may choose not to use some 
P-rich organic materials (e.g human 
excreta) as fertilisers because of negative 
perceptions over the safety of their use in 
food production, and/or policy barriers. 
Quality standards for specific use, for 
instance in food or feed crops, could limit 
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the opportunities for use in the agricultural 
sector. Evaluation based on scientific 
evidence is therefore required to minimise 
unnecessary limitations on the use of 
recycled phosphorus. However, additional 
limitations for recycling P from some 
P-rich organic materials could be related to 
cultural barriers (Mariwah and Drangert, 
2011; Andersson, 2015), including the ‘yuck 
factor’ (i.e. disgust generated by an aspect 
of an idea) (Ghernaout et al., 2019; Ricart 
and Rico, 2019). This is exemplified by a 
study of a peri-urban farming community 
in Ghana, which found residents accepted 
that excreta when appropriately treated can 
be safely used as a fertiliser, but were not 
willing to use it on their crops or consume 
crops fertilised with treated excreta due to 
perceived health risk concerns (Mariwah 
and Drangert, 2011). Andersson (2015) 
argues that such social norms and cultural 
perceptions should be recognised, but not 
be treated as absolute barriers to the uptake 
of P recycling practices.

Challenge 4.5: There are 
insufficient policies and 
targets to deliver integrated 
action on phosphorus

Policies and/or regulations relating 
to sustainable phosphorus 
management at national or regional 
scales are sparse, and none exist at 
the global scale. Where regulations 
exist, policy incoherence and 
weak enforcement due to the lack 
of coordination among relevant 
ministries is commonly observed. 
Aspirational goals/targets (e.g. for 
phosphorus recycling, phosphorus 
losses, phosphorus use efficiency) 
and indicators to monitor 
improvement are also lacking for 
most regions.

As highlighted in the challenges above, 
improving sustainable P management 
in agriculture will require action across 
scales, sectors, disciplines, and regions, and 
cooperation between multiple stakeholders 
and communities. As acknowledged in 
the literature (Withers et al., 2014a, 2015; 
Cordell and White, 2014; Blackwell et al., 
2019), an integrated approach is essential 
to develop and implement strategies that 
can deliver long-lasting and significant 
improvements to PUE in the agriculture 
sector. However, indicators to monitor 
improvement are lacking in most regions. 
Where regulations exist, policy incoherence 
and weak enforcement due to the lack of 
coordination among relevant ministries 
is commonly observed. Policies and/
or regulations relating to sustainable P 
management at national or regional scales 
are sparse, and none exist at the global 
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scale (see Chapter 9). In the EU, relevant 
policies include the ‘Fertilising Products 
Regulation’ (European Parliament, 2019) 
and the ‘EU Critical Raw Materials List’ 
(which has included PR and elemental P 
since 2017; European Commission, 2017). 
In Africa, ‘The Abuja Declaration on 
Fertiliser for an African Green Revolution’ 
of 2006 called for the elimination of all 
taxes and tariffs on fertilisers and outlined 
targets to increase fertiliser use (African 
Development Bank, 2021). In other regions, 
measures that address P sustainability are 
contained within broader policies and 
regulations (e.g. ‘The Clean Water Act’ 
in the USA; US Government, 1972), or 
‘The Action Plan for Zero Growth in the 
Application of Fertilizer’ in China referring 
to chemical fertiliser (MOA, 2015), many 
of which do not reference P directly, or are 
based on volunteer schemes and subsidies.

Whilst there are extensive academic 
publications on sustainable P management 
in agriculture, government-endorsed 
guidance and guidelines are lacking in most 
regions. Although in some regions (e.g. 
North America, Europe and Australia), 
selected guidelines for effective use of 
P inputs to optimise crop and energy 
production and minimise pollution have 
been developed and operationalised (Shober 
and Sims, 2003; Elliott and O’Connor, 
2007; Schindler, 2012; Metson and Bennett, 
2015). In other regions, such as SSA, 
such policies and their implimentation 
are lacking (Masso et al., 2017). Even 
though these tools exist in areas like North 
America, Australia and Western Europe, 
P pollution remains a significant problem 
(see Chapter 3), suggesting guidelines are 
ineffective or not properly enforced, or both.

4.6 Solutions

Solution 4.1: Provide farmers 
with the support needed to 
increase phosphorus use 
efficiency

Farmers should not apply more 
phosphorus than needed to 
maximise crop yields. Fertiliser 
use can be optimised and 
should consider all nutrients. Soil 
phosphorus testing and appropriate 
control limits on phosphorus 
inputs may be needed. In some 
regions, such as parts of Africa, 
more phosphorus should be 
applied to improve/maintain crop 
productivity. Slow-release fertilisers, 
structural farming measures to 
reduce erosion and runoff and, 
innovations to improve uptake 
of residual phosphorus stores 
may reduce phosphorus losses 
whilst maintaining yield. Training 
farmers and advisors in nutrient 
management and providing access 
to decision support systems/tools 
for nutrient budgeting are required.

Extensive soil P testing can help farmers 
manage P applications more effectively 
(Dhillon et al., 2017). Farmers should 
not apply more P to soils than needed to 
optimise crop yields. In some instances, 
appropriate control limits on the application 
of P fertilisers may be needed (both from 
recovered and mineral P sources), especially 
where bioavailable soil P concentrations 
are in excess of crop requirements. Shifting 
from broadcast methods of fertiliser 
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application to more precise mineral fertiliser 
and manure placement can help maximise 
plant uptake whilst minimising losses 
(Withers et al., 2014b; Dhillon et al., 2017). 
The 4R and 4R plus nutrient stewardship 
approaches provide a framework to optimise 
fertiliser and manure use whilst maintaining 
and improving crop yield, based around 
the concepts of Right fertiliser source, 
applied at the Right rate, the Right time 
and in the Right place (for more details 
see: Johnston and Bruulsema, 2014; The 
Fertilizer Institute, 2017). The 4R plus 
nutrient stewardship approach combines 
the 4R nutrient stewardship approach with 
conservation practices or integrated soil 
fertility management (e.g. reducing tillage, 
planting cover crops, and adding structures 
such as contour strips and stream buffer 
strips among others) (for more details 
see the Nature Conservancy, 2021). Both 
approaches require a good understanding 
of the science underlying nutrient use in 
farming systems, as well as local conditions 
in the environment. Training farmers 
and advisors in nutrient management 
and providing access to decision support 
systems and tools for nutrient budgeting 
are required to support the uptake of such 
approaches.

In some less economically developed 
countries, insufficient use of fertilisers and 
soil erosion has led to substantial nutrient 
depletion of soils, constraining agricultural 
productivity, especially impacting marginal 
and smallholder farmers (see Chapter 3). 
In regions of insufficient P, opportunities to 
improve access to P include access to credit, 
extension services, investment in sustainable 
infrastructure (such as local P recycling 
systems from food waste and sanitation), 
and knowledge exchange to support better 

PUE and recycling within the agriculture 
sector (see Chapter 3). Indeed, the recycling 
of treated animal manures and residues 
(e.g. bones, blood) as sources of P and the 
use of recovered P fertilisers should be 
optimised in all regions, with corresponding 
reductions in mineral fertiliser use (see 
Chapters 7 and 8).

In all instances, strategies to improve 
PUE should consider all nutrient inputs 
returned to the soils, including those 
from human waste streams, manures 
and crop residues (see Chapter 6), and 
ensure that other crop nutrients (e.g. N, 
potassium (K) and other micronutrients) 
are sufficiently available to maximise 
plant P uptake (MacDonald et al., 2011; 
Bouwman et al., 2017). Micronutrients 
are essential for crop growth, and critical 
components of healthy human and animal 
diets. Micronutrients are non-renewable, 
and in some regions scarce, and should 
be recycled as part of any integrated 
nutrient sustainability strategy (Bell and 
Dell, 2008; de Haes et al., 2012; Mensink 
et al., 2013; Vaneeckhaute et al., 2019). 
Long-term P management planning at 
the farm scale needs to involve soil P 
dynamics to elucidate P budgets, taking 
into consideration the agronomic value of 
residual P (Powers et al., 2016; Sharpley et 
al., 2018). This calls for better diagnostic 
tools to determine the distribution and 
plant availability of residual P stores 
(Blackwell et al., 2019) and the adoption 
of a cumulative PUE indicator. Strategies 
to improve plant uptake of residual P could 
allow a reduction of P inputs to some soils, 
and reduce the risks of P losses to the 
environment (Stutter et al., 2012, 2015; 
Menezes-Blackburn et al., 2018; George et 
al., 2018).
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Reducing diffuse losses of P from 
agricultural soils is a key component in 
strategies to improve P sustainability, and 
can be a win-win, with benefits to both the 
farmer and the environment. Historically, 
studies of diffuse P losses have focused 
on the transport and distribution of P in 
the surface soil layers, due to the general 
assumption that vertical transport was 
relatively insignificant due to the high P 
fixing capacity of most subsoils (Gburek 
et al., 2005). However, more recent field 
studies have shown that P export via 
subsurface flows to surface waters and 
groundwaters can also be significant in soils 
receiving continual fertiliser application in 
excess of crop requirements which result 
in P accumulation, especially in those soils 
that are P saturated, or have low P retention 
capacity (Szogi et al., 2012; Boitt, 2017; 
Tian et al., 2017).

Diffuse P losses can also be impacted by 
irrigation. In a long-term irrigation trial 
of soils under grazed pasture, a three-fold 
increase in irrigation frequency resulted in 
a 13-fold increase in P loss in irrigation 
outwash (Boitt, 2017). If diffuse P losses 
are minimised, residual P can represent a 
long-lasting source of P to subsequent crops 
(Syers et al., 2008; Johnston and Poulton, 
2019). Common practices to reduce diffuse 
P losses include land and soil management 
that reduce soil erosion and control the 
drainage rate or filter drainage (Ulén et al., 
2007; Schoumans et al., 2014; Sharpley 
et al., 2015; see a summary of measures in 
Chapter 5). Mitigation options need to be 
informed by the identification of loss and/
or inefficiency hotspots or events (Haygarth 
et al., 2005; Senthilkumar et al., 2012a). 
The efficacy of erosion control practices, 
such as a reduction in tillage, are impacted 

by soil type, climate, landscape and land 
management practices, and should be 
appraised for their positive and negative 
effects on PUE at the catchment and farm 
levels (Ulén et al., 2010). Vegetated buffer 
strips between cropland and watercourses 
are promoted as a principal control measure 
for diffuse P transport and can reduce 
runoff velocity, trap sediments, increase 
infiltration, and, ultimately, increase plant 
uptake of nutrients (Dorioz et al., 2006; 
Roberts et al., 2012; Kieta et al., 2018). 
However, continual management, such as 
harvesting of vegetation and control of soil 
redox conditions, may be required to ensure 
that buffer strips continue to effectively 
reduce P transfer to rivers (Stutter et al., 
2009; Johnes et al., 2020).

Innovations in fertiliser technologies can 
be utilised to decrease P losses, for example 
particle surface coating technologies that 
control the release of P to plants (Everaert 
et al., 2016; Teixeira et al., 2016; Bernardo 
et al., 2018; Fujiwara et al., 2019; Ramírez-
Rodríguez et al., 2020; Kabiri et al., 2020; 
Qi et al., 2020). Such technologies can 
help reduce fertiliser requirements, and P 
losses to surface waters and groundwaters 
via erosion, surface and subsurface flow 
pathways. That withstanding, in many 
soils, struvite (MgNH4PO4·6H2O), which 
can be recovered from wastewaters, can 
be promoted as an efficient slow-release 
P fertiliser (Kataki et al., 2016; Schipper, 
2019; see Chapter 7).
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Solution 4.2: Implement 
crop management measures 
that improve plant uptake of 
phosphorus in soils

Multiple strategies can be used 
to optimise phosphorus use 
efficiency of crops, through site-
specific modifications to crop 
management, integrated soil fertility 
management (including water and 
weed management), rhizosphere 
management and the use of 
phosphorus efficient cultivars and 
bio-fertilisers. Strategies can now 
be developed to improve plant 
uptake of applied and residual 
phosphorus in the soil.

Farmers can optimise the PUE of crops 
by optimising plant spacing (Venkatesh et 
al., 2019) and planting times (Mukherjee 
et al., 2017), and selecting appropriate 
intercropping and crop rotations (Bationo 
and Kumar, 2002; Darch et al., 2018). 
For example, intercropping maize and 
faba bean, maize and chickpea, wheat 
and common bean, and clover and barley 
has been shown to improve PUE (Li et 
al., 2003, 2007, 2008; Darch et al., 2018). 
Water, weed and pest management can 
improve crop PUE, as part of integrated 
soil fertility management planning (Bationo 
and Kumar, 2002; Blackwell et al., 2010; 
Vanlauwe et al., 2010). For example, novel 
irrigation systems such as drip irrigation, 
partial root-zone drying irrigation, and 
fertigation can enhance water use efficiency 
and PUE (Yactayo et al., 2013). Control of 
root borne diseases is essential to ensure a 
healthy root system for efficient P uptake 
into crops (Altieri et al., 2012). Weed 

control minimises competition for soil P 
resources between the target crop and weeds 
(Naragade et al., 2018); hence, in principle, 
weed-free crops will require fewer nutrients 
than weed-infested crops.

Opportunities exist to optimise P 
management at the zone of interaction 
among plant roots, soils, and soil 
microorganisms (i.e. rhizosphere 
P management) (Shen et al., 2011; 
Richardson et al., 2011). Soil pH is 
one of the key factors governing soil P 
bioavailability, with soil P typically most 
bioavailable at pH 6.0-7.0 (Hinsinger, 
2001; Silva, 2012) (Figure 4.6). Localised 
application of ammonium and P fertilisers 
in calcareous soils can decrease soil pH by 
up to 3 units (i.e. 1000-fold), and stimulates 
root proliferation in maize leading to 
improved PUE and plant growth ( Jing 
et al., 2010). The addition of lime to soils 
can help reduce aluminium toxicity and 
subsequent damage to roots and improve 
the PUE of some cropping systems (Syers 
et al., 2008). However, considerable 
contradictions exist in the literature 
regarding the impact of soil liming on soil 
pH and soil P availability (Syers et al., 
2008). Interpretation of studies examining 
the impact of pH on plant P uptake should 
be treated with caution since pH has a 
profound impact on factors other than soil 
P solubility (Penn and Camberato, 2019). 
Farm-scale assessments are, therefore, 
recommended to inform liming practices 
with respect to soil P availability.

Amending soils with biochars, composts, 
manures and poultry litter can drive a 
reduction in P adsorption to soil particles, 
and/or change soil pH, which can also alter 
soil P availability (Shen et al., 2011; Ch’ng 
et al., 2014). However, the potential to 
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improve plant access to residual P through 
manure additions (Shen et al., 2011) and 
organic amendments requires further 
research and is likely to be site-specific 
(Penn and Camberato, 2019).

The use of P-efficient plant cultivars with 
higher P acquisition capacity can lead to 
more efficient utilisation of soil P pools 
(Simpson et al., 2011; Heuer et al., 2017). 
Root architecture plays an important role in 
maximising P uptake and modifications in 
root architecture in response to P deficiency 
are well documented (Niu et al., 2013). 
Root systems with high surface areas, that 
extend into P-rich soil zones, can access P 
in a given volume of soil more effectively 
(Lynch, 1995). Selecting genotypes with 
high root foraging capacity (e.g. more 
adventitious roots, lateral branching, or 
shallow roots) to enhance P uptake can 
significantly reduce P fertiliser input 
requirements and P losses. For example, 
the P-efficient genotypes of the common 
bean have more shallow roots in the topsoil 
where there are relatively more P resources 
(Lynch and Brown, 2008). Selecting 
genotypes with high soil P ‘mining’ capacity 
(e.g. greater carboxylate and phosphatase 
secretion) to mobilise P fixed in the soil can 
also enhance P acquisition. Phosphatase 
secretion is one of the important adaptation 
strategies for P-efficient plants, which 
increases the hydrolysis of soil organic P 
to enhance soil P acquisition (Mehra et al., 
2017). Efforts to develop P-efficient plants 
which display such traits, through breeding 
or genetic modification, commonly select 
for root morphological and P-mining 
traits. The mechanisms by which selected 
crops can enhance the release of P fixed to 
soil surfaces and improve crop P uptake 
through modifying rhizosphere properties 

(e.g. root system architecture and structure, 
phosphate transporters, key transcription 
factors, organic acid biosynthesis, and 
phosphatase secretion) should be the focus 
of selective breeding practices (Trolove et 
al., 2003; Mehra et al., 2017).

Advances in bio-fertiliser technologies 
(microbial biotechnologies) can contribute 
to the use efficiency of residual phosphorus. 
Many agricultural soils contain sufficient 
P stores to buffer food security threats for 
decades (Stutter et al., 2012; Menezes-
Blackburn et al., 2018), although they 
are not immediately available for plant 
uptake. Bio-fertilisers include inoculants 
containing arbuscular mycorrhizal fungi 
(AMF) (Babana and Antoun, 2006), 
plant growth-promoting rhizobacteria 
(Richardson et al., 2009), and P-solubilising 
microorganisms ( Jones and Oburger, 2011; 
Adhya et al., 2015; Mukhongo et al., 2017). 
They work to increase the turnover of P 
in ‘plant unavailable pools’ to slow the net 
accumulation of residual P that occurs when 
P-sorbing soils are fertilised. However, 
soil P ‘mining’ strategies to enhance the 
desorption, solubilisation or mineralisation 
of non-plant available P pools (Figure 
4.3) are not sustainable in the long term 
(Richardson et al., 2011). Overuse of 
chemical and organic P fertilisers may 
suppress the functional activities of P 
solubilising microorganisms and AMF 
(Olander and Vitousek, 2000; Wang and 
Lambers, 2020). Thus, to ensure all P 
pools are sufficiently utilised, P application 
rates (through a combination of both 
organic and inorganic fertilisers) should be 
optimised to ensure that crop demands and 
the functional role of microorganisms are 
balanced over months to years (George et 
al., 2018).
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Solution 4.3: Optimise animal 
diets to lower phosphorus 
excretion and improve 
manure management

Optimising the diets of animals 
in intensive farming operations 
to match growth requirements, 
and supplementing monogastric 
animals with phytase enzymes 
can reduce phosphorus excretion. 
Governments should provide 
guidance on recommended 
dietary phosphorus allowance for 
livestock based on current scientific 
knowledge.

Demand for animal products is increasing 
globally. Strategies to reduce consumption 
of animal products with high P footprints, 
and maintain healthy diets, are discussed in 
Chapter 8. However, multiple opportunities 
exist to reduce the P required to produce 
animal products by improving PUE in 
livestock production. Nutritional strategies 
to lower P excreted in waste streams 
and efficient management of manures 
represent key opportunities to make global 
improvements to P sustainability in the 
livestock sector.

Optimising animal diets to match growth 
requirements may help reduce the amount 
of P lost in animal manures (Wu et al., 
2001; Nahm, 2002; Casartelli et al., 2005; 
Arriaga et al., 2009; Dersjant-Li et al., 
2015). For example, Zhang et al. (2016) 
showed that reducing dietary P from 0.42% 
to 0.26% did not negatively affect growth 
or milk production in dairy cows, but did 
reduce faecal and urine P concentration 
by 35% and 69%, respectively. Similar 
studies have shown that modifying diet 

ingredients and composition to meet P and 
other nutrient requirements of the animal 
at different growth stages (phase feeding) 
(Han et al., 2001; Dao and Schwartz, 
2011) can reduce dietary P excretion in 
cattle (Zhang et al., 2016; Guo et al., 
2019), poultry and swine (Lu et al., 2017), 
aquaculture (Naylor et al., 2009) and 
horses (Saastamoinen et al., 2020), without 
affecting animal health or performance. 
Balancing P and other nutrients in diets 
as a front-end nutrient management 
approach has the advantage of saving 
producers’ money in feed costs and lowering 
P surplus on farms, subsequently reducing 
potential environmental losses (Knowlton et 
al., 2004).

Government guidance on recommended 
dietary P allowance for livestock should 
reflect current scientific knowledge. 
Guidance in China and the USA may 
not be accurate and potentially results in 
excess P being fed to livestock (Lu et al., 
2017; Guo et al., 2019), whilst in other 
regions, such as SSA, guidance is lacking. 
Evaluation of the recommendations for 
protein (and thus N) and P content in 
livestock feed is needed across regions. 
Around two-thirds of the P in cereal grains 
and oilseed meals, which make up the 
bulk of monogastric diets, is organically 
bound in the form of phytate. Monogastric 
animals lack sufficient digestive enzymes 
to digest phytate, and therefore inorganic 
P is added to diets, commonly in excess, to 
meet the requirements of the animal (Lu 
et al., 2017). To reduce excess P excretion 
in monogastric livestock, strategies to 
improve the bioavailability of P in feeds and 
subsequent reduction in P content should 
be implemented across all regions, especially 
for poultry and swine that together provide 
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70% of meat production (Ritchie and 
Roser, 2017). Supplementing the diet of 
monogastric animals with phytase enzymes 
to make P in feed grains more digestible 
can reduce P excretion (Poulsen et al., 1999; 
Nahm, 2002; Arriaga et al., 2009; Kebreab 
et al., 2011). Whilst this practice is already 
widespread in more economically developed 
countries, it should also be extended to 
less economically developed regions. It 
is important to ensure that the addition 
of phytase supplements is accompanied 
by corresponding and optimal reductions 
in dietary phosphorus. For example, for 
laying hens that received low P and protein 
diets supplemented with amino acids and 
phytase, N and P excretion were reduced by 
around 50%, with no detrimental effects on 
animal performance or health (Keshavarz 
and Austic, 2004). Similarly, pigs fed on low 
P content diets supplemented with phytase, 
excreted 19% less P than those consuming 
standard amounts of P in their diets, with 
no change to growth or animal performance 
(Kebreab et al., 2011). The use of phytase 
enzymes has allowed the poultry industry 
in the USA to make significant reductions 
in P concentrations in poultry feeds (Dou, 
2003; Maguire et al., 2005; Steén , 2006). 
Long et al. (2017) showed that the addition 
of phytase to cattle diets had little effect on 
P absorption or retention by the animals. 
Whilst the use of dietary phytases can 
increase P digestibility in monogastric 
animals, the practice increases water 
solubility of the P excreted in manures and 
hence can increase the risk of P losses from 
land receiving manure applications (Dao 
and Schwartz, 2011).

Solution 4.4: Increase 
phosphorus recycling from 
manures and residue streams

Globally, recycling of treated animal 
manures and residues and the 
use of recycled fertilisers should 
be increased, with corresponding 
reductions in mineral fertiliser use. 
Integrating arable and livestock 
systems can help to reduce costs 
associated with transporting 
phosphorus-rich animal manures 
and residues to crops. In some 
cases, education, extension 
services and investment in 
infrastructure and technology are 
needed to support stakeholders 
and make phosphorus recycling 
more efficient.

Diet optimisation in livestock should be 
accompanied by manure management 
to optimise P recycling and minimise 
P loss to the environment. Manure P 
management may involve measures at 
the field scale, like the adjustment of 
stocking density, rotational grazing, and 
keeping animals away from the edges of 
waterways, or managing the locations of 
drinking water and shade to reduce the 
occurrence of manure hotspots within 
fields (Sims and Maguire, 2005; Haan et 
al., 2006; Webber et al., 2010; Dao and 
Schwartz, 2011). Where manures are to be 
collected, animal housing can be designed 
to aid collection and avoid losses. Manure 
storage containers should have robust 
construction to avoid leakage during long-
term storage, with regular inspections to 
ensure security, and also be large enough to 
handle manure volumes so that application 
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to frozen fields in winter is prevented. 
Furthermore, the impact storage can have 
on the P chemistry of manures should be 
considered in management strategies. For 
example, storage can enhance inorganic 
P content relative to organic P forms in 
manure, making it more immediately 
bioavailable to plants. However, increasing 
P solubility of manures may increase the 
risk of losses via convective transport 
and should be considered in strategies to 
mitigate P losses from manure applications 
(Dao and Schwartz, 2011). In some cases, 
maintaining a stable pool of organic P in 
manures to support the slow release of 
P to meet the continual needs of a plant 
during the growing season may be more 
desirable. Precision application of manures, 
including the placing of manures close to 
roots to target the crop and not the soil, 
can improve plant P uptake and reduce 
losses (McLaughlin et al., 2011; Withers et 
al., 2014b) (Figure 4.8). The most efficient 
strategies to reduce environmental impacts 
of manure P losses vary between different 
animal production systems, and particularly 
on the settings in which animals are 
raised or finished for market (Dao and 
Schwartz, 2011).

Despite their recognised agricultural 
sustainability benefits, mixed crop-livestock 
farms have declined in recent decades in 
the Northern hemisphere (Asai et al., 2018). 
Spatially integrating arable and livestock 
agricultural systems can help to reduce costs 
associated with transporting P-rich animal 
manure to crops. Whilst some farming 
systems rely on manure disposal contracts, 
local partnerships between specialist arable 
farms and livestock farms can support the 
exchange of crops, grains and manure, 
and coordinate land use (Lemaire et al., 

2014; Martin et al., 2016) (see Chapter 6). 
In an assessment of 240 arable/livestock 
farming partnerships in Denmark, trust 
and reciprocal relationships enhanced 
through effective communication and 
well-functioning institutional support (e.g. 
local advisory services matching farmers 
and facilitating partnership arrangements) 
played pivotal roles in maintaining effective 
partnerships (Asai and Langer, 2014). 
A further study, comparing arable and 
livestock farming partnerships in Japan, 
France, the Netherlands, and the USA, 
demonstrated that appropriate coordination 
by third-party entities provided the effective 
financial and technical support required 
by partnerships (Asai et al., 2018). They 
argue that, in some cases, a formal legal 
framework for establishing crop-livestock 
integration may be useful to increase the 
credibility and permanency of partnerships.

Most, if not all, P-rich organic materials 
need some level of processing to reduce 
contaminants and pathogens to safe levels 
for use in food production (see Chapter 
6). Many processes can be used to recover 
P from contaminated organic materials 
(Kabbe and Rinck-Pfeiffer, 2019). Whilst 
some P recovery processes can be expensive 
and provide economic barriers to recycling, 
the market price alone for recovered P 
products should not define the economic 
feasibility of P recovery. The economic value 
of the co-benefits (e.g. pollution reduction, 
co-production of nutrients and other 
critical elements and bioenergy) require 
better quantification to ensure economic 
assessments represent net societal gains. A 
key market for recovered P materials is an 
alternative raw material (i.e. to supplement 
PR use) for use in the mineral fertiliser 
industry (see Chapter 7).
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Figure 4.8 Farmer applying phosphorus-rich slurry to a field using a trailing hose. Trailing hose and slurry injection 
techniques offer the potential to reduce dissolved phosphorus concentrations in runoff during the period immediately after 
slurry application.

Phosphorus lost from agricultural land 
but which has accumulated in aquatic 
ecosystems (e.g. within biomass and bed 
sediments) (Sharpley et al., 2013; Powers 
et al., 2015), may provide a limited source 
of P for agricultural soils. This recovery 
pathway may be more beneficial to the P 
receiving environment as an effective P 
reduction measures, but may also provide 
some level of organic P to support local 
agriculture. For example, recycling fish-
pond sediments has been demonstrated as 
a source of plant nutrients with additional 
soil conditioning benefits (Rahman et al., 
2004; Rahman and Yakupitiyage, 2006; 
Ihejirika et al., 2011). This may be relevant 
in regions such as Asia, where aquaculture 
is increasing at significant rates (Huang 
et al., 2020) (see Chapter 5). The use of 
such materials should be explored further, 

especially for supporting smallholder 
farms where access to inorganic P 
fertilisers may be limited. However, it 
is important to consider that lakebed 
sediments in some regions may be highly 
contaminated, for example, where mining 
activities are or have been, prevalent and 
where cyanobacteria toxin concentrations 
are high. Furthermore, the removal of 
sediments from aquatic ecosystems will 
itself create a damaging impact (through 
habitat loss) on benthic aquatic organisms.

To meet regulations and fulfil ‘organic 
food’ certifications from most international 
organic food associations, organic farmers 
cannot use ‘conventional’ mineral P 
fertilisers (e.g. diammonium phosphate, 
monoammonium phosphate, single 
superphosphate, and triple superphosphate) 
(Stabenau et al., 2018). To avoid depleting 
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soil P levels organic farmers must rely 
on recycled P sources. For organic farms 
without livestock or access to sufficient 
manures, fertilisers made with P recovered 
from organic residues (e.g. food wastes, 
seaweeds, biochar, products or by-products 
of animal origin) can be used. A full list of 
fertilisers, soil conditioners and nutrients 
permitted for use in organic farming 
systems in the EU is provided in Annex 1 
of European Commission (2008), although 
products or by-products of animal origin 
(including blood, bone, and fish meal) must 
not be applied to edible parts of the crop. 
Ground PR 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).

Measures to increase the recycling of P-rich 
organic materials and recovered P products 
are discussed in detail in Chapters 6 and 7. 

Solution 4.5: Develop 
integrated policies and 
phosphorus use efficiency 
targets across scales

An integrated approach is essential 
to increase sustainable phosphorus 
use in the agricultural sector and 
will require actions across scales, 
sectors, disciplines, and regions. 
Targets to increase phosphorus 
use efficiency in agriculture and 
indicators to monitor improvement 
from farm to global scales are 
needed. Phosphorus budgets 
at the farm level are needed to 
develop catchment management 
plans that scale phosphorus use 
efficiency assessments to national, 
regional, and global scales. We 
must maximise synergies with other 
nutrients and ensure that policies 
are adaptive.

Targets to increase PUE in agriculture, 
and indicators to monitor improvement, 
are needed at national, regional, and global 
scales. Policymakers can help address this 
need by developing and implementing 
enabling policies (McDowell et al., 
2016) to support the delivery of PUE 
targets. Enabling policies could promote, 
for example: 

• soil testing and plant tissue analysis to 
inform P fertiliser use recommendations 
(Masso et al., 2017; Blackwell et 
al., 2019); 

• optimisation of P budgets in soils to 
appropriately match farming systems 
and soil types (Ohm et al., 2017; Zhou 
et al., 2017; Lun et al., 2018); 
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• improving the formulation of animal 
feeds to avoid excess losses in manures 
(Knowlton et al., 2004; Kleinman et al., 
2019); and 

• the implementation of safe threshold 
limits for cadmium and harmful 
contaminants in mineral and recycled P 
fertilisers. 

Policies could also define national 
targets for P recycling, PUE and P 
losses. Enforcement, or development and 
implementation of supportive policies are 
required to create an enabling environment 
to make recommended options for 
improving PUE economically viable 
(Withers et al., 2014b, 2015). In some cases, 
financial instruments such as subsidies, tax 
incentives, and support will be required for 
farmers to adopt sustainable measures. In 
some regions, infrastructure development 
will be necessary to support measures to 
increase PUE, for example, where collection 
services and transport networks for P-rich 
organic materials are currently insufficient.

As highlighted in the solutions above, an 
integrated approach to improve full chain 
PUE and reduce losses throughout the food 
production chain is needed. A multiple 
stakeholder approach will, therefore, 
be critical. Whilst changing farming 
behaviours is a key requirement, farmers 
cannot make changes without supporting 
actions also being implemented throughout 
the food production and consumption 
chain (i.e. the network of stakeholders 
involved in growing, processing, and selling 
the food that consumers eat). Stakeholders 
in this chain must be collectively engaged 
and their roles in delivering PUE gains 
supported, including, farmer organisations, 
extension services, private and public sector 

bodies, policymakers, and the scientific 
community.

Stakeholders must be appropriately 
consulted on the development of national 
strategies to ensure that they reflect local 
needs and available resources. For example, 
the central role of farmers organisations 
in agri-environmental schemes in Canada 
significantly enhanced good P management 
in the country’s agricultural sector and 
increased acceptance of the recommended 
solutions (Robinson, 2006). Opportunities 
to adopt more alternative and more 
P sustainable farming behaviours will 
differ between regions, countries, farm 
types and individual farmers. It will be 
important to ensure that there is a common 
understanding of the barriers (physical, 
social, cultural, economic and political) to 
good P management and the options to 
overcome them (Scholz et al., 2014). For 
example, the social and cultural factors 
influencing water pollution mitigation 
behaviours within the farming community 
must be understood, so that farmer 
engagement is sustained over the timescales 
needed to deliver lasting reductions in P 
losses (Inman et al., 2018).

To ensure crop yields, integrated 
management of N, P and other nutrients 
is required (Kanter and Brownlie, 2019). 
Whilst ‘traditional’ application of manures 
to fields provides most of the nutrients 
needed for crop growth (N, P, and 
micronutrients), the relative proportion of 
nutrients rarely matches the needs of the 
crop. This can result in the over-application 
of some nutrients, especially when manures 
are applied primarily as a source of N, with 
little consideration of soil P accumulation 
that can result from repeated manure 
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applications (Shober and Sims, 2003; Sims 
and Maguire, 2005; Bouwman et al., 2017).

In addition to tackling structural and 
cultural barriers within the farming sector, 
P sustainability strategies should also take 
account of the pressures of climate change 
and population and economic change. 
This will require a clear understanding of 
the combined effects of climate drivers, 
source management, and hydrological 
and chemical controls in the landscape, 
and how they impact P transfer from soils 
to groundwater and surface water. In an 
assessment of the impact of projected 
climate change on future phosphorus 
transfers in three UK catchments, 
Ockenden et al. (2017) showed winter 
P transfers from land to waters would 
increase by 30% by the 2050s, and that 
limiting these losses would only be possible 
with large-scale agricultural changes (e.g. 
20–80% reduction in P inputs). Since such 
reductions may not be compatible with 
future demands for agricultural productivity, 
policymakers will need to reassess priorities, 
as outlined in Doody et al. (2016). There is 
a critical need to increase our understanding 
of the effects of climate change on PUE 
to underpin the development of long-
term mitigation options (Al-Kaisi et al., 

2013). Integrated climate-hydro-chemical 
indicators will be useful for shaping future 
P policy, to ensure they are sufficient to 
optimise PUE, whilst mitigating P losses 
from agricultural soils to water. However, 
it is clear that to prevent overestimation or 
underestimation of fertiliser requirement 
over time, the management of P in 
agricultural systems should be a dynamic 
process, underpinned by an adaptive policy 
approach (Syers et al., 2008; Blackwell et 
al., 2019).

Fortunately, measures that reduce P losses 
and improve PUE in crop production are 
‘win-win’. Whilst they aim to increase 
crop production by reducing the need for 
external P application, this can improve 
food security, reduce P transfer to 
waterbodies and associated eutrophication, 
and in some regions reduce costs wasted 
on the application of P fertilisers that 
are not needed. In this way, addressing 
P sustainability in agriculture delivers 
on multiple United Nations Sustainable 
Development Goals (SDGs) including, 
poverty alleviation SDG 1 - Zero Hunger, 
SDG 2 - Clean Water and Sanitation, 
SDG 6 - Responsible Consumption and 
Production, SDG 12 - Life Below Water, 
SDG 14 - Life on Land (SDG 15).
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Phosphorus and water 
quality
Lead authors:  Penny J. Johnes, A. Louise Heathwaite, Bryan M. Spears

Co-authors:  Will J. Brownlie, James J. Elser, Phil M. Haygarth, Katrina A. Macintosh, 

  Paul J.A. Withers

Phosphorus is one of the key 
drivers of the global nutrient 
challenge and the biodiversity 
loss emergency with respect to 
freshwater and marine ecosystems. 
Impacts include toxic algal blooms, 
mass fish kills, greenhouse 
gas emissions, and the loss of 
economic, societal, and cultural 
value associated with high-quality 
ecosystems. The ‘know-how’ to 
deliver significant water quality 
improvements across sectors and 
scales is available, and many of the 
solutions provide multiple benefits. 
The challenge now lies in mobilising 
policymakers, investment, and 
public support for change.

Left: Two boats floating in an 
algal bloom in Labelle, Florida, 
triggered by elevated phosphorus 
concentrations. Photograph 
courtesy of Adobe Stock. 
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Challenge 5.1: Phosphorus pollution is increasing globally
Over the course of the 20th-century, phosphorus losses from land to fresh waters almost doubled 
because of human activity. Whilst sources of phosphorus pollution vary between regions, they are 
dominated by agricultural (e.g. livestock manures and fertilisers) and wastewater discharges. In many 
regions, phosphorus losses continue to increase. 

Challenge 5.2: The global impacts of phosphorus pollution are 
not well quantified
Elevated phosphorus concentrations in freshwater and coastal marine ecosystems are contributing to 
the unprecedented loss of freshwater biodiversity and the growing global phenomenon of freshwater 
and marine ‘dead zones’. However, the true scale of the problem is difficult to estimate as baseline 
data are lacking across all regions and scales. Long-term monitoring programmes are necessary to 
track and study recovery following nutrient reduction strategies and to inform adaptive management 
initiatives.

Challenge 5.3: Phosphorus losses and their impacts 
are expensive
The direct and indirect impacts of eutrophication are costly, in terms of losses of ecosystem services, 
clean up expenses, and losses to local economies. Phosphorus losses also represent a significant 
waste of resources. Global or regional assessments on the costs of eutrophication or the effectiveness 
of measures to reduce phosphorus losses are lacking. This severely compromises the ability to 
communicate the need for action with stakeholders and policymakers.

Challenge 5.4: There is a lack of phosphorus policy and 
legislation covering water security
Phosphorus sustainability is not consistently enacted in regional policies and global action is needed 
to bring phosphorus enrichment of waters to the attention of policymakers. No global holistic policy 
on nutrient management in aquatic ecosystems exists. A key challenge is therefore enabling better 
integration of a sustainable phosphorus strategy across existing and emerging policy frameworks.
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Solution 5.1: Reduce phosphorus losses and improve 
phosphorus use efficiency 
Improved agricultural and wastewater management should be implemented to reduce losses 
of phosphorus from land to water. There is also a clear opportunity to improve phosphorus use 
efficiency in aquaculture. In order to reduce phosphorus pollution on a global scale, we must identify 
opportunities to decrease the amount of ‘mined’ phosphorus entering the anthropogenic phosphorus 
cycle, enhance uptake of sustainable fertiliser management approaches, and take action to close 
the phosphorus loop. This can be done by cutting phosphorus losses and increasing recycling and 
phosphorus storage within the landscape. 

Solution 5.2: Implement new and utilise existing data collection 
systems to inform adaptive management 
Monitoring programmes provide a critical link between information, evidence-based decision 
making, and policy development, and should be used to inform adaptive management frameworks. 
This is especially important given ecosystem restoration is often a long-term process, and considering 
the impacts on waterbodies of multiple stressors, including those associated with climate change, 
population growth, and urbanisation. Restoration efforts must be coupled with preventative 
interventions to safeguard those ecosystems that are sensitive to future increases in phosphorus input.

Solution 5.3: Implement integrated catchment management 
and develop algal bloom response plans
Integrated phosphorus management strategies that cross scales will be essential in achieving improved 
water security globally. A road map for capacity development is required to support the wider 
development of long-term integrated catchment management programmes focused on phosphorus. 
Rapid response plans are needed to manage the risk of damage to both ecosystem and human health 
associated with harmful algal blooms. 

Solution 5.4: Develop integrated policy approaches and globally 
coordinated phosphorus initiatives
Solutions to overcoming phosphorus inefficiencies must rely on tackling phosphorus imbalance at 
all scales. The development of regional targets, mandates and incentives are essential, and will often 
require transboundary cooperation. Where regional policies exist on phosphorus or other nutrients, 
experiences with these should be synthesised to inform their improvement as well as support policy 
development in other regions where no relevant policies exist. 
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5.1 Introduction
The enrichment of fresh and coastal waters 
with nutrients including phosphorus (P) and 
nitrogen (N) is one of the most conspicuous 
impacts of the Anthropocene (Smith and 
Schindler, 2009). That we continue to 
pollute the very water that we rely on for 
survival is a shocking level of self-harm. 
That we are willing, by our actions, to cause 
alarming rates of biodiversity loss in fresh 
and coastal waters is equally shocking. The 
rate of biodiversity loss in fresh waters is 
higher than in any other planetary domain 
(Tickner et al., 2020). Over 25% of all 
freshwater species are currently threatened 
with extinction globally, and freshwater 
fauna declined globally by 83% from 1970 
to 2014, compared to 60% for all habitat 
types (WWF, 2018; Reid et al., 2019; 
Tickner et al., 2020). While a wide range of 
emerging and persistent stressors are driving 
these losses, climate change and increasing 
nutrient delivery from food production and 
consumption are ubiquitous. They combine 
to generate a globally increasing incidence 
of eutrophication, the process whereby 
excess input of nutrients (N and P) drives 
the formation of harmful algal blooms, 
coastal dead zones, mass mortalities of fish, 
closure of economically important fisheries 
and shell-fisheries, high rates of biodiversity 
loss, high rates of greenhouse gas emissions, 
and the loss of economic, societal and 
cultural value associated with high-quality 
ecosystems. The process of eutrophication in 
lakes through P loading has become a central 
exemplar of the links between ecological 
behaviour and natural capital and economics 
(Dasgupta, 2021). Beyond lakes and fresh 
water, in only a few thousand years, the 
contribution of P towards long term ocean 

anoxia has potentially unthinkably damaging 
consequences to the Earth’s biogeochemistry 
(Watson et al., 2017).

In the this chapter, we highlight the global 
nutrient challenge and biodiversity loss 
emergency with respect to freshwater and 
marine ecosystems and define the role of 
P as one of the key drivers of this problem. 
We highlight the importance of balancing 
P losses alongside N losses, predominantly 
from food systems and human waste, to 
relieve the effects of eutrophication. We 
stress that the notoriously difficult task 
of restoring ecosystems is within reach. 
However, the economic and cultural costs 
of large-scale environmental management 
are likely high and should be equitably 
shared. It is, therefore, important to raise 
awareness of ecosystems under threat and 
to work across governments to ensure 
their long-term integrity, as well as to 
identify short-term disaster response plans 
where trends of degradation are deemed 
unacceptable. We call for a greater focus 
on preventative nutrient management to 
safeguard global biodiversity in freshwater 
and coastal ecosystems and meet long-term 
sustainability goals.

To overcome P losses, we must tackle P 
imbalance across scales and not just those on 
the farm (Shepherd et al., 2016). Critically, 
this requires that eutrophication control 
strategies reduce whole system total P inputs 
(Figure 5.1), particularly to the food system, 
whilst maintaining or increasing production 
outputs and increasing P use efficiency 
within the system (Withers et al., 2014). 
Transdisciplinary approaches to sustainable 
P management that embrace both field-
scale and wider regional P stewardship, 
that allow for variance in the response of 
damaged ecosystems to management and 
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control the socio-economic drivers for 
change have been proposed (Carpenter et 
al., 2015; Jacobs et al., 2017; Withers et 
al., 2018). These approaches include the 
need to address nutrient imbalances in 
agricultural development, globally (Vitousek 
et al., 2009). Opportunities to develop a 
circular economy to reduce new imports 
of inorganic P into existing farming and 
food processing systems (e.g. Metson et 
al., 2016) (see Chapter 8), and recovery 
of P from different wastewaters to reduce 
direct effluent loadings to rivers and lakes 
(see Chapter 7) are needed. The potential 
to reduce society’s P demand by altering 
dietary choice (see Chapter 8), reducing 
food waste and genetic design of crops (see 
Chapter 4) should be considered ( Johnes, 

2007a; Withers et al., 2018). Reducing total 
societal demand for P would have a positive 
cascading effect, reducing P inputs and losses 
across the food-value chain (see Chapter 4). 
This lowering of P surpluses would lead to 
a rebalancing of nutrient inputs and outputs 
of P in agricultural systems, with lower 
landscape P accumulation, which would both 
reduce P losses to water in the longer term 
and increase catchment P buffering capacity. 
We develop the evidence base on ecosystem 
responses to these measures and highlight 
the need to consider them holistically, across 
large catchments, and across political divides 
in order to deliver large-scale environmental 
and socio-economic gains.

Figure 5.1 Anthropogenic sources of phosphorus to the aquatic environment. The main anthropogenic nutrient sources are 
discharges from agricultural runoff, sewage treatment works and industry. Modified from Ærtebjerg et al. (2003). 

Septic tanks

Sewage 
treatment centres
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5.2 Impacts of 
phosphorus 
on freshwater 
and coastal 
ecosystems
Phosphorus concentrations in aquatic 
ecosystems have been elevated worldwide 
by human activities. For example, in the 
USA, P concentrations in 72% of rivers 
and 79% of lakes exceeded background 
levels because of human activity in the last 
decades (Dodds, 2006). In the European 
Union (EU), ~32,000 km2 lake surface 
area (about 40% of monitored lakes by 
number) is deemed to fail ecological quality 
targets under the EU Water Framework 
Directive (European Parliament, 2000). 
Over 83% of freshwater habitats in 
the EU were classed as being in an 
unfavourable condition in 2015, higher 
than any other habitat type (European 
Environment Agency, 2015), many of 
which are impacted by eutrophication. 
Over 50% of the P mass input (load) to 
23 of the world’s largest lakes originates 
from human activities representing a 
threat to current and future water security 
(UNEP, 2016). Water security has been 
defined as “The capacity of a population 
to safeguard sustainable access to adequate 
quantities of acceptable quality water for 
sustaining livelihoods, human well-being, 
and socio-economic development, for 
ensuring protection against water-borne 
pollution and water-related disasters, and 
for preserving ecosystems in a climate of 
peace and political stability” (UN-Water, 
2013). Strong evidence indicates that 
eutrophication effects are increasing in 

poorly monitored areas of the world. For 
example, in China, eutrophication in the 
previous century was reported to have 
contributed to the elimination of all fish 
from about 5% of river length (Dudgeon, 
1999). In the coming decades, increasing P 
loadings to aquatic ecosystems threaten the 
Chilean Lake District, a globally important 
biodiversity hot spot (Pizarro et al., 2010; 
Almanza et al., 2019), adding to the 
catastrophic algal blooms already impacting 
the southern Chilean coast, a significant 
region for finfish mariculture (Bouwman et 
al., 2013a).

Due to its relative scarcity in bioavailable 
forms, P is often the key nutrient limiting 
or co-limiting plant growth in fresh 
waters (Carpenter et al., 2005; Smith and 
Schindler, 2009; Smeti et al., 2019; Mackay 
et al., 2020). This has led to wide-reaching 
directives and policies with a strong focus 
on reducing P pollution in countries and 
regions where eutrophication effects have 
developed over the last century (e.g. the 
USA Clean Water Act, China’s Law 
on Water Pollution Prevention and Control 
and the EU Water Framework and Habitats 
Directives). In some cases, such as the USA 
Clean Water Act, efforts have been focused 
on P point sources, neglecting diffuse 
sources. However, even where significant P 
reductions have been achieved these have 
not necessarily led to expected ecological 
improvements (e.g. Sharpley et al., 2013; 
Carvalho et al., 2019).

It is now known that degraded ecosystems 
can resist recovery, meaning that ecological 
responses may be reliant on the reduction 
of nutrients to below pre-impact conditions 
(Scheffer and Nes, 2007; Smith and 
Schindler, 2009; Ibáñez and Peñuelas, 
2019) and that other stressors, including 
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other nutrient stressors, climate change 
and invasive species, may modify the 
effects of P reduction and inhibit or delay 
ecological recovery (Moss et al., 2011). 
Phosphorus reduction, in many cases, 
may not have gone far enough to support 
ecological improvements (e.g. in the Baltic 
Sea; Ollikainen et al., 2019). Phosphorus 
stored within catchments, aquifers, and bed 
sediments during decades of enrichment, 
termed ‘legacy P’, can be released back 
to the water, delaying recovery for many 
years following a reduction in catchment 
P loading (Sharpley et al., 2013; Haygarth 
et al., 2014; Steinman and Spears, 2020). 
Whilst there have been some promising 
examples of ecological recovery following 
P (and N) loading reductions (e.g. Jeppesen 
et al., 2005b; Bowes et al., 2011; Riemann 
et al., 2016; Schindler et al., 2016) we 
stress caution on reports of ‘global scale 
reversal of eutrophication’ (Ibáñez and 
Peñuelas, 2019) based on large-scale 
nutrient load reductions where evidence of 
ecological recovery has not also been clearly 
demonstrated.

Many freshwater and coastal ecosystems 
in human-altered landscapes are currently 
experiencing low levels of stress, making 
them highly sensitive to any future increases 
in nutrients. In the EU, for example, about 
70% of lake surface area, assessed under 
the EU Water Framework Directive, is 
judged to have low-moderate levels of stress 
that are currently judged to be acceptable 
(Spears et al., 2021). These ecosystems and 
others are highly sensitive to any further 
environmental change including the 
effects of climate change. Some lakes are 
experiencing warming of up to 0.7 ºC per 
decade (O’Reilly et al., 2015), in addition 
to increased frequencies and magnitude 

of floods and droughts (IPCC, 2019), 
which will affect the biological response 
to, and impact on, nutrient cycling within 
lake ecosystems (Moss, 2010; Steinman 
and Spears, 2020). Such extreme events 
have been shown to cause rapid losses 
of biodiversity and ecosystem integrity, 
for example, following hurricanes in 
Lake Apopka, Florida, USA (Havens et 
al., 2001), and may also act to flush out 
accumulated nutrient stores in wetlands and 
rivers, resetting the baseline nutrient status 
of these systems ( Johnes et al., 2020) and 
enriching downstream reaches, estuaries and 
coastal waters. Without the development of 
novel preventative management approaches, 
which may include stricter nutrient 
reduction targets to mitigate climate change 
effects on water quality (Spears et al., 2021), 
the burden of restoration will increase on 
future generations (Damania et al., 2019).

Eutrophication is commonly associated 
with a shift from rooted aquatic vegetation 
towards bloom-forming algae in the 
water column (Sayer et al., 2010) and is 
responsible for the global proliferation of 
toxin-producing cyanobacteria, also called 
harmful algal blooms (HABs) (Paerl and 
Paul, 2012) (Figure 5.2). An increase 
in algal biomass can lead to increased 
biological oxygen demand causing oxygen 
depletion which can restrict habitat for fish 
(Hendry et al., 2003; Foley et al., 2012). In 
extreme cases, these conditions can lead to 
catastrophic mass mortalities (Chen et al., 
2009) (Figure 5.2).
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Figure 5.2 Deleterious effects of eutrophication. 
a) An algal bloom in Dianchi Lake, China in 2007. Despite millions spent to clean up the lake, the water remains undrinkable and 
unfit for agricultural or industrial uses. Photo Credit: Greenpeace China. 
b) Satellite image of an algal bloom in the Baltic Sea (approximately 290 km wide by 390 km long). Photo credit: European 
Space Agency. 
c) Soldiers clear algae along the coastline of Qingdao, Shandong province, in 2008. More than 10,000 people and 1,200 vessels were 
mobilised to tackle the huge algae bloom that threatened the Olympic sailing event in Qingdao. Photo Credit: Asianewsphoto - Ju 
Chuanjiang. 
d) An aquaculture farmer cleans away dead fish at a lake in Wuhan, China, 2007. More than 110,000 pounds of fish died due to 
phosphorus pollution and hot weather in the lake. Photograph courtesy of China Daily/Reuters.
e) Huge harmful algal blooms float towards the coastline of Lake Erie, US, in 2017. Photo Credit: Aerial Associates Photography, 
Inc. by Zachary Haslick. 
f ) A fisherman sets out nets to catch fish in a river heavily polluted by phosphorus in West Bengal, India. Photograph taken by 
Apratim Pal - https://www.instagram.com/guycalledapratim/?utm_medium=copy_link. 

e)

f )



168

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

Increased water turbidity during algal 
blooms reduces light penetration and inhibits 
photosynthesis by rooted aquatic plants 
(Hautier et al., 2009). This negatively impacts 
highly sensitive and diverse littoral, or shallow 
water, habitats (Scheffer and Nes, 2007; 
Penning et al., 2008) and contributes to the 
highest rates of biodiversity decline across all 
ecosystems. The Living Planet Index tracks 
the state of global biodiversity by measuring 
the population abundance of thousands of 
vertebrate species around the world; the 
Freshwater Index has declined by 83% between 
1970 and 2014 (WWF, 2018). In extreme 
cases, which are unfortunately common, 
aquatic plants can die-off completely (Sayer et 
al., 2010), removing valuable habitats and food 
for invertebrates, fish, and wild bird species 
(Rönkä et al., 2005).

Under very high P concentrations, lakes can 
be turned into near monocultures of harmful 
cyanobacteria (O’Neil et al., 2012; Paerl and 
Paul, 2012). Some cyanobacteria, such as 
Microcystis aeruginosa and Dolichospermum 
spiroides, release neurotoxins and hepatotoxins. 
The collective term for the family of toxins 
produced by cyanobacteria is ‘cyanotoxins’. 
Cyanotoxins are harmful to mammals, causing 
deaths of livestock (Briand et al., 2003) and 
dogs (Backer et al., 2013), and represent a 
risk to human health through consumption 
of contaminated water and food (Codd et al., 
2005), and potentially through the dispersal of 
aerosols (Facciponte et al., 2018).

Although epidemiological data remain 
sparse, the human health risk associated with 
cyanotoxins (Figure 5.3), and the role of P 
and N in increasing this risk, has long been 
recognised by the World Health Organization 
(WHO, 1999).

Evidence from an analysis of European lakes 
suggests that reduction of P concentration 
may be key in reducing this risk (Figure 
5.4; Carvalho et al., 2013). Humans may be 
exposed to cyanotoxins through ingestion of 
untreated drinking water and direct contact 
with water during recreation (see Kubickova et 
al. (2019) for a review of human health reports 
globally). Chronic and long-term exposure 
through food represents a largely unquantified 
exposure route, especially concerning the 
consumption of freshwater and marine fish and 
shellfish produced within eutrophic ecosystems 
(Huang and Zimba, 2019). In addition, 
the nutrient status of waters may increase 
the abundance, composition, virulence, and 
survival of pathogens that are already present 
in waterbodies, increasing the risk of the 
spread of infectious diseases where waterbodies 
undergo nutrient enrichment (Smith and 
Schindler, 2009).

The effects of food preparation methods on 
cyanotoxin content are not well understood. 
Growing evidence suggests a gene/
environment interaction through consumption 
of food containing the cyanotoxin beta-
methylamino-L-alanine (BMMA) linked 
to early-onset of neurodegenerative diseases 
including Alzheimers and Parkinson’s disease 
in Guam, with human environmental exposure 
to BMAA proposed to be widespread 
(Holtcamp, 2012), but currently unquantified. 
The microbial decomposition of cyanobacteria 
in surface waters and the stimulation of 
geosmin and 2-methylisoborneol (MIB) 
production by algae and bacteria in response 
to nutrient enrichment can result in taste and 
odour problems in drinking water supplies and 
can taint fish and shellfish caught for human 
consumption, generating significant clean-up 
costs for the water industry (e.g. Parinet et al., 
2010; Davidson et al., 2014a). 
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Figure 5.3 Organs/organ systems in humans affected by toxic metabolites of cyanobacteria. Organs traditionally considered 
targets of toxicity are on the left; organs directly subjected to oral exposure are on the right. Grey-shaded boxes highlight 
organs with mucosal surfaces that serve as primary entry portals for environmental and dietary contaminants. Evidence is 
based on a review of 29 exposure case studies with a global spread. Image courtesy of Kubickova et al. (2019). 

Figure 5.4 Relationship between cyanobacteria biovolume and total phosphorus concentration in > 1500 European lakes in 
relation to the World Health Organization (WHO) Risk Thresholds for managing human health risk in recreational waters 
(WHO, 1999). At cyanobacteria biovolumes of between the Low to Medium Risk thresholds, those in contact with water 
should expect a greater risk of short-term health effects including skin irritations and gastrointestinal illness. Humans in 
contact with waters with cyanobacteria biovolumes above the Medium threshold but below the High threshold (contact with 
surface scums) are more likely to experience longer-term illnesses and a greater risk of skin irritations and gastrointestinal 
illness. Above the High-Risk threshold (not shown in this figure), exposure may also result in acute poisoning, especially 
where underlying health issues are present, such as those being treated for renal disease. Image source: Carvalho et al. (2013). 
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Algal blooms can significantly increase 
filtration costs in potable water treatment 
works, and in some cases make water 
unsuitable for drinking (Qin et al., 2010; 
Agrawal and Gopal, 2013). Another 
issue for food is the application of 
cyanotoxin-laden irrigation water to crops, 
which may result in bioaccumulation of 
microcystin congeners with associated 
human health risks (Cao et al., 2018a; 
b). Phosphorus management and control 
of access to waterbodies can be used 
to reduce the likelihood of exposure in 
fresh waters (Huisman et al., 2018), but 
brings consequences of reducing amenity 
and recreational use of waters. In coastal 
ecosystems, where deaths of large aquatic 
animals, including turtles and manatees 
(Capper et al., 2013), dolphins (Fire et al., 
2015), and whales (Vos et al., 2003), have 
been linked to algal toxin ingestion, the 
direct role of P is less clear.

We know that P contributes, with N, to 
the creation of marine ‘dead zones’ (Diaz 
and Rosenberg, 2008; Rabalais et al., 2010), 
but the full extent of ecological responses 
in coastal ecosystems to P pollution, and 
the likelihood of addressing these problems 
through nutrient reductions alone, has 
been questioned (Duarte and Krause-
Jensen, 2018). Although nutrient delivery 
to some coastal ecosystems may be driven 
by marine sources, through upwelling 
or advection (Anderson et al., 2002) 
(Anderson et al., 2008), the main cause 
of the increase in coastal eutrophication 
at a global scale has been attributed to 
nutrient losses from land-based sources, 
including fertilisers applications (for both 
N and P), and fossil fuel combustion 
(for N only) (Howarth, 2008). Coastal 
ecosystems appear particularly vulnerable 

to eutrophication, with impacts reported on 
fisheries, shell-fisheries, amenity, recreation, 
and coastal defences (Rabalais et al., 2009; 
van Beusekom, 2018), and global-scale loss 
of seagrass habitats that mirror the loss of 
vegetation in lakes (Deegan et al., 2012).

The scale of this challenge is becoming 
clearer. Over 400 coastal ecosystems have 
been reported globally as ‘dead zones’, 
13 of which are classified as recovering, 
affecting a total area of more than 245,000 
km2, and resulting in the loss of high-
value biodiversity and fish stocks; coastal 
ecosystems in China, Europe and the USA 
appear most at risk from eutrophication 
(Diaz and Rosenberg, 2008; Rabalais et 
al., 2010). Whilst N is usually considered 
the dominant limiting nutrient in coastal 
waters, P is also important in highly 
enriched or enclosed ecosystems and 
multiple stressor effects are common 
(Howarth and Paerl, 2008; Conley et 
al., 2009).

Nutrient management approaches for both 
N and P on land should be developed 
to deliver benefits across freshwater and 
coastal ecosystems (Paerl et al., 2016), 
an approach that is acknowledged by the 
UNEP International Resource Panel with 
respect to reducing impacts of land-based 
activities on the Blue Economy (IRP, 2021)
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5.3 Phosphorus 
sources and 
transport from 
land to sea
The reduction of P concentrations in 
aquatic ecosystems as part of an integrated 
nutrient management strategy lies at the 
core of control of freshwater eutrophication 
globally. To achieve this, it is often first 
necessary to identify anthropogenic 
sources of P within the catchment and 
to understand how they are transported 
and transformed within the water system, 
alongside N sources and fluxes (Figure 
5.1; Anderson et al., 2002; Neal and 
Heathwaite, 2005; Hilton et al., 2006; 
Sharpley et al., 2013). Sources are often 
distinguished as ‘point’ or ‘diffuse’ in origin. 
Nutrients from point sources (e.g. domestic 
and industrial wastewater discharges and 
sewage overflows and organic wastes 
discharged from pit latrines) enter the water 
at a specific site and are often persistent 
and continuous in delivery. This can make 
point sources easier to locate, monitor, and 
manage when compared to diffuse sources.

Diffuse sources of P originate from 
activities that do not have one discrete 
source and are often episodic in delivery 
(Heathwaite and Johnes, 1996; Edwards 
and Withers, 2008), frequently as a result 
of heavy rainfall ( Johnes, 2007b; Stutter et 
al., 2007; Outram et al., 2014). Common 
diffuse sources of P include runoff from 
agricultural land with high applications 
of fertiliser, manures and slurries, pastures 
grazed by livestock, runoff from roads 
and construction sites (particularly in 
agricultural landscapes) and recreational 

areas treated with fertiliser (e.g. golf courses, 
lawns and gardens). These typically mobilise 
P in a soluble form and are attached to 
eroding agricultural soils as particulate P.

Typically, diffuse sources of P are delivered 
to waterbodies through overland flow in 
storm events and after periods of prolonged 
rainfall, through the soils as throughflow, 
and more slowly via groundwater flow 
pathways (i.e. leaching) following the over-
addition of P-based fertilisers (Bingham 
et al., 2020). Phosphorus delivery events 
are often associated with runoff from soils 
with high P content, which may have been 
generated anthropogenically by the historic 
and current application of fertilisers and 
manure (Ærtebjerg et al., 2003; Haygarth et 
al., 2012). Collectively, the mobilisation and 
transport of P to waters are conceptualised 
as a transfer continuum (Figure 5.5; 
Haygarth et al., 2005). This describes P 
transport from land to sea from sources 
in the landscape (e.g. fertiliser, animal 
feed, natural soil levels), mobilisation (e.g. 
from soil, as solubilisation in chemical 
leachate, detached with particles or with 
accompanying incidental losses of freshly 
applied surface deposits), delivery (e.g. 
hydrological transport through or over the 
landscape) and finally impact (e.g. economic or 
ecological, which can occur over 100s of km and 
many years after the start of the continuum).

Nutrient retention capacity is considered the 
sum of a landscape’s capacity to remove P from 
solution and through trapping of particulate 
P in transit from land to stream (Heathwaite 
et al., 2005; Schippers et al., 2006; Heckrath 
et al., 2007; Shigaki et al., 2007; Johnes et al., 
2007). Due to its ability to bind P, soil type 
exerts a significant control on P retention 
and mobilisation in a landscape (Shen et 
al., 2011). Importantly, metal cations of 
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compounds present in soils and sediments, 
such as iron, aluminium, and calcium 
oxyhydroxides, can bind P from solution within 
a particulate phase (Sharpley et al., 2013). Soils 
with high P binding capacities will, therefore, 
capture more dissolved P from soil porewaters 
and slow its delivery from source to water 
(European Environment Agency, 2005).

Plant species with different root types and 
their interactions with soil biota to form 
below-ground networks have a great influence 
on water infiltration, and P mobilisation 
(Shen et al., 2013). The topographic gradient, 
vegetation cover, water balance and physical 
distance to the waterbody also control the 
rate of P delivery to rivers. For example, in 

temperate climates, P mobility tends to be 
lower in summer due to lower rainfall and 
subsequent water flow, whereas in autumn 
and winter, when more rainfall occurs, greater 
P delivery to aquatic systems is observed 
(White and Hammond, 2006; Johnes et al., 
2007). The timing of rain events relative to 
fertiliser application is also critical. The largest 
cyanobacteria blooms in the Great Lakes, in 
the USA, occur when spring rains directly 
follow P application (Gildow et al., 2016). 
Conversely, in tropical soils in many equatorial 
climates, dry spells can reduce soil moisture and 
cause cracks and fissures, increasing sediment 
delivery from sporadic rainfall via overland and 
fissure flow through the soil (Domínguez et al., 
2004; Shipitalo, 2004; Sade et al., 2010).

Figure 5.5 The phosphorus (P) transfer continuum. Soil erosion by water has been estimated to contribute to over 50% of 
total P losses (Alewell et al., 2020), though this can vary markedly between catchments both spatially and temporally ( Johnes, 
2007b; Lloyd et al., 2019). With respect to the impact of soil-P losses on aquatic ecosystems, it is worth noting the distinction 
between natural soil-P content and anthropogenic soil-phosphorus. The former may be held within P-bearing minerals 
which may not be readily exposed to weathering processes and thus contribute slowly, over geological time, to the release of 
dissolved P in soil porewaters and aquifers (Bingham et al., 2020). Once released from mineral form, this P may be taken up 
by soil microbiota and incorporated into dissolved or particulate organic P forms, or adsorbed to soil particles particularly 
in association with iron, or is flushed to adjacent surface and groundwaters, where it may be taken up by primary producers 
or modified by microbial communities in both soils and waters (Bryce et al., 2016; Bingham et al., 2019; Brailsford et al., 
2019). In contrast, by design, anthropogenic P additions to soils, for example in mineral fertilisers, are more readily open to 
weathering and dissolution processes and more immediately available for biotic uptake. Image courtesy of Oxford University 
Press and orginally published in Elser and Haygarth, 2020. 
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5.4 Future global 
drivers of the 
phosphorus 
cycle and 
ecosystem impacts

5.4.1 Population growth 
drives phosphorus pollution
Population growth and economic 
development whilst increasing water 
demand (Alcamo et al., 2003; Oki and 
Kanae, 2006) will – without intervention - 
simultaneously cause greater water pollution 
(Vörösmarty, 2000; Heathwaite, 2010), 
effectively reducing the availability of clean 
water. Together they are considered to 
represent the dominant stressors on global 
freshwater (Vörösmarty, 2000; Kummu et 
al., 2010). Whilst 71% of the world surface 
is covered by water, only 2.5% of this is 
fresh water (Oki and Kanae, 2006). Most 
of this is not freely available or renewable 
as it is stored in glaciers or reserves of 
paleo-water (aquifers formed during wetter 
periods in recent geologic history, which are 
effectively non-renewable) (Oki and Kanae, 
2006). Almost 40% of the earth’s available 
freshwater resources are used for agriculture, 
industrial or domestic services, and will be 
polluted through these practices (Oki and 
Kanae, 2006; Schwarzenbach et al., 2006). 
This leaves an estimated 60% to support 
freshwater ecosystems and the remaining 
services (Millenium Ecosystem Assessment, 
2003) they provide.

Population growth and economic 
development over the next decades are 
expected to dictate the relationship 
between water supply and demand to a 

much greater extent than climate change 
(Vörösmarty, 2000), although clearly, the 
combined effects of all pressures will be 
considerable. A key consideration is the 
link between water quantity and quality, 
where, for example, the effects of nutrient 
pollution may be most disruptive when 
the water supply is low and demand high. 
Under modelled projections, a substantial 
increase in relative water demand can be 
expected (OECD, 2012). Currently, half a 
billion people face severe water scarcity all 
year round, with nearly two-thirds of the 
global population experiencing severe water 
scarcity for one month a year (Mekonnen 
and Hoekstra, 2016). Although arid 
climates will face the challenge of water 
shortage, in water-rich areas the challenge 
will not be providing adequate quantities 
of water, but providing supplies that are of 
sufficient quality for use (Vörösmarty, 2000; 
Heathwaite, 2010).

5.4.2 Climate change and 
phosphorus transport from 
land to sea
The temperature of lakes, oceans and 
the atmosphere is rising, atmospheric 
concentrations of greenhouse gases have 
increased, snow and ice have diminished, 
and sea levels have risen (IPCC, 2018). The 
spatial and seasonal distribution of fresh 
water will change under the pressures of a 
changing climate (Oki and Kanae, 2006; 
Şen, 2009). Understanding how these 
changes will affect the quality and ecology 
of freshwater and coastal ecosystems at 
a global and regional scale is complex 
due to the variation in the geographical, 
hydrological, and climatic systems involved 
(Vörösmarty, 2000; Oki and Kanae, 2006; 
Rabalais et al., 2009; Şen, 2009; Woodward 
et al., 2010). Further, interactions between 
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climate change effects on nutrient delivery 
and increased nutrient input to agricultural 
systems associated with intensification 
are unclear but are likely to exacerbate P 
pollution (Forber et al., 2018). We outline 
some of these complex interactions and 
their impacts on P delivery but stress that 
a comprehensive global-scale analysis of 
the effects of climate change on P delivery 
to freshwater and coastal ecosystems is 
beyond the scope of this chapter.

An increase in atmospheric temperature 
may cause an increase in precipitation 
intensity and alter rainfall patterns 
regionally (Harper et al., 2005; Alcamo et 
al., 2007; Şen, 2009). An increase between 
1.5 and 4.5 °C in global temperature 
is predicted to increase global mean 
precipitation by 3 to 15% (Şen, 2009). 
Precipitation is expected to increase in 
higher latitude regions and some areas of 
the tropics and decrease in sub-tropical 
regions in the coming century (IPCC, 
2019), resulting in expected significant 
changes in rates of P transfer from 
land to water (Ockenden et al., 2017). 
Increased rainfall may have dual effects: 
in the short-term, it can reduce nutrient 
concentrations and algal blooms in lakes 
due to greater flushing of the system 
(shorter hydraulic residence time) but in 
the long-term, it can stimulate blooms 
due to increased nutrients associated 
with runoff (Paerl et al., 2020). In arid 
and semiarid landscapes, a decrease 
in precipitation and an increase in the 
occurrence of droughts are expected 
(Alcamo et al., 2007; IPCC, 2018). The 
drying of soils may increase P transport 
via erosion following heavy rain. Increased 
air temperatures in some regions will 
increase evapotranspiration and may 

cause a reduction in surface runoff (Şen, 
2009). A decrease in surface water flow 
may reduce dilution of point source 
pollution in waters, so increasing nutrient 
concentrations (Paerl and Huisman, 
2009; Rabalais et al., 2009; Şen, 2009), 
but may also reduce the mobility of soil-
bound P, and thus reduce diffuse pollution 
to proximal waters. Increased rainfall 
will result in greater nutrient delivery 
to coastal zones, potentially enhancing 
eutrophication and hypoxia (i.e. low 
or depleted oxygen in a waterbody) 
(Rabalais et al., 2009; Sinha et al., 2017). 
An expected rise in sea level caused by 
anthropogenic warming may increase P 
inputs to coastal areas due to the exposure 
of more land for erosion, the loss of 
natural buffers such as wetlands and 
mangroves, and P mobilisation through 
greater soil water saturation (IPCC, 
2019). The interactions between these 
drivers are complex and make predicting 
the overall impact of climate change on 
nutrient transport difficult.

5.4.3 Multiple stressors and 
ecological responses
The effects of climate change are likely 
to modify ecological responses to P 
enrichment within lakes and coastal zones 
(Figure 5.6; Moss, 2010).

In modelled scenarios, the change in 
annual mean surface water concentrations 
of P in three oligotrophic lakes in 
New Zealand by 2100 under predicted 
temperature rise (IPCC-A2 scenario) 
would be equivalent to increasing P 
loading by 25 to 50% (Trolle et al., 2011). 

Warming at an average rate of 0.34 °C 
per decade is already occurring at a global 
scale as indicated in increasing surface 
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water temperatures in lakes (O’Reilly et 
al., 2015). Increasing temperatures result 
in longer and stronger lake stratification, 
leading to more hypoxic conditions which 
in turn releases more iron (Fe) bound P 
from bed sediments, as Fe3+ is reduced 
to Fe2+ releasing the bound P (Steinman 
and Spears, 2020). Although the global 
impact of these climate change effects 
on water quality extremes is not yet fully 
understood (Michalak, 2016), some 
authors propose that they will increase 
the global extent, frequency, and intensity 
of cyanobacteria blooms in freshwater 
and coastal ecosystems (Paerl and Paul, 
2012; Xiao et al., 2019). Evidence from 
large-scale empirical studies is available 
to support this view. For example, in 
an analysis of 494 central and northern 
European lakes, cyanobacterial abundance 
increased in most lake types with warming 
and decreased with extreme precipitation 
events (Richardson et al., 2018). Oxygen 
depletion is expected to increase in both 
freshwater and coastal ecosystems as a 
result of the cumulative effects of increased 
nutrient loading, stronger stratification, 
and higher water temperatures (Rabalais et 
al., 2009; Jeppesen et al., 2014), although 
an increase in the severity of storms may 
partly disrupt hypoxia, at least in tropical 
coastal ecosystems (Diaz and Rosenberg, 
2008; Rabalais et al., 2009). In general, 
the abundance of large fish is expected to 
decline in lakes in favour of smaller rapidly 
reproducing fish under warm and eutrophic 
conditions (Moss et al., 2011), potentially 
reducing fishery performance, although 
local conditions will likely moderate this 
response. A comprehensive assessment of 
regional manifestations of climate change 
and nutrient enrichment is vital to inform 
novel strategies to address future ecological 

degradation at a global scale, including 
climate change resilience planning 
and the setting of appropriate nutrient 
reduction targets.

Global sustainable P strategies to control 
eutrophication should consider other 
stressors also operating at the global scale. 
This is well encapsulated in the planetary 
boundaries concept which identifies nine 
processes and systems that collectively 
regulate the resilience of the Earth System 
(Carpenter and Bennett, 2011; Steffen et 
al., 2015). Of these, four have already been 
exceeded: climate change, the integrity of 
the biosphere, land-system change, and the 
disruption of the global biogeochemical 
cycles for both P and N. The reverse is 
also true, that projected changes in land 
management in response to climate change, 
including changes to fertiliser application 
rates and timing and a move towards 
climate-resilient crops, should also consider 
impacts on P losses from land to water 
(Forber et al., 2018). Such interactions will 
be regionally specific (Painting et al., 2013; 
Ockenden et al., 2017), and may result in 
a greater ecological and economic burden 
regionally (Davis et al., 2009; Harris and 
Graham, 2017).

We argue that to meet the growing global 
demands for clean water and food, we 
should first meet the overarching goal of 
delivering more sustainable P management. 
This should be framed within the context 
of scale-appropriate interventions that 
have an additive impact towards global-
scale ambitions. Next, we introduce the key 
challenges and solutions associated with 
this overarching goal.
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5.5 Challenges

Challenge 5.1: 
Phosphorus pollution is 
increasing globally

Over the course of the 20th-
century, phosphorus losses from 
land to fresh waters almost doubled 
because of human activity. Whilst 
sources of phosphorus pollution 
vary between regions, they are 
dominated by agricultural (e.g. 
livestock manures and fertilisers) 
and wastewater discharges. In 
many regions, phosphorus losses 
continue to increase. 

Phosphorus losses from land to freshwater 
nearly doubled in the 20th century from 5.0 
to 9.0 Mt P year-1 while N loading increased 
from 34 to 64 Mt N year-1 (Beusen et al., 
2016). Population growth and economic 
development have significantly contributed 
to this increase, through increasing demands 
for agricultural production of animal 
products and producing more P wastes. 
Whilst P sources associated with losses 
from agriculture represent the dominant 
anthropogenic source globally, wastewaters 
are the main source of P to waterbodies in 
some countries. However, regional variation 
in terrestrial P sources and the transport of 
P from land to sea is observed (Beusen et al., 
2016). In contrast to N and carbon, the P 
cycle is largely decoupled from atmospheric 
pathways, with some localised atmospheric 
P deposition in areas with significant wind 
erosion of P-rich soils (Tipping et al., 2014) 
and also from coal-burning power plants 
(Winter et al., 2002).

Phosphorus losses from wastewater and 
agricultural discharges are increasing 
globally. In the last century, losses of P 
from agriculture to surface waters reached 
about 34% of global fertiliser use (5 Mt 
P year-1) representing 56% of all inputs to 
surface waters from the land. In contrast, 
loading from natural sources (i.e. soils that 
had not received anthropogenic inputs of 
P) remained stable at about 3 Mt P year-1 
(Beusen et al., 2016). Phosphorus inputs 
from point sources to surface waters have 
increased by about 500% to 1 Mt P year-1. 
However, we note that the parameterisation 
of P flux models at the global scale carries 
significant uncertainty, as acknowledged 
and explained by most authors who publish 
on this topic. For example, Mekonnen and 
Hoekstra (2018) (Figure 5.7) estimated 
that, for the period 2002-2010, the domestic 
sector accounted for 54%, agriculture 
38% and industry 8% of the total global 
anthropogenic P load to fresh waters, but 
other models give varying estimates of these 
fluxes, and locally the dominant contributing 
sources could come from any one of these 
sectors. Beusen et al., (2016) estimate the 
global anthropogenic P load to waters at 
6.2 Mt P year-1 in 2000, while Chen and 
Graedel (2016) estimate this load at 14 
Mt P year-1 in 2013 (not including P losses 
during mining). 

The delivery of P through fresh to coastal 
waters is being reduced because of large 
engineering structures for energy and water 
supply (e.g. dams for hydroelectric power 
generation). Phosphorus is retained by 
aquatic ecosystems when water residence 
times are high, resulting in P storage within 
depositional bed sediments of rivers, lakes, 
and estuaries, or within their biomass (Prior 
and Johnes, 1998; Sharpley et al., 2013; 
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Johnes et al. 2020). This can alter nutrient 
delivery ratios, changing the ecological 
structure and biogeochemical functioning of 
receiving waters (Maranger et al., 2018). 

Dam construction is a growing concern, 
with more than 45,000 large dams currently 
holding back >6,500 km3 of water per year 
globally, impacting >15% of the world’s 
river discharge (Nilsson et al., 2005), and 
more than 3,700 new major dams under 
construction or planned (Zarfl et al., 
2015). The effect of reservoir creation is to 
slow the rate of water discharge and, also, 
the delivery of P from land to sea by an 
estimated 22% (Beusen et al., 2016).

In some regions, including parts of 
Africa (Nyenje et al., 2010) and India 
(Central Pollution Control Board, 2015), 
wastewaters are the dominant source of P 
loading, and wastes are often discharged 
directly to streams and rivers with no 
treatment. In less economically developed 
countries, only 8% of wastewater undergoes 
treatment of any kind, supporting the 
often-cited approximation that, globally, 
over 80% of all wastewater is discharged 
without treatment (WWAP, 2017). 
Phosphorus loading from point sources to 
water, largely from wastewater treatment 
discharges, can lead to high P losses across 
all regions with high human activity (e.g. 
Europe, North America, and Asia). On 
average, high-income countries treat 
about 70% of the municipal and industrial 
wastewater they generate; however, there 
is a legislative focus on P removal and not 
P recovery and recycling (see Chapter 7). 
Wastewater treatment drops to 38% in 

upper-middle-income countries and 28% 
in lower-middle-income countries; low-
income countries treat about 8% as stated 
above. There is a clear need to increase the 
proportion of treated wastewater globally to 
reduce P and N loads.

In many countries, including China, North 
America, Europe and Brazil, excess mineral 
P fertilisers have been applied (Shen et 
al., 2013; Bouwman et al., 2013b; Jiao 
et al., 2016), leading to soil P surpluses 
(MacDonald et al., 2011). In such cases, 
soils can become super-saturated with 
P when binding capacity is exceeded 
leading to an increased risk of P delivery 
to proximal waters. However, we note 
that regions differ strongly with respect to 
their historical P surpluses. For example, 
the historical P surplus in Europe is much 
larger than that in North America or Brazil 
(Bruulsema et al., 2019). Diffuse sources 
related to the erosion of P-rich soils in 
arable and intensively grazed systems can 
lead to high rates of particulate P transport, 
especially in regions with intensive livestock 
production systems and/or high fertiliser 
application rates (Bouwman et al., 2017; 
Powers et al., 2019).

In cities in arid areas, there is a heightened 
risk of elevated P concentration in 
waterbodies due to low levels of wastewater 
dilution by rain (Nyenje et al., 2010). 
Further compounding these issues is the 
rapid expansion of cities, rural to urban 
migration and a significant increase in per 
capita generation of wastes coupled with 
growing water demand (Saha et al., 2010; 
Powers et al., 2019).
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Challenge 5.2: The global 
impacts of phosphorus 
pollution are not well 
quantified

Elevated phosphorus 
concentrations in freshwater and 
coastal marine ecosystems are 
contributing to the unprecedented 
loss of freshwater biodiversity and 
the growing global phenomenon 
of freshwater and marine ‘dead 
zones’. However, the true scale of 
the problem is difficult to estimate 
as baseline data are lacking across 
all regions and scales. Long-
term monitoring programmes 
are necessary to track and 
study recovery following nutrient 
reduction strategies and to inform 
adaptive management initiatives.

In 2009, the IUCN reported that freshwater 
biodiversity is extremely threatened, perhaps 
more so than for other species, due to 
the rapid spread of pollution and invasive 
species in freshwater systems (Darwall et 
al., 2009), More recently, a wider range of 
data illustrating rates of biodiversity loss 
in waters have been collated and published 
at country, region and global scale. Over 
83% of freshwater habitats in the EU were 
classed as in unfavourable condition in 
2015, higher than any other habitat type 
(European Environment Agency, 2015). 
Freshwaters in North America are losing 
species at a rate of 4% per annum (Vaughn, 
2010), five times faster than in terrestrial 
ecosystems. Over 25% of all freshwater 
species are currently threatened with 
extinction globally (Tickner et al., 2020) 
and freshwater fauna declined globally by 

83% over the past 40 years, compared to 
60% for all habitat types (WWF, 2018; 
Reid et al., 2019). In no other planetary 
domain is biodiversity declining so 
rapidly, despite the raft of domestic and 
international legislation requiring action to 
halt this decline.

Even though the available evidence on 
biodiversity loss and ecological sensitivity 
in aquatic ecosystems in response to 
nutrient pressures is compelling, global 
baseline data and evidence of direct cause 
and effect necessary to underpin regional 
scale P management programmes are 
unavailable. A similar situation exists for 
the prevalence of human health impacts 
associated with harmful algal blooms (Codd 
et al., 2005; Myers et al., 2013) where 
epidemiological data are rare, although, 
at least some water quality standards exist 
for human exposure to HABs (WHO, 
1999; WHO, 2021). Thus, we rely on those 
examples where extensive monitoring 
data are available and for which the role 
of P in driving eutrophication has been 
confirmed, to inform a precautionary 
approach more generally. For example, in 
the EU, harmonised monitoring conducted 
under the EU Water Framework Directive 
has confirmed relationships between P 
loading and ecological quality indicators 
in lakes, though there are also strong 
relationships with N load, and ecological 
responses to nutrients are moderated 
through lake hydrology, depth, elevation, 
and geographical location (Phillips et al., 
2008). This work has underpinned the 
development of ecological and chemical 
targets across Europe driving river basin 
management plans designed to help restore 
the ecology of degraded ecosystems, 
including transboundary programmes. 
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Similar approaches have been developed 
under the EU Habitats Directive, but with 
lower acceptable thresholds for P, and in 
other regions, including Australia, USA, 
Canada, China, New Zealand, and South 
Africa. However, although some standards 
have been developed for P in aquatic 
ecosystems there is a need for agreed and 
comparable stressor and ecological quality 
standards to support the United Nations 
Sustainable Development Goals (SDGs) 
'Indicator 6.6.1 - change in the extent of 
water-related ecosystems over time' (UN-
Water, 2016). Notably, out of the 11 global 
indicators to track progress towards SDG 
6 on water and sanitation, this is the only 
indicator for which, at the global level, not 
enough country data were reported in 2016.

There is a need to develop an approach 
to provide P targets based on cause-effect 
relationships and baseline data to inform 
large-scale water quality monitoring and 
adaptive management programmes in all 
regions. Critically, we must deal with the 
challenge of developing the capacity for 
this facing much of the developing world. 
Equally importantly, we need to update 
existing policy, legislation, and enforcement 
mechanisms to include the wider range 
of stressors driving ecosystem decline in 
freshwaters and coastal ecosystems if the 
decline in aquatic biodiversity is to be 
halted (Ormerod et al., 2010; Smeti et 
al., 2019).

Long-term monitoring programmes are 
necessary to track and study recovery 
following large-scale nutrient reduction 
strategies and to inform adaptive 
management. It is critical that monitoring 
is conducted on sufficiently long-time 
scales to detect responses to measures 
implemented to improve water quality. 

If it is not, and measures are deemed to 
be ineffective, then we risk losing public 
trust in the need for reforms. Similarly, if 
measures focus solely on P reduction and 
ecosystems fail to respond to attempts to 
control a single stressor, we also risk the 
disengagement of stakeholders contributing 
to mitigation efforts and a similar loss of 
trust by the public. For example, in China, 
monitoring of 862 lakes indicated that P 
load reduction measures implemented since 
2006, predominantly through improvements 
in sanitation and agriculture, resulted in a 
reduction in P concentrations in only 60% 
of monitored lakes (Tong et al., 2017). 
However, monitoring data also indicated 
that current conditions may not yet support 
ecological recovery and that the biggest 
initial responses were achieved in the most 
polluted sites.

Phosphorus is said to ‘spiral’ on its journey 
to the sea with delivery from fresh water 
being ‘pulsed’ depending on the architecture 
of the upstream catchment (Newbold, 
1981; Ensign and Doyle, 2006). In complex 
catchments, P transport could take decades 
to centuries, and in some cases full chemical 
and ecological recovery may not be possible 
given the scale of human impact (Sharpley 
et al., 2013) and particularly if other 
stressors are driving ecosystem degradation. 
A review of the recovery of 89 case studies 
of lakes and coastal ecosystems following 
nutrient reduction measures reported that 
recovery times varied between aquatic 
life forms, ranging from 7 to 30 years for 
phytoplankton and invertebrates, and 24 
years for aquatic vegetation (McCrackin et 
al., 2017). Utilising long-term monitoring 
data for 35 lakes in Europe and North 
America, Jeppesen et al. (2005) reported 
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that ecological responses lagged nutrient 
reduction measures by 10-15 years.

For coastal ecosystems, Duarte and Krause-
Jensen (2018) argue that not only have 
nutrient reductions been insufficient in 
many cases to drive ecological recovery but 
also that multiple pressures have emerged 
over the time scales of nutrient reduction 
to arrest the intended effects. Factors 
known to confound ecological recovery 
in freshwater and coastal ecosystems are 
numerous and our ability to detect them 
and account for them (e.g. climate change 
and hydrological controls) in large-scale 
nutrient management plans is increasing, 
but a full multiple stressor mitigation effort 
is still largely lacking (Ormerod et al., 
2010; Duarte and Krause-Jensen, 2018; 
Birk et al., 2020). This form of evidence 
is essential in guiding the development 
of nutrient reduction strategies, and also 
provides a mechanistic understanding as 
to why some ecosystems recover quickly 
whereas others do not. There is, therefore, 
a clear need to extend conceptual and 
empirical understanding of the importance 
of multiple stressor interactions, globally, 
to inform long-term and adaptive 
management approaches that recognise the 
ever-changing landscape of stressors.

Challenge 5.3: Phosphorus 
losses and their impacts 
are expensive

The direct and indirect impacts 
of eutrophication are costly, in 
terms of losses of ecosystem 
services, clean up expenses, 
and losses to local economies. 
Phosphorus losses also represent 
a significant waste of resources. 
Global or regional assessments 
on the costs of eutrophication or 
the effectiveness of measures to 
reduce phosphorus losses are 
lacking. This severely compromises 
the ability to communicate the need 
for action with stakeholders and 
policymakers.

Currently, costs of addressing impacts 
of eutrophication are mostly paid by the 
taxpayer (see example in China in 2008, 
below; Wang et al., 2009), i.e. the public 
pays charges to the water industry for 
water treatment and P removal, or are 
absorbed by society through the loss of 
ecosystem services (Steinman et al., 2017). 
Thus, a pressing need is developing novel 
sustainable P management strategies 
that account for socio-economic gains as 
well as environmental gains generated by 
ecosystem recovery.

Of the few studies published, the costs of 
eutrophication of fresh waters in the USA 
was estimated at US$2.2 billion annually 
covering losses to industry, real-estate, and 
management for conservation of endangered 
species and drinking water supply (Dodds 
et al., 2009). For England and Wales in 
the UK, where water resources have been 
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been valued at £39.5 billion (ONS 2017), 
significant losses as a result of eutrophication 
of fresh waters were estimated at £75-114 
million year-1 (US$104 – 158 million year-1) 
in damages and management interventions 
with additional policy response costs of £55 
million year-1 (Pretty et al., 2003). These 
assessments mainly rely on 1990s data; 
these costs will likely now have increased. 
In economic terms, the cost of responding 
to algal blooms is predicted to increase as 
a result of climate warming. For example, 
in the UK warming may increase costs of 
response actions (after the Pretty et al. (2003) 
approach) from £173m (2018; US$220 
million year-1) to >£400m in the next 40 
years ( Jones et al., 2020). The environmental 
damage costs associated with P pollution 
in England and Wales have more recently 
been estimated at £33 kg P year-1 (Zhang et 
al., 2017).

Single one-off algal bloom events can have 
significant and immediate costs for clean-
up. For example, a month before the 2008 
Beijing Olympic Games, an algal bloom 
in Qingdao Bay, where the sailing event 
was due to be held, closed large areas of the 
course. The bloom was triggered in part by 
P in wastewaters discharged to near-shore 
waters (Zhang et al., 2019). The clean-up 
costs associated with this single event were 
estimated at 593 million CNY (US$87 
million; Wang et al., 2009). The cost of the 
indirect economic loss to marine industries 
and the environment cannot be estimated 
because the relevant data are not yet available 
(Wang et al., 2009).

No global estimates of economic losses 
associated with eutrophication impacts or 
management exist in the literature. However, 
using estimates from catchment management 
case studies across China, the EU, and the 

USA we estimate, very cautiously, median 
costs for mitigation interventions at about 
US$43 kg-1 P mitigated, including measures 
for the control of emissions from agricultural 
point and diffuse sources, combined sewer 
overflows, septic tanks and sewage treatment 
works, but excluding costs for urban diffuse 
pollution control which almost doubles the 
cost estimate using this method. Examples 
of measures and their relative cost-
effectiveness for reducing diffuse emissions 
from agriculture are reviewed in Table 5.1 
and elsewhere (Collins et al., 2016, 2018). 
The implementation of measures at a cost 
of US$43 kg-1 P to control the additional 
6.2 Mt P year-1 lost globally to fresh waters 
from anthropogenic sources (Beusen et al., 
2016) would cost about US$265 billion 
year-1. It should be noted that these costs do 
not include other economic losses, so called 
damages, as discussed above. In addition, 
the costs for addressing decades of retention 
of anthropogenic P in lake bed sediment 
is not included. Estimates from the EU 
and USA indicate that the application of 
geoengineering interventions (Figure 5.8; 
Spears et al., 2013a; Huser et al., 2016) 
to control P retained within lakes would 
cost an additional US$180 billion per 1.0 
Mt P controlled. We note that 5.0 Mt P is 
currently retained in freshwater ecosystems 
each year (Beusen et al., 2016), although the 
contribution of anthropogenic emissions to 
this value is unclear. 

Such estimates are hypothetical and do 
not represent a real cost that is being paid 
by society today, in terms of public or 
private financing to pay for environmental 
management and restoration and/or losses as 
estimated in the studies in the UK and USA 
mentioned above. In contrast, the cost of 
the anthropogenic losses of 6.2 Mt P year-1 
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to fresh water (of which 5.0 Mt is lost from 
agriculture) (Beusen et al., 2016), expressed 
per unit P in fertiliser is estimated at US$20 
billion year-1. 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 Significant 
advances are required to produce a more 
robust cost-benefit analysis associated with 
the implementation of specific mitigation 
measures to address a range of emissions 
source types across scales.

Mitigation at this scale is not, currently, 
a viable option either economically or 
politically. We note these values are used 
here to demonstrate the global scale of costs 
associated with P clean-up only. Significant 

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.

advances are required to produce a more 
robust cost-benefit analysis associated with 
specific mitigation measures and their 
implementation across scales.

The need for preventative management 
using a combination of mitigation measures 
is recognised widely; the least expensive 
restoration project is the one you do not 
have to do in the first place. For example, 
the need to prevent degradation is implicit 
within wide-reaching policies and directives, 
including the EU Water Framework 
Directive (European Parliament, 2000) and 
Habitats Directive (Council of the European 
Communities, 1992), the Chinese “Water 
Ten Plan” (China Water Risk, 2015), the 
USA Clean Water Act (US Government, 

Figure 5.8 Trial of geoengineering in 2009 using a chemical amendment (e.g. modified zeolites and bentonites) to reduce 
phosphorus concentrations in the water column in Lake Okaro, New Zealand. Photograph courtesy of Andy Bruere, Bay of 
Plenty Regional Council, New Zealand. 
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1972), India’s National River Conservation 
Plan (NRCP) (Greenstone and Hanna, 
2014) and the New Zealand National Policy 
Statement for Freshwater Management 
2020 (Ministry for the Environment, 2020). 
However, as Damania et al. (2019) discuss 
in detail, existing policies do not necessarily 
equate to effective regulation, failure to 
meet pollution control policy targets can be 
widespread, and policy targets are often too 
narrowly focused on individual stressors. These 
authors offer a realistic view that, although 
prevention is likely the most effective means 
of tackling global-scale water quality issues, as 
is the case for P, wide-scale implementation 
will be prohibitively expensive. The burden 
of preventative management should not be 
passed to future generations; it will simply 
grow. Consequently, there is a need for novel 
and wide-reaching agreements to support 
a stronger focus on preventative actions to 
safeguard relatively unpolluted ecosystems 
that are assessed as being at high risk of future 
degradation. Given the cost of such action and 
the need for urgency, we call for a list of priority 
ecosystems to be identified globally for the 
development of novel preventive management 
programmes; for example, building on the 
methodologies of the Global Environment 
Facility Transboundary Waters Assessment 
Programme (GEF TWAP). This assessment 
reported that, if current nutrient loading trends 
continue, a further 13 large marine ecosystems 
will be at increased risk of eutrophication by 
2050 relative to 2000 (IOC-UNESCO and 
UNEP, 2016). It also highlighted challenges 
in predicting future trends of degradation in 
transboundary lakes and reservoirs as a result 
of limited data, environmental and ecological 
quality standards, mechanistic understanding 
of large ecosystem responses to environmental 
change, uncertainties in projected stressors, 

and a lack of transparency on governance 
issues (ILEC and UNEP, 2016).

Challenge 5.4: There is a 
lack of phosphorus policy 
and legislation covering 
water security

Phosphorus sustainability is not 
consistently enacted in regional 
policies and global action is 
needed to bring phosphorus 
enrichment of waters to the 
attention of policymakers. 
No global holistic policy on 
nutrient management in aquatic 
ecosystems exists. A key 
challenge is therefore enabling 
better integration of a sustainable 
phosphorus strategy across 
existing and emerging policy 
frameworks.

Phosphorus management in aquatic 
ecosystems is insufficiently considered 
within existing global policy (Cordell 
and White, 2015). This is not surprising 
since appropriate mitigation needs to 
reflect local conditions whilst working 
within a general framework, such as 
those embedded in the EU Water 
Framework Directive and others listed 
above. These frameworks have in common 
the objective of reducing nutrient loads 
to water from catchment sources and 
are generally focused on ecological 
improvements. Undoubtedly, evidence 
points clearly to the need for targeted 
within catchment mitigation of nutrient 
fluxes to waters (e.g. Lloyd et al., 2019) 
to achieve improvements in freshwater 
ecosystems, and to a lesser extent in 
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coastal-marine ecosystems (IRP, 2021). 
However, no concrete global-scale 
target exists concerning P mitigation, 
specifically, though nutrient reduction 
ambitions have been agreed upon. For 
example, SDG Target 14.1 aims by 2025 
to “…prevent and significantly reduce 
marine pollution of all kinds, in particular 
from land-based activities, including 
marine debris and nutrient pollution”. 
The United Nations Convention on 
Biological Diversity (CBD; CBD, 2020) 
aims to “Reduce by 2030 pollution from 
excess nutrients, [inappropriate use of ] 
biocides, plastic waste and other sources, 
[in accordance with the existing or 
future specific international processes] 
by at least [50%]”. Arguably, combined 
N and P targets should not be inclusive 
as these nutrients exhibit fundamentally 
different behaviours, but it is necessary 
to manage both in tandem to control the 
major nutrient stressors driving ecosystem 
damage and to avoid ‘pollution swapping’ 
(Lloyd et al., 2019). Nevertheless, there 
is a clear need for evidence to support 
specific P reduction targets to provide 
consistency across existing global policies. 
Any proposal to alter the current global 
cycle of P should also acknowledge wider 
impacts and interactions with other key 
policy areas and stressors (Heathwaite 
et al., 2003, 2005; Sharpley et al., 2008; 
Buchanan et al., 2013). The challenge, 
therefore, is to integrate into existing 
and emerging policy frameworks a global 
sustainable P strategy whose primary aim 
is to relieve stress on the environment 
whilst supporting socio-economic gains at 
national to global scales (Chapter 9).

Global P footprinting has revealed large-
scale displacement aligned with food and 

non-food production associated with 
trade. The complexities of the mineral 
P supply chain are discussed in detail in 
Chapter 2. An estimated 5.2 Mt year-1 
of fertiliser P is traded internationally 
embodied in commodities, mainly 
travelling from developing economies 
to developed ones, such as the USA, 
Western Europe, and Japan (Yang et al., 
2019). The P trade links are complex and 
dynamic, leading to geopolitical tensions 
and the displacement of environmental 
impacts (Figure 5.9; Hamilton et al., 
2018). The global freshwater P footprint 
of traded goods and services increased 
between 2000 and 2011 from 0.27 to 
0.31 Mt P year-1, with 50% of the impact 
being borne by China, Eastern Europe, 
and Asia and the Pacific regions. Affluent 
countries have greater P eutrophication 
impacts, with every 1% increase in GDP 
resulting in a 1% increase in P impact 
(Hamilton et al., 2018). We note that 
estimates of P footprints are complex. A 
detailed description of the methods used 
to underpin the analysis described above 
and shown in Figure 5.9 is provided 
in Hamilton et al. (2018), with further 
context provided in Focus Box 8.1 - 
Chapter 8.

Industries operating at a global scale 
can play an important role in enhancing 
global P use efficiencies. Almost half of 
the world’s population are reliant on fish 
for 20% of their animal protein intake 
making aquaculture a critical global 
industry, with a turnover of US$160.2 
billion year-1 (FAO, 2016). Since about 
2004, aquaculture has input more P to 
increase yield than it has extracted in fish 
biomass. In 2016, the net P load from 
aquaculture directly to aquatic ecosystems 
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was 0.94 Mt P year-1, predominantly to 
freshwater ecosystems in Asia which 
accounts for 89% of global aquaculture 
food fish production (China at 61.5%; 
Ahmed et al., 2019). The impacts of 
inefficient use of nutrients in aquaculture 

can be catastrophic, especially in areas of 
exceptional biodiversity, for example, in 
Brazilian freshwater and coastal fish farms 
where the practice can conflict with the 
Aichi Biodiversity Targets of the CBD 
(Lima Junior et al., 2018).

Figure 5.9 International flows of phosphorus (P) in traded food and non-food products, illustrating a complex web of P flows 
driven by supply and demand drivers globally. The diagram shows the top five continent-level trade-related P displacements 
of freshwater eutrophication (kt P equivalent year-1). Arrows represent the gross flow of embodied impacts that occur in the 
country of origin (start of the arrow) for the consuming country (point of the arrow). Figure modified from Hamilton et al. 
(2018), for full methods see this reference. 
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5.6 Solutions

Solution 5.1: Reduce 
phosphorus losses and 
improve phosphorus use 
efficiency

Improved agricultural and 
wastewater management should 
be implemented to reduce losses 
of phosphorus from land to water. 
There is also a clear opportunity 
to improve phosphorus use 
efficiency in aquaculture. In order 
to reduce phosphorus pollution 
on a global scale, we must identify 
opportunities to decrease the 
amount of ‘mined’ phosphorus 
entering the anthropogenic 
phosphorus cycle, enhance 
uptake of sustainable fertiliser 
management approaches, and 
take action to close the phosphorus 
loop. This can be done by cutting 
phosphorus losses and increasing 
recycling and phosphorus storage 
within the landscape.

Reliance on mined sources of P will 
continue to add ‘locked away’ P into a 
global mineral cycle that is already beyond 
its capacity (Carpenter and Bennett, 2011; 
Steffen et al., 2015). By making better 
use of the P already circulating within the 
anthropogenic P cycle, through recycling 
(see Chapters 6 and 7) and more efficient 
P use within the landscape, and in the 
food system (see Chapter 3) we can reduce 
the amount of P entering the global P 
cycle from mined sources. Indeed, in some 
regions, excess mineral P fertiliser use 

and/or poor P management are causing 
‘avoidable’ P losses to waterbodies (Smith 
and Schindler, 2009). There are also 
multiple opportunities to improve the 
efficient use of P in agricultural systems, 
which aim to maintain production levels 
with lower inputs of P fertiliser (see 
Chapter 4). Also, measures to reduce 
societal demands for P, for example, 
reducing consumption of animal products, 
where appropriate, and reducing food 
waste (see Chapter 8), will help to reduce 
the amount of P flowing within the food 
production system and hence cut losses 
to aquatic ecosystems (Withers et al., 
2018). However, we highlight that in 
some cases, such as many countries in 
Africa, an increase in mineral fertiliser is 
required to improve soil fertility and this 
need should be addressed responsibly (see 
Chapters 2 and 3).

Opportunities are available globally 
to improve land-use practices towards 
increased P use efficiency and reduced 
losses to fresh and coastal waters. Shepherd 
et al. (2016) illustrate a conceptual model 
for optimisation of global P use (Figure 
5.10). This model highlights the need 
for sustainable management across scales 
from global–regional–farm–plant to 
better balance P budgets in agricultural 
systems, addressing regional disconnects 
between crop- and livestock-dominated 
landscapes, and ‘closing the loop’ in the P 
cycle. Opportunities exist to adapt farming 
practices, for example, to harness crops 
that can better utilise soil residual-P stores 
and sources of dissolved organic P (George 
et al., 2018). The need for governance 
systems to support this model is discussed 
in Chapter 6 and Solution 5.4.
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Actions to reduce losses from farms can 
be framed within overarching strategies 
trained to address national-scale farm 
issues (see Chapter 4). For example, the 
4R Nutrient Stewardship Strategy (Right 
Source, Right Rate, Right Time, and Right 
Place; Johnston and Bruulsema, 2014) 
and the wider-reaching 5R approach (Re-
align P inputs, Reduce P losses, Recycle P 
in bioresources, Recover P in wastes, and 
Redefine P in food systems; Withers et 
al., 2015a) offer global-scale application, 
with a recent example of its application to 
sugar-cane production in Brazil provided by 
Soltangheisi et al. (2019).

Experience in applying P loss reduction 
measures based on these strategies should 
be used to demonstrate effective farm P 
management initiatives in other countries 
or regions, especially in countries where 
mineral fertiliser use is increasing rapidly. 
This is especially important in countries 
where P load reductions from sewage 
discharges have been achieved, for example 
in the UK where load reductions of more 
than 60% (by 2020) have been achieved at 

a capital expenditure cost of £2.1 billion 
and where, despite recent reductions in 
fertiliser application, legacy P stocks from 
historical uses remain high (Environment 
Agency, 2019). In such cases, a balance of 
national-scale catchment-based planning to 
engage the water industry and agricultural 
sectors will be key to achieving further P 
reductions.

Common management approaches to 
reduce P losses from agricultural land to 
water are summarised in Table 5.1. To 
reduce P to meet ecological quality targets 
in any given catchment may require both 
increases in P use efficiency (more P 
applied needs to end up in crop products, so 
there is less to lose to waters) and control/
modification of P transport pathways to 
intercept P before entering fresh waters. 
However, success in implementing these 
actions will rely on the effective exchange 
of knowledge across sectors and countries, 
especially smallholder farmers in low-
income countries who may lack access to 
sufficient information and tools.
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Prohibiting and heavily regulating against 
inappropriate practices can be effective, 
such as avoiding: the application of 
fertilisers, manures or slurries to soils 
that are water-saturated or frozen; over-
stocking land with livestock; and the access 
of livestock to rivers for drinking water 
(Collins et al., 2016). Incentivisation and 
investment in infrastructure are also pivotal 
to change. For example, storage capacity 
and infrastructure offer farmers flexibility 
in terms of manure application and timing 
(Liu, B. et al., 2018), although future-
proofing this against climatic extremes may 
prove difficult. A return to mixed farming 
systems may be effective when addressing 
regional disconnects between livestock-
dominated and crop-dominated agriculture 
to better manage the ‘manure-P surplus’. 
Nevertheless, the careful management 
and use of nutrients in the livestock 
sector remains critical to delivering water 
quality improvements in livestock farming 
catchments (Liu, X. et al., 2018; Lloyd et 
al., 2019; Wang et al., 2018).

In many low-income countries, addressing 
point sources of P, such as wastewaters and 
industrial P sources, represents a major 
opportunity. In much of the developed 
world control of P point sources and 
reductions in fertiliser applications have 
resulted in mixed successes in achieving 
large-scale nutrient load reductions 
leading to ecological recovery (Bouraoui 
and Grizzetti, 2011; Duarte and Krause-
Jensen, 2018). The use of P-stripping in 
wastewater treatment works using chemical 
amendments and enhanced biological 
P removal has resulted in significant 
reductions in the P content of wastewater 
effluent (Morse et al., 1998; Mullan et al., 
2006; Berretta and Sansalone, 2012). Now 

it is time to start working on complete 
P recycling including recovery and reuse 
(see Chapter 7). In China, improvements 
in municipal wastewater treatment have 
resulted in significant reductions between 
2008 and 2017 in P loading to lakes relative 
to N (Tong et al., 2020). However, for 
many developing nations, basic sanitation 
infrastructure is absent offering limited 
capacity to control P losses from point 
sources (WHO and UNICEF, 2017).

The provision of sanitation is essential 
for human health. Aspirational goals to 
improve sanitation (e.g. SDG 6) provide 
an opportunity to lead global sewerage 
innovation by building P capture into 
sanitation as standard (e.g. urine-diverting 
toilets; Udert et al., 2016). Large-scale 
investments in infrastructure are required 
to address wastewater discharges, but these 
can be prohibitively expensive where the 
gap between operational performance and 
targets is large. For example, historical 
estimates of investment required to improve 
water infrastructure to meet socio-economic 
and Millennium Development Goals for 
OECD countries (the 37 member countries 
of The Organisation for Economic Co-
operation and Development) and BRIC 
countries (Brazil, Russia, India and 
China), alone, were around US$800 billion 
year-1 (Ashley and Cashman, 2006). In 
many low-income countries, effective 
removal of pollutants and recovery of 
P from wastewaters is not targeted 
(WWAP, 2017). Improving compliance 
with regional standards for wastewater 
treatment, from both domestic (including 
institutions such as hospitals/schools/
offices) and industrial sources, can be 
supported through regional and legal 
instruments (WWAP, 2017). 
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This may include the development of the 
‘polluter pays’ principle (noting here that the 
‘polluter’ may refer to the person who buys 
a product) in the context of P management 
to encourage behaviours that put less strain 
on the environment and the ‘precautionary 
principle’ where the control of hazardous 
substances should proceed before 
environmental degradation (WWAP, 2017). 
The domestic use of P-free detergents 
is currently regulated by environmental 
policies in the EU, the US and certain other 
countries (van Puijenbroek et al., 2019). 
Restriction on the use of P in domestic 
products, including detergents, should be 
implemented globally and extended to 
industrial chemicals and materials.

There is an opportunity to improve P 
use efficiency in key industries operating 
at global scales, such as aquaculture. 
Aquaculture is a growing concern delivering 
increasing inputs of P to freshwater and 
coastal ecosystems worldwide. More 
effective practices, including reducing 
the use of direct fertiliser application and 
focussing activities away from pristine 
ecosystems, will deliver on multiple 
intergovernmental biodiversity and 
water quality targets, including the Aichi 
Biodiversity Targets and many SDG 
targets. To achieve ‘net zero P’ in global 
aquaculture, in which P applied to enhance 
yield is in balance with P harvested in 
fish, the P use efficiency must be increased 
from 20% to 48% by 2050 through a range 
of technologically achievable industry 
improvements (Huang et al., 2020).

The impact of river engineering activities, 
both large and small, must be considered 
in any global P management system 
given they potentially capture within 
their biota and depositional zones one-

fifth of the P transported from land to 
sea each year (Beusen et al., 2016). This 
is increasingly important as measures 
taken by countries to meet the Paris 
Agreement on climate change are leading 
to increased hydroelectric dam construction 
(Hermoso, 2017).

Solution 5.2: Implement 
new and utilise existing data 
collection systems to inform 
adaptive management

Monitoring programmes provide 
a critical link between information, 
evidence-based decision making, 
and policy development, and 
should be used to inform adaptive 
management frameworks. This 
is especially important given 
ecosystem restoration is often a 
long-term process, and considering 
the impacts on waterbodies 
of multiple stressors, including 
those associated with climate 
change, population growth, 
and urbanisation. Restoration 
efforts must be coupled with 
preventative interventions to 
safeguard those ecosystems that 
are sensitive to future increases in 
phosphorus input.

Monitoring programmes are critical for 
underpinning effective management; 
however, their success has been mixed 
(Lindenmayer and Likens, 2010). To 
improve this, and providing a much-needed 
global context, adaptive management 
frameworks are being developed, for 
example, UNEP’s Framework for 
Freshwater Ecosystem Management (UN 
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Environment, 2018). These frameworks 
provide a vital link between information, 
evidence-based decision-making and policy 
development. Critically, they acknowledge 
the need for continual and long-term 
monitoring, given that times from land-
based action and other human mitigation 
efforts to ecosystem responses may extend 
to decades. Equally important, is that 
monitoring includes the full range of P 
fractions present in waterbodies and not just 
those that are easily determined or assumed 
to be ‘bioavailable’. Furthermore, monitoring 
needs to take place at sufficiently high 
frequencies in space and time that capture the 
episodic flux of P from land to water along 
overland, throughflow and groundwater flow 
pathways in order to reduce the uncertainties 
associated with load estimates derived from 
monitoring approaches that are low frequency 
or do not include all P fractions ( Johnes, 
2007b; Lloyd et al., 2014, 2016, 2019; Bieroza 
and Heathwaite, 2016; Heathwaite and 
Bieroza, 2021).

Restoration of impacted waterbodies is 
notoriously difficult to achieve, and we must 
now acknowledge that complete ecological 
recovery may be impossible in some cases, and 
at best is a long-term process that may only 
be achieved if multiple stressor mitigation 
approaches are adopted. In the past, ecological 
recovery to near-natural conditions has rarely 
been reported in restoration case studies and 
may sometimes be impossible as a result of 
altered baseline conditions driven by other 
anthropogenic pressures (Bennion et al., 
2011). Restoration ecology is now being re-
framed to consider opportunities to enhance 
ecosystem services (Costanza et al., 2014), 
and we propose here, to establish a global 
database of indicators of P use efficiency.

Opportunities are available globally to 
develop baseline data on land use practices 
that improve P use efficiency and lower 
losses to fresh and coastal waters. The 
effective cross-fertilisation of emerging 
knowledge, experiences and technological 
advances allowing better detection of 
pressures and effectiveness of novel 
interventions will be key in this respect 
(Figure 5.10; Shepherd et al., 2016). For 
example, interventions to alleviate the 
combined effects of sediment erosion 
and delivery to waters, as well as past 
alterations to natural water flow and hydro-
morphology, will be required to underpin 
control of P transport and processing from 
freshwaters to coastal zones.

The international focus should be on 
making available and assessing relevant 
data. Where these data exist but are publicly 
unavailable, initiatives and agreements 
should be established to release them to 
support global assessments (Van Cappellen 
and Maavara, 2016). Successes in this 
area are evident, for example, the UNEP’s 
GEMStat data portal currently offers access 
to more than 7 million data entries on 
freshwater ecosystems across 75 countries 
for a range of water quality indicators 
including different P fractions. The Global 
Lake Ecological Observatory Network 
(GLEON) provides high-frequency 
sensor data from continuous monitoring 
buoys across a worldwide network of lakes 
(https://gleon.org/data) and the Great 
Lakes Observing System (GLOS) provides 
satellite and point observation data for 
the Great Lakes region of North America 
(http://portal.glos.us/), making available a 
range of data useful to assess ecosystem health. 
Through the experience of such initiatives, 
the data infrastructure should be developed 
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to produce a global data resource on P 
flows and impacts, extending from the land 
through freshwater and coastal-marine 
ecosystems.

Advances have been made in the detection 
of land-based nutrient pressures, including 
the use of remote sensing technologies 
delivering earth observation data which 
offer the first comprehensive global-scale 
assessments of water quality, including 
sediment loading and cyanobacteria 
accumulations, in inland and coastal 
waters (Hansson, 2007; Bresciani et al., 
2011; Olmanson et al., 2011). We are 
now better equipped through these and 
other novel telemetered sensor networks 
and bankside analyser technologies to 
assess the many external factors and 
their interactions contributing to stress 
on aquatic ecosystem health (Duarte 
and Krause-Jensen, 2018; Lloyd et al., 
2019; Birk et al., 2020). The integration 
of earth observation and high-resolution 
sensor data with ecological modelling 
tools stands to fill conspicuous gaps in the 
global data sets, increasing the confidence 
in management decision-making, thereby 
delivering environmental gains far above 
the scale of intervention. This is especially 
important when considering transboundary 
waters and for ensuring that any land-
based action to relieve stress on fresh waters 
translate into improvements in coastal-
marine ecosystems, as set out by the UNEP 
International Resource Panel (IRP, 2021).

To inform effective adaptive management 
strategies, these data must allow for the 
assessment of dominant and interacting 
stressors acting to degrade the ecosystem. 
The recovery of aquatic ecosystems 
following P reduction can vary depending 
on multiple and interacting stressors. For 

European lakes and rivers, where data on 
such stressors and ecological responses 
are available across scales, recent analyses 
covering some 14 river basins and 22 cross-
basin studies have confirmed that nutrients 
remain the dominant stressors acting to 
degrade lakes (Birk et al., 2020). However, 
in about one-third of lakes, the ecological 
effects of nutrients were exacerbated by 
secondary stressors, including warming. 
For rivers, the effects of nutrients were 
more complex and interactions with other 
stressors were dependent upon the stressor 
type (e.g. hydrological, chemical, and 
thermal stressors), the scale of interest, and 
the biological response variable considered. 
Practically, this study suggests that nutrient 
reduction remains the primary aim for 
lake management across Europe, but 
that river restoration programmes must 
relieve multiple stressors simultaneously to 
achieve ecological targets. The analytical 
approach developed by Birk et al. (2020) 
is transferable across ecosystem types and 
scales and can be used to confirm the 
capacity of nutrient and P management to 
drive ecological recovery. What is clear from 
this work is that nutrient abatement may be 
a powerful tool for the mitigation of other 
stressors, including climate change-related 
stress (Spears et al., 2020), although these 
results should first be translated across other 
regions where data are made available. For 
example, with respect to tropical systems, 
nutrient and weather interactions may vary 
as a result of seasonal weather patterns to 
create novel ecological responses to P when 
compared to temperate ecosystems, for 
which the majority of evidence is currently 
available on cause and effect (Beklioglu et 
al., 2010). Global-scale stressor interaction 
maps with catchment resolution would be 
a powerful tool to support international 
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action on combined nutrient and climate 
change resilience planning.

There is an opportunity to utilise emerging 
data and models to target P management 
to mitigate larger scale climate change 
drivers. Emerging empirical evidence 
shows that P loading interacts with carbon 
sequestration and impacts other global 
geochemical cycles. For example, empirical 
models demonstrate that an increase in 
eutrophication driven, in part, by increasing 
P loading could increase methane emissions 
globally by up to an estimated 1.7–2.6 
Pg CO2 eq year-1, the equivalent of up 
to 33% of annual CO2 emissions from 
burning fossil fuels (Beaulieu et al., 2019). 
In contrast, nutrient loading to lakes has 
been associated with an increase in the 
total global carbon burial rate from 0.05 to 
0.12 Pg CO2 eq year-1 in the last century 
(Anderson et al., 2020). These processes, 
and others, are geographically distinct and 
should be considered in line with global-
scale P management strategies.

Restoration efforts should be matched 
with preventative interventions to 
safeguard those ecosystems on which the 
effects of urbanisation and agricultural 
intensification are likely to increase (UNEP, 
2016; Damania et al., 2019). However, 
data to assess the efficacy of preventative 
measures is limited, where major efforts 
have understandably focussed on producing 
evidence to support restorative measures 
and responses. Examples of preventative 

approaches include more stringent control 
on nutrients to mitigate the impending 
effects of climate change in lakes ( Jeppesen 
et al., 2017; Spears et al., 2020), and 
the implementation of geoengineering 
approaches to alleviate symptoms of 
nutrient enrichment and climate change in 
lakes and coastal ecosystems (e.g. Figures 
5.1 and 5.2; Conley et al., 2009; Spears et 
al., 2013b). The manipulation of biological 
communities, for example, through fishery 
controls, can also help to increase ecological 
resilience to future environmental change 
( Jeppesen et al., 2012). These approaches 
are controversial given the scale of the 
application needed to promote ecological 
responses. For example, a proposal to 
address eutrophication-associated anoxia 
in a 60,000 km2 area of the Baltic Sea by 
using pumps to mix oxygen-rich deep 
waters has projected infrastructure costs of 
US$254 million, causing some to question 
whether the funding would be better spent 
on nutrient reduction measures from land 
(Conley, 2012). These novel approaches 
should be considered promising but some 
are still in early developmental stages and 
certainly do not represent a panacea for 
widespread eutrophication control. Further 
international collaboration is required to 
develop the evidence base to support the 
selection and implementation of these 
approaches more widely.
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Solution 5.3: Implement 
integrated catchment 
management and develop 
algal bloom response plans

Integrated phosphorus 
management strategies that 
cross scales will be essential in 
achieving improved water security 
globally. A road map for capacity 
development is required to 
support the wider development of 
long-term integrated catchment 
management programmes focused 
on phosphorus. Rapid response 
plans are needed to manage the 
risk of damage to both ecosystem 
and human health associated with 
harmful algal blooms.

Integrated P management strategies 
that cross scales and are aligned with 
strategies to control other drivers of 
damage to ecosystems and human health 
will be essential in achieving improved 
water quality globally. Integrated 
nutrient management strategies at the 
farm to catchment scale should target 
improvements in water quality and 
ecological responses across coupled 
freshwater and coastal-marine systems 
(McDowell et al., 2018). These should be 
further tailored to support ‘enterprise types’ 
(e.g. crop, livestock, intensive livestock or 
mixed farm systems) and the water quality 
and, importantly, ecological targets to be 
achieved. Catchment characteristics, such 
as soil type, nutrient retention capacity, 
soil buffering capacity, hydrological 
connectivity and flow routing in permeable 
versus non-permeable catchments should 
also be considered (Kleinman et al., 2011; 

Greene et al., 2015; Cade-Menun et al., 
2017). To encourage uptake by catchment 
managers, strategies to mitigate nutrient 
losses need to offer practicality and cost-
effectiveness or be incentivised or enforced 
through legislation (Collins et al., 2016). 
The social, cultural and economic barriers 
that impede the uptake of mitigation 
measures should also be addressed (Inman 
et al., 2018). The cost associated with 
removing or remediating the effects of P 
loss increases with distance from the source 
(McDowell and Nash, 2012). Therefore, 
the identification of critical source areas 
(CSAs - areas that account for a large 
proportion of P loss, but only constitute a 
small proportion of catchment area) has 
become an important management tool, 
which is scalable and based on reducing 
P losses while minimising economic costs 
(Wood et al., 2005; Sharpley et al., 2008; 
Buchanan et al., 2013; McDowell et al., 
2014; Thomas et al., 2016). We encourage 
the development of catchment management 
plans based on sound scientific evidence 
in support of robust cost-benefit analysis, 
as demonstrated for Lake Rotorua, New 
Zealand (Mueller et al., 2016), including 
novel landscape planning approaches 
(Mueller et al., 2019). Ecosystem services 
valuation provides an estimate, if currently 
considered crude, of the monetary value of 
ecosystems and the benefits of the effective 
management of nutrients (de Groot et 
al., 2012; Dodds et al., 2013). The advent 
of indicators with which to quantify the 
SDGs should provide a useful, quantitative, 
and consistent framework with which to 
assess the water security costs and benefits 
associated with more sustainable P use.

Frameworks exist to support the 
development of integrated catchment 
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management programmes across scales 
(McDowell and Nash, 2012; Greene 
et al., 2015; Lloyd et al., 2019). For 
example, UNEP’s Framework for 
Freshwater Ecosystem Management (UN-
Environment, 2018) and the Integrated 
Lake Basin Management framework 
of the International Lake Environment 
Committee (ILEC) (Figure 5.11) are 
both scalable to the catchment scale 
and acknowledge the need for accurate 
evidence to inform decisions within 
coordinated governance, policy, and 
institutional frameworks. We can also 
draw on lessons learned from established 
policies and directives. For example, 

Carvalho et al. (2019) and Poikane et 
al. (2019) review lessons from the EU 
Water Framework Directive, highlighting 
issues of inconsistencies in the setting 
and assessment of nutrient criteria and 
ecological indicators, as well as insufficient 
monitoring, financing, and governance 
coordination that have limited the 
translation of the directive into ecological 
improvements at the large scale. These 
authors call for more consistency in 
approach to river basin management, as well 
as better integration of water policy into 
other policy domains including agriculture, 
urban planning, flooding, and climate 
change and energy policy areas.

Figure 5.11 The International Lake Environment Committee’s Integrated Lake Basin Management (ILBM) framework for 
sustainable management of lakes and their basins represents a synthesis of experiences from lake management practitioners 
across the world. This model is scalable to include coupled freshwater and coastal ecosystems and requires six pillars, as described 
below. Institutions: A management system with an appropriate organisational setup helps ensure sustainable benefits to 
watershed resource users. Policies: Policy tools must be better developed to facilitate concerted societal actions for sustainable 
watershed management. Participation: All stakeholders should participate in the decision-making process for sustainable 
management. Technology: Although their effects often tend to be limited in certain areas and a short period of time, physical 
interventions, such as shoreline and wetland restoration, provision of sewerage and industrial wastewater treatment systems, 
afforestation, and mitigation measures for siltation control, can play a significant role in improving the lake environment. 
Information: Scientific and public perceptions of watershed management can differ from case to case. Without knowledge 
generation and sharing, human and financial resources mobilised in watershed management may prove futile. Finance: Financial 
resources should come from all stakeholders benefiting from both direct and indirect use of natural resources. Efforts must be 
made to develop innovative approaches for generating locally usable funds. Image Courtesy of ILEC (2007). 
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Many case studies exist with which to 
exemplify the complexity of integrated 
catchment management across large 
ecosystems, including transboundary 
ecosystems. At this scale, political and 
financial constraints are commonly cited as 
limiting factors to success. For example, the 
HELCOM Baltic Sea Action Plan set out 
to achieve the reduction of annual nutrient 
loads by 15,250 t P and 135,000 t N by 
2021 compared to the baseline period of 
1997-2003 (HELCOM, 2007). However, 
the cost burden of measures in the plan has 
been criticised as being socio-economically 
inequitable and resulting in inadequate 
nutrient reductions. In this case, costly 
nutrient reductions borne by upstream 
countries (Russia and Poland) would 
provide benefits mostly to downstream 
countries (Finland and Sweden) (Ollikainen 
et al., 2019).

To address such conflicts there is a call 
for improved socio-economic evidence to 
support large-scale nutrient sustainability 
policies to dovetail with the scientifically 
advanced biophysical evidence (Ollikainen 
et al., 2019). This approach has been 
demonstrated for Lake Toba, Indonesia, 
where ecological impacts and increasing 
human health risk associated with harmful 
algal blooms have been driven since the 
1990s by increasing nutrient pollution, 
associated largely with aquaculture, livestock 
and wastewater sectors (World Bank 
Group, 2018). From combining social 
and economic analyses with biophysical 
modelling of land use and P flows, based 
generally on the ILEC framework, ‘future 
world’ scenarios have been developed for 
Lake Toba to demonstrate the benefits of 
investments in transitioning away from 
existing unsustainable practices towards a 

more sustainable P economy, focussed on 
ecotourism. For Lake Toba, these benefits 
may include more than 3.3 million visitors 
by 2041 (including 265,000 foreign visitors; 
total income US$162 million) creating 
5,000 additional jobs. Importantly, this fully 
costed plan offers return-on-investment 
estimates as well as recommendations for 
establishing an Integrated Lake Basin 
Management Platform. Furthermore, 
improving enforcement and regulation 
mechanisms to support the transition, 
implementing a long-term monitoring 
programme to inform adaptive management 
responses, and establishing inter-agency 
cooperation will help deliver the plan. Such 
fundamental change should be effectively 
managed, negotiated and communicated 
so that the impacts on society are limited 
and shared equitably. The sustainability of 
such large-scale transitions is uncertain, for 
example, where travel restrictions related 
to the global COVID-19 pandemic may 
restrict visitor numbers, in the case of 
ecotourism.

Businesses need to consider their exposure 
to changes in biodiversity, including 
freshwater biodiversity. The Dasgupta 
Review on the Economics of Biodiversity 
(Dasgupta, 2021), which specifically 
touches on nutrient impacts of aquatic 
ecosystems, introduces several approaches 
to support businesses and financial sectors 
in the transition towards more sustainable 
economic growth. These include tools 
with which to assess opportunities, risk 
and exposure of companies in relation to 
natural capital, biodiversity assessments, 
and commodities. With respect to Nature-
related Financial Risk, associated with 
ecosystem degradation, biodiversity loss, 
species population decline and pollution, 
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Dasgupta (2021) identifies three sources 
of risk - physical, transition, and litigation 
risks - building upon the terminology 
of the Task Force on Climate-related 
Financial Disclosures (2017). In the 
context of nutrient pollution, a physical 
risk may include the loss of value of 
real estate (e.g. Dodds et al., 2009) 
due to proximity to water impacted 
by cyanobacteria or losses to a water 
company or other industry (e.g. eco-
tourism in Chile), associated with poor 
water quality (e.g. increased drinking 
water treatment costs). Transition risks 
result from adjustment towards a more 
sustainable economy and may arise 
from policy changes (e.g. the proposed 
decrease in aquaculture yield in the case 
of Lake Toba mentioned above in order 
to move towards a more sustainable P 
economy), technology changes, or shifts 
in market preferences or societal norms 
that may cause a drop in share prices 
or market share for companies deemed 
to be operating unsustainably. Finally, 
litigation risks may include costs borne by 
a company for breaching legal frameworks 
(e.g. fines for breaching wastewater 
discharge consents). Examples of such 
risks are provided in Dasgupta (2021) and 
are available in the literature. Whether 
or not the lessons learned from emerging 
climate change litigation cases will be 
applied to nutrient pollution of aquatic 
ecosystems in the future, remains to be 
seen. Exposure of financial institutions to 
risks related to resource availability and 
nutrient pollution of aquatic ecosystems 
may increase in response to unchecked 
nutrient pollution and climate change. 
For example, agricultural regulation to 
address biodiversity loss may lead to 
`stranded assets’ in the agricultural supply 

chain, in which assets undergo unexpected 
devaluation or become liabilities 
(Caldecott et al., 2013). Guidance to 
support companies in identifying and 
planning for climate-related and other 
risks and opportunities through scenario 
analysis which extends beyond climate 
issues developed by the Task Force on 
Climate-related Financial Disclosures 
(2020) should be further extended to 
include P sustainability risks.

A road map for capacity development 
in the planning and implementation 
of integrated catchment management 
programmes is required with a long-
term focus on reducing P and N impacts 
on water quality. The United Nations 
Development Programme approach on 
capacity development offers a blueprint 
for such a road map targeting smart 
institutions, visionary leadership, access 
to knowledge and public accountability 
mechanisms (UNDP, 2015). A road 
map for P should support harmonised 
approaches for monitoring, evidence-
based adaptive management decision-
making, and reporting to produce a global 
assessment of the institutional capacity 
to address P issues. This will be critical 
to target capacity development efforts 
where they are most needed. Importantly, 
this should result in the training of a 
new generation of integrated catchment 
managers focussed on developing national 
and transboundary P strategies and 
strengthening regional trust in these to 
deliver large-scale environmental gains 
(Reitzel et al., 2019). For example, 
effective P management may play a 
key role in enhancing the resilience of 
transboundary freshwater ecosystems in 
Africa to the effects of climate change. 
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This includes the African Rift Valley Great 
Lakes, upon which 50 million people are 
reliant for clean water and food, where 
climate change and eutrophication are 
predicted to increase concurrently in the 
coming decades (UNEP, 2014).

Rapid response plans are needed to manage 
human health risks associated with harmful 
algal blooms (Buratti et al., 2017), and these 
may be extended to ecological disasters, 
including mass mortalities and species 
extinctions. Treatment of cyanobacteria 
within drinking water treatment works to 
meet regional and national drinking water 
standards can be effective (He et al., 2016). 
However, investments may be necessary 
to increase treatment capacity where 
cyanobacteria abundance is increasing in 
drinking water supply reservoirs because of 
P and N pollution, where drinking water 
treatment is available. The cost associated 
with this action may be restrictive, especially 
in developing economies. On a global 
scale, dealing with cyanobacterial blooms, 
which are symptomatic of degraded lakes, 
has resulted in billions of dollars of new 
investment in water treatment plants and 
recurrent operational costs (Hamilton 
et al., 2014). At greatest risk are those 
communities reliant on untreated raw 
water. Here, measures are being developed 
to rapidly reduce exposure by treating the 
water source, for example, using low-cost 
chemical amendments (Douglas et al., 
2016). These measures and others should 
be considered as short-term mitigation 

options for managing human health effects 
associated with harmful algal blooms. The 
four priorities for action identified in the 
United Nations Sendai Framework for 
Disaster Risk Reduction may be used to 
frame such plans in the context of nutrient 
pollution and harmful algal blooms and 
their consequences (UNDRR, 2015). 
These are first to understand disaster risk 
in terms of vulnerability, exposure, capacity 
to resist change, and potential asset losses. 
Secondly, to strengthen disaster risk 
governance to manage disaster risk at local 
to global scales to support the development 
and implementation of prevention and 
mitigation policies. Thirdly, to continually 
build resilience-to-change through 
investment in disaster prevention measures, 
including those discussed above in relation 
to harmful algal blooms. Lastly, to enhance 
disaster preparedness through constructing 
response and recovery plans so that asset 
losses are minimised in the event of a 
disaster and all water managers are ready 
and equipped to respond appropriately, 
including recovery and development after 
disasters. These steps may be supported by 
the large evidence base available on actions 
to reduce the human health risk of harmful 
algal blooms. For example, the WHO 
Water Safety Planning Approach ( Jetoo et 
al., 2015) may be coupled with emerging 
monitoring techniques to provide early 
warning systems (Bullerjahn et al., 2016) to 
trigger short-term P mitigation responses.
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Solution 5.4: Develop 
integrated policy approaches 
and globally coordinated 
phosphorus initiatives

Solutions to overcoming 
phosphorus inefficiencies must rely 
on tackling phosphorus imbalance 
at all scales. The development 
of regional targets, mandates 
and incentives are essential, and 
will often require transboundary 
cooperation. Where regional 
policies exist on phosphorus or 
other nutrients, experiences with 
these should be synthesised to 
inform their improvement as well 
as support policy development in 
other regions where no relevant 
policies exist.

Solutions to P inefficiencies should 
tackle P imbalance at all scales of P use 
and be integrated across diverse existing 
and emerging policy areas (Shepherd et 
al., 2016). Regional policies addressing 
sustainable P management that embrace 
wider regional P stewardship, and the 
socio-economic drivers and transitional 
pathways required for change towards 
greater P efficiency and resource protection 
have been proposed (Withers et al., 2015b; 
Jacobs et al., 2017). These approaches 
include the need to consider opportunities 
to develop a circular P economy to reduce 

fresh imports of inorganic P into existing 
farming and food processing systems 
(Metson et al., 2016a), recover P from 
different wastewaters to reduce direct 
effluent loadings to rivers and lakes (Bunce 
et al., 2018), and the potential to reduce 
society’s total P demand by altering the P 
momentum of the food system through 
redesign, for example through dietary 
choice and/or genetic engineering (Childers 
et al., 2011; Metson et al., 2016b; Withers 
et al., 2018). Lowering of P surpluses would 
lead to lower landscape P accumulation, 
which would both reduce P losses to water 
in the longer term and increase catchment 
P buffering capacity, and lead to reduced 
emissions of greenhouse gases from surface 
waters. There is a need to develop policy 
options at a global scale to enable the 
integration of sustainable P ambitions 
across the existing policy framework 
(Chapter 9). From an ecosystem perspective, 
such options should target reductions 
in P emissions to freshwater and coastal 
ecosystems including both short-term 
disaster response plans alongside long-term 
adaptive management strategies supporting 
transitions towards more sustainable P 
economies. These should acknowledge the 
confounding effects of climate change on 
ecological degradation as well as the time 
scales over which the drivers of change are 
operating, typically, decades to centuries for 
global-scale nutrient cycles.



204

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
Ærtebjerg, G., J.H. Anderson, and O.S. Hansen 

Ærtebjerg, G., J.H. Anderson, and O.S. Hansen 
(editors). 2003. Nutrients and Eutrophication in 
Danish Marine Waters. A Challenge for Science 
and Management. Ministry of the Environment, 
National Environmental Research Institute, Co-
penhagen, Denmark.

Agrawal, A., and K. Gopal. 2013. Toxic Cyanobac-
teria in Water and Their Public Health Conse-
quences. In: Agrawal, A. and Gopal, K., editors, 
Biomonitoring of Water and Waste Water,. 
Springer, India. pp. 135–147. doi: 10.1007/978-
81-322-0864-8_13.

Ahmed, N., S. Thompson, and M. Glaser. 2019. 
Global Aquaculture Productivity, Environmental 
Sustainability, and Climate Change Adaptability. 
Environ. Manage. 63(2): 159–172. doi: 10.1007/
s00267-018-1117-3.

Alcamo, J., P. Doll, T. Henrichs, F. Kaspar, B. 
Lehner, et al. 2003. Global estimates of wa-
ter withdrawals and availability under current 
and future “business-as-usual” conditions. 
Hydrol. Sci. J. 48(3): 339–348. doi: 10.1623/
hysj.48.3.339.45278.

Alcamo, J., M. Flörke, and M. Märker. 2007. Future 
long-term changes in global water resources 
driven by socio-economic and climatic changes. 
Hydrol. Sci. J. 52(2): 247–275. doi: 10.1623/
hysj.52.2.247.

Alewell, C., B. Ringeval, C. Ballabio, D.A. Robin-
son, P. Panagos, et al. 2020. Global phosphorus 
shortage will be aggravated by soil erosion. Nat. 
Commun. 11(1): 4546. doi: 10.1038/s41467-
020-18326-7.

Almanza, V., P. Pedreros, H. Dail Laughinghouse, J. 
Félez, O. Parra, et al. 2019. Association between 
trophic state, watershed use, and blooms of cy-
anobacteria in south-central Chile. Limnologica 
75: 30–41. doi: 10.1016/j.limno.2018.11.004.

Anderson, D.M., J.M. Burkholder, W.P. Cochlan, 
P.M. Glibert, C.J. Gobler, et al. 2008. Harmful 
algal blooms and eutrophication: Examining 
linkages from selected coastal regions of the 
United States. Harmful Algae 8(1): 39–53. doi: 
10.1016/j.hal.2008.08.017.

Anderson, D.M., P.M. Glibert, and J.M. Burkholder. 
2002. Harmful algal blooms and eutrophication: 
Nutrient sources, composition, and conse-
quences. Estuaries 25: 704–726. doi: 10.1007/
BF02804901.

Anderson, N.J., A.J. Heathcote, and D.R. Engstrom. 
2020. Anthropogenic alteration of nutrient 
supply increases the global freshwater carbon 
sink. Sci. Adv. 6(16): eaaw2145. doi: 10.1126/
sciadv.aaw2145.

Ashley, R., and A. Cashman. 2006. The impacts of 
change on the long-term future demand for 
water sector infrastructure. In: Infrastructure 
to 2030: Telecom, Land Transport, Water and 
Electricity. OECD Publishing, Paris. pp. 241–
349. doi: 10.1787/9789264023994-6-en.

Backer, L.C., J.H. Landsberg, M. Miller, K. Keel, and 
T.K. Taylor. 2013. Canine Cyanotoxin Poison-
ings in the United States (1920s–2012): Review 
of Suspected and Confirmed Cases from Three 
Data Sources. Toxins 5(9): 1597–1628. doi: 
10.3390/toxins5091597.

Beaulieu, J.J., T. DelSontro, and J.A. Downing. 2019. 
Eutrophication will increase methane emissions 
from lakes and impoundments during the 21st 
century. Nat. Commun. 10: 1375. doi: 10.1038/
s41467-019-09100-5.

Beklioglu, M., M. Meerfhoff, M. Søndergaard, and 
E. Jeppesen. 2010. Eutrophication and Restora-
tion of Shallow Lakes from a Cold Temperate 
to a Warm Mediterranean and a (Sub)Tropical 
Climate. In: Ansari, A., Singh Gill, S., Lanza, 
G., and Rast, W., editors, Eutrophication: causes, 
consequences and control. Springer, Dordrecht. 
pp. 99–108. doi: 10.1007/978-90-481-9625-8_4.

Bennion, H., R.W. Battarbee, C.D. Sayer, G.L. 
Simpson, and T.A. Davidson. 2011. Defining 
reference conditions and restoration targets 
for lake ecosystems using palaeolimnology: a 
synthesis. J. Paleolimnol. 45(4): 533–544. doi: 
10.1007/s10933-010-9419-3.

Berretta, C., and J. Sansalone. 2012. Fate of phos-
phorus fractions in an adsorptive-filter subject 
to intra- and inter-event runoff phenomena. J. 
Environ. Manage. 103: 83–94. doi: 10.1016/j.
jenvman.2012.02.028.

van Beusekom, J.E.E. 2018. Eutrophication. In: 
Salomon, M. and Markus, T., editors, Hand-
book on Marine Environment Protection. 
Springer, Cham, Switzerland. pp. 429–445. doi: 
10.1007/978-3-319-60156-4_22.

Beusen, A.H.W., A.F. Bouwman, L.P.H. Van Beek, 
J.M. Mogollón, and J.J. Middelburg. 2016. 
Global riverine N and P transport to ocean 
increased during the 20th century despite in-
creased retention along the aquatic continuum. 
Biogeosciences 13(8): 2441–2451. doi: 10.5194/
bg-13-2441-2016.



205

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Bieroza, M.Z., and A.L. Heathwaite. 2016. Unrav-
elling organic matter and nutrient biogeochem-
istry in groundwater-fed rivers under baseflow 
conditions: Uncertainty in in situ high-frequen-
cy analysis. Sci. Total Environ. 572: 1520–1533. 
doi: 10.1016/j.scitotenv.2016.02.046.

Bingham, S.T., H.L. Buss, E.M. Mouchos, P.J. 
Johnes, D.C. Gooddy, et al. 2020. Rates of 
hydroxyapatite formation and dissolution in a 
sandstone aquifer: Implications for understand-
ing dynamic phosphate behaviour within an ag-
ricultural catchment. Appl. Geochemistry 115: 
104534. doi: 10.1016/j.apgeochem.2020.104534.

Birk, S., D. Chapman, L. Carvalho, B.M. Spears, 
H.E. Andersen, et al. 2020. Impacts of multiple 
stressors on freshwater biota across spatial scales 
and ecosystems. Nat. Ecol. Evol. 4: 1060–1068. 
doi: 10.1038/s41559-020-1216-4.

Bouraoui, F., and B. Grizzetti. 2011. Long term 
change of nutrient concentrations of rivers 
discharging in European seas. Sci. Total Envi-
ron. 409(23): 4899–4916. doi: 10.1016/j.scito-
tenv.2011.08.015.

Bouwman, L., A. Beusen, P.M. Glibert, C. Overbeek, 
M. Pawlowski, et al. 2013a. Mariculture: signif-
icant and expanding cause of coastal nutrient 
enrichment. Environ. Res. Lett. 8(4): 044026. 
doi: 10.1088/1748-9326/8/4/044026.

Bouwman, A.F., A.H.W. Beusen, L. Lassaletta, D.F. 
van Apeldoorn, H.J.M. van Grinsven, et al. 
2017. Lessons from temporal and spatial pat-
terns in global use of N and P fertilizer on crop-
land. Sci. Rep. 7: 40366 doi: 10.1038/srep40366.

Bouwman, L., K.K. Goldewijk, K.W. Van Der Hoek, 
A.H.W. Beusen, D.P. Van Vuuren, et al. 2013b. 
Exploring global changes in nitrogen and phos-
phorus cycles in agriculture induced by livestock 
production over the 1900-2050 period. Proc. 
Natl. Acad. Sci. 110(52): 20882–20887. doi: 
10.1073/pnas.1012878108.

Bowes, M.J., J.T. Smith, C. Neal, D. V. Leach, P.M. 
Scarlett, et al. 2011. Changes in water quality 
of the River Frome (UK) from 1965 to 2009: Is 
phosphorus mitigation finally working? Sci. To-
tal Environ. 409(18): 3418–3430. doi: 10.1016/j.
scitotenv.2011.04.049.

Bresciani, M., D. Stroppiana, D. Odermatt, G. 
Morabito, and C. Giardino. 2011. Assessing 
remotely sensed chlorophyll-a for the imple-
mentation of the Water Framework Directive 
in European perialpine lakes. Sci. Total Envi-
ron. 409(17): 3083–3091. doi: 10.1016/j.scito-
tenv.2011.05.001.

Briand, J.F., S. Jacquet, C. Bernard, and J.F. Hum-
bert. 2003. Health hazards for terrestrial verte-
brates from toxic cyanobacteria in surface water 
ecosystems. Vet. Res. 34: 361–377. doi: 10.1051/
vetres:2003019.

Bruulsema, T.W., H.M. Peterson, and L.I. Prochnow. 
2019. The Science of 4R Nutrient Stewardship 
for Phosphorus Management across Latitudes. J. 
Environ. Qual. 48(5): 1295–1299. doi: 10.2134/
jeq2019.02.0065.

Bryce, C.C., T. Le Bihan, S.F. Martin, J.P. Harrison, 
T. Bush, et al. 2016. Rock geochemistry induces 
stress and starvation responses in the bacterial 
proteome. Environ. Microbiol. 18(4): 1110–
1121. doi: 10.1111/1462-2920.13093.

Buchanan, B.P., J.A. Archibald, Z.M. Easton, S.B. 
Shaw, R.L. Schneider, et al. 2013. A phosphorus 
index that combines critical source areas and 
transport pathways using a travel time approach. 
J. Hydrol. 486: 123–135. doi: 10.1016/j.jhy-
drol.2013.01.018.

Bullerjahn, G.S., R.M. McKay, T.W. Davis, D.B. 
Baker, G.L. Boyer, et al. 2016. Global solutions 
to regional problems: Collecting global expertise 
to address the problem of harmful cyanobacteri-
al blooms. A Lake Erie case study. Harmful Al-
gae 54: 223–238. doi: 10.1016/j.hal.2016.01.003.

Bunce, J.T., E. Ndam, I.D. Ofiteru, A. Moore, and 
D.W. Graham. 2018. A Review of Phosphorus 
Removal Technologies and Their Applicability 
to Small-Scale Domestic Wastewater Treatment 
Systems. Front. Environ. Sci. 6: 8. doi: 10.3389/
fenvs.2018.00008.

Buratti, F.M., M. Manganelli, S. Vichi, M. Stefanelli, 
S. Scardala, et al. 2017. Cyanotoxins: producing 
organisms, occurrence, toxicity, mechanism of 
action and human health toxicological risk eval-
uation. Arch. Toxicol. 91(3): 1049–1130. doi: 
10.1007/s00204-016-1913-6.

Cade-Menun, B.J., D.G. Doody, C.W. Liu, and C.J. 
Watson. 2017. Long-term Changes in Grass-
land Soil Phosphorus with Fertilizer Applica-
tion and Withdrawal. J. Environ. Qual. 46(3): 
537–545. doi: 10.2134/jeq2016.09.0373.

Caldecott, B., N. Howarth, and P. McSharry. 2013. 
Stranded Assets in Agriculture: Protecting Value 
from Environment-Related Risks. Smith School 
of Enterprise and Environment, University of 
Oxford, Oxford, UK.



206

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

Cao, Q., A.D. Steinman, X. Wan, and L. Xie. 
2018a. Combined toxicity of microcystin-LR 
and copper on lettuce (Lactuca sativa L.). 
Chemosphere 206: 474–482. doi: 10.1016/j.
chemosphere.2018.05.051.

Cao, Q., A.D. Steinman, X. Wan, and L. Xie. 2018b. 
Bioaccumulation of microcystin congeners in 
soil-plant system and human health risk assess-
ment: A field study from Lake Taihu region 
of China. Environ. Pollut. 240: 44–50. doi: 
10.1016/j.envpol.2018.04.067.

Van Cappellen, P., and T. Maavara. 2016. Rivers in 
the Anthropocene: Global scale modifications of 
riverine nutrient fluxes by damming. Ecohydrol. 
Hydrobiol. 16(2): 106–111. doi: 10.1016/j.eco-
hyd.2016.04.001.

Capper, A., L.J. Flewelling, and K. Arthur. 2013. 
Dietary exposure to harmful algal bloom (HAB) 
toxins in the endangered manatee (Trichechus 
manatus latirostris) and green sea turtle (Chelo-
nia mydas) in Florida, USA. Harmful Algae 28: 
1–9. doi: 10.1016/j.hal.2013.04.009.

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.

Carpenter, S.R., P.L. Pingali, E.M. Bennett, and 
M.B. Zurek (editors). 2005. Ecosystems and 
Human Well-being: Scenarios, Volume 2. Find-
ings of the Scenarios Working Group, Millenni-
um Ecosystem Assessment. Island Press, USA.

Carvalho, L., E.B. Mackay, A.C. Cardoso, A. Baat-
trup-Pedersen, S. Birk, et al. 2019. Protecting 
and restoring Europe’s waters: An analysis of the 
future development needs of the Water Frame-
work Directive. Sci. Total Environ. 658: 1228–
1238. doi: 10.1016/j.scitotenv.2018.12.255.

Carvalho, L., C. McDonald, C. de Hoyos, U. Mis-
chke, G. Phillips, et al. 2013. Sustaining recrea-
tional quality of European lakes: minimizing the 
health risks from algal blooms through phos-
phorus control. J. Appl. Ecol. 50(2): 315–323. 
doi: 10.1111/1365-2664.12059.

CBD. 2020. Report of the Open-ended Working 
Group on the Post-2020 Global  Biodiversity 
Framework on its second meeting, 24-29 Feb-
ruary 2020, Rome Italy. CBD/WG2020/2/4. 
Convention on Biological Diversity, Montre-
al, Canada.

Central Pollution Control Board. 2015. Inventori-
zation of Sewage Treatment Plants. Ministry of 
Environment and Forests, Government of India, 
New Delhi.

Chen, J., D. Zhang, P. Xie, Q. Wang, and Z. Ma. 
2009. Simultaneous determination of micro-
cystin contaminations in various vertebrates 
(fish, turtle, duck and water bird) from a large 
eutrophic Chinese lake, Lake Taihu, with 
toxic Microcystis blooms. Sci. Total Environ. 
407(10): 3317–3322. doi: 10.1016/j.scito-
tenv.2009.02.005.

Childers, D.L., J. Corman, M. Edwards, and J.J. 
Elser. 2011. Sustainability Challenges of Phos-
phorus and Food: Solutions from Closing the 
Human Phosphorus Cycle. Bioscience 61(2): 
117–124. doi: 10.1525/bio.2011.61.2.6.

China Water Risk. 2015. New ‘Water Ten Plan’ to 
Safeguard China’s Waters. http://chinawaterrisk.
org/notices/new-water-ten-plan-to-safeguard-
chinas-waters/ (accessed 21 July 2021).

Codd, G.A., L.F. Morrison, and J.S. Metcalf. 
2005. Cyanobacterial toxins: risk manage-
ment for health protection. Toxicol. Appl. 
Pharmacol. 203(3): 264–272. doi: 10.1016/j.
taap.2004.02.016.

Collins, A.L., J.P. Newell Price, Y. Zhang, R. Goo-
day, P.S. Naden, et al. 2018. Assessing the 
potential impacts of a revised set of on-farm 
nutrient and sediment ‘basic’ control measures 
for reducing agricultural diffuse pollution across 
England. Sci. Total Environ. 621: 1499–1511. 
doi: 10.1016/j.scitotenv.2017.10.078.

Collins, A.L., Y.S. Zhang, M. Winter, A. Inman, J.I. 
Jones, et al. 2016. Tackling agricultural diffuse 
pollution: What might uptake of farmer-pre-
ferred measures deliver for emissions to water 
and air? Sci. Total Environ. 547: 269–281. doi: 
10.1016/j.scitotenv.2015.12.130.

Conley, D.J. 2012. Save the Baltic Sea. Nature 
486(7404): 463–464. doi: 10.1038/486463a.

Conley, D.J., H.W. Paerl, R. Howarth, D.F. Boesch, 
S.P. Seitzinger, et al. 2009. Controlling Eu-
trophication : Nitrogen and Phosphorus. 
Science 323(5917): 1014–1015. doi: 10.1126/
science.1167755

Cordell, D., and S. White. 2015. Phosphorus. In: 
Pattberg, P.H. and Zelli, F., editors, Encyclo-
pedia of Global Environmental Politics and 
Governance. Edward Elgar Publishing Limited, 
Cheltenham, UK. pp. 404–415.

Costanza, R., R. de Groot, P. Sutton, S. van der 
Ploeg, S.J. Anderson, et al. 2014. Changes in the 
global value of ecosystem services. Glob. Envi-
ron. Chang. 26: 152–158. doi: 10.1016/j.gloenv-
cha.2014.04.002.



207

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Council of the European Communities. 1992. 
Council Directive 92/43/EEC of 21 May 1992 
on the conservation of natural habitats and of 
wild fauna and flora. Official Journal of the Eu-
ropean Communities L206: 7–50.

Damania, R., S. Desbureaux, A.-S. Rodella, J. 
Russ, and E. Zaveri. 2019. Quality Unknown: 
The Invisible Water Crisis. World Bank, 
Washington DC.

Darwall, W.R.T., Smith, K.G., Allen, D., Seddon, 
M.B., McGregor Reid, G., et al. 2009. Freshwa-
ter biodiversity: a hidden resource under threat. 
In: Vié, J.-C., Hilton-Taylor, C., and Stuart, 
S.N., editors, Wildlife in a Changing World 
– An Analysis of the 2008 IUCN Red List of 
Threatened Species. IUCN, Gland, Switzerland. 
pp. 43–53.

Dasgupta, P. 2021. The Economics of Biodiversity: 
The Dasgupta Review. HM Treasury, London.

Davidson, K., R.J. Gowen, P.J. Harrison, L.E. Flem-
ing, P. Hoagland, et al. 2014. Anthropogenic 
nutrients and harmful algae in coastal waters. J. 
Environ. Manage. 146: 206–216. doi: 10.1016/j.
jenvman.2014.07.002.

Davis, T.W., D.L. Berry, G.L. Boyer, and C.J. Gobler. 
2009. The effects of temperature and nutri-
ents on the growth and dynamics of toxic and 
non-toxic strains of Microcystis during cyano-
bacteria blooms. Harmful Algae 8(5): 715–725. 
doi: 10.1016/j.hal.2009.02.004.

Deegan, L.A., D.S. Johnson, R.S. Warren, B.J. Peter-
son, J.W. Fleeger, et al. 2012. Coastal eutroph-
ication as a driver of salt marsh loss. Nature 
490(7420): 388–392. doi: 10.1038/nature11533.

Diaz, R.J., and R. Rosenberg. 2008. Spreading dead 
zones and consequences for marine ecosystems. 
Science 321(5891): 926–929. doi: 10.1126/sci-
ence.1156401.

Dodds, W.K. 2006. Eutrophication and troph-
ic state in rivers and streams. Limnology 
51(1): 671–680.

Dodds, W.K., W.W. Bouska, J.L. Eitzmann, T.J. 
Pilger, K.L. Pitts, et al. 2009. Eutrophication of 
U.S. Freshwaters: Analysis of Potential Econom-
ic Damages. Environ. Sci. Technol. 43(1): 12–19. 
doi: 10.1021/es801217q. 

Dodds, W.K., J.S. Perkin, and J.E. Gerken. 2013. 
Human Impact on Freshwater Ecosystem 
Services: A Global Perspective. Environ. Sci. 
Technol. 47(16): 9061–9068. doi: 10.1021/
es4021052.

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

Douglas, G.B., D.P. Hamilton, M.S. Robb, G. Pan, 
B.M. Spears, et al. 2016. Guiding principles for 
the development and application of solid-phase 
phosphorus adsorbents for freshwater ecosys-
tems. Aquat. Ecol. 50(3): 385–405. doi: 10.1007/
s10452-016-9575-2.

Duarte, C.M., and D. Krause-Jensen. 2018. 
Intervention Options to Accelerate Eco-
system Recovery From Coastal Eutrophica-
tion. Front. Mar. Sci. 5.: 470. doi: 10.3389/
fmars.2018.00470.

Dudgeon, D. 1999. Tropical Asian Streams: Zoo-
benthos, Ecology and Conservation. Hong 
Kong University Press, Hong Kong, People’s 
Republic of China. http://www.jstor.org/stable/j.
ctt2jc1bh.9. (accessed 22 July 2021).

Edwards, A.C., and P.J.A. Withers. 2008. Transport 
and delivery of suspended solids, nitrogen and 
phosphorus from various sources to freshwaters 
in the UK. J. Hydrol. 350(3–4): 144–153. doi: 
10.1016/j.jhydrol.2007.10.053.

Elser, J., and P. Haygarth. 2020. Phosphorus - 
Past and Future. Oxford University Press, 
Oxford, UK.

Ensign, S.H., and M.W. Doyle. 2006. Nutri-
ent spiraling in streams and river networks. 
J. Geophys. Res. 111(G4): G04009. doi: 
10.1029/2005JG000114.

Environment Agency. 2019. Phosphorus and 
Freshwater Eutrophication Pressure Narrative. 
https://consult.environment-agency.gov.uk/envi-
ronment-and-business/challenges-and-choices/
user_uploads/phosphorus-pressure-rbmp-2021.
pdf (accessed 22 July 2021).

European Environment Agency. 2005. Source ap-
portionment of nitrogen and phosphorus inputs 
into the aquatic environment. EEA Report No 
7/2005. Publications Office of the European 
Union, Luxembourg.

European Environment Agency. 2015. State of na-
ture in the EU: Results from reporting under 
the nature directives 2007–2012. EEA Technical 
report No 2/2015. Publications Office of the 
European Union, Luxembourg.



208

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

European Parliament. 2000. Directive 2000/60/EC 
of the European Parliament and of the Council 
of 23 October 2000 establishing a framework for 
Community action in the field of water policy. 
Official Journal of the European Communities 
L327: 1–84.

Evans, D.J., and P.J. Johnes. 2004. Physico-chemical 
controls on phosphorus cycling in two lowland 
streams. Part 1 – the water column. Sci. Total 
Environ. 329(1–3): 145–163. doi: 10.1016/j.sci-
totenv.2004.02.018.

Evans, D.J., P.J. Johnes, and D.S. Lawrence. 2004. 
Physico-chemical controls on phosphorus 
cycling in two lowland streams. Part 2—The 
sediment phase. Sci. Total Environ. 329(1–3): 
165–182. doi: 10.1016/j.scitotenv.2004.02.023.

Facciponte, D.N., M.W. Bough, D. Seidler, J.L. 
Carroll, A. Ashare, et al. 2018. Identifying aero-
solized cyanobacteria in the human respiratory 
tract: A proposed mechanism for cyanotoxin-as-
sociated diseases. Sci. Total Environ. 645: 1003–
1013. doi: 10.1016/j.scitotenv.2018.07.226.

FAO. 2016. The state of world fisheries and aquacul-
ture. Contributing to food security and nutrition 
for all. FAO, Rome.

Fire, S., L. Flewelling, M. Stolen, W. Noke Durden, 
M. de Wit, et al. 2015. Brevetoxin-associated 
mass mortality event of bottlenose dolphins 
and manatees along the east coast of Florida, 
USA. Mar. Ecol. Prog. Ser. 526: 241–251. doi: 
10.3354/meps11225.

Foley, B., I.D. Jones, S.C. Maberly, and B. Rippey. 
2012. Long-term changes in oxygen depletion in 
a small temperate lake: effect of climate change 
and eutrophication. Freshw. Biol. 57(2): 278–
289. doi: 10.1111/j.1365-2427.2011.02662.x.

Forber, K.J., P.J.A. Withers, M.C. Ockenden, and 
P.M. Haygarth. 2018. The Phosphorus Trans-
fer Continuum: A Framework for Exploring 
Effects of Climate Change. Agricultural & 
Environmental Letters 3: 180036. doi: 10.2134/
ael2018.06.0036.

George, T.S., C.D. Giles, D. Menezes-Blackburn, 
L.M. Condron, A.C. Gama-Rodrigues, et al. 
2018. Organic phosphorus in the terrestrial en-
vironment: a perspective on the state of the art 
and future priorities. Plant and Soil 427(1–2): 
191–208. doi: 10.1007/s11104-017-3391-x.

Gildow, M., N. Aloysius, S. Gebremariam, and J. 
Martin. 2016. Fertilizer placement and applica-
tion timing as strategies to reduce phosphorus 
loading to Lake Erie. J. Great Lakes Res. 42(6): 
1281–1288. doi: 10.1016/j.jglr.2016.07.002.

Greene, S., P.J. Johnes, J.P. Bloomfield, S.M. Reaney, 
R. Lawley, et al. 2015. A geospatial frame-
work to support integrated biogeochemical 
modelling in the United Kingdom. Environ. 
Model. Softw. 68: 219–232. doi: 10.1016/j.env-
soft.2015.02.012.

Greenstone, M., and R. Hanna. 2014. Environ-
mental Regulations, Air and Water Pollution, 
and Infant Mortality in India. Am. Econ. 
Rev. 104(10): 3038–3072. doi: 10.1257/
aer.104.10.3038.

de Groot, R., L. Brander, S. van der Ploeg, R. 
Costanza, F. Bernard, et al. 2012. Global es-
timates of the value of ecosystems and their 
services in monetary units. Ecosyst. Serv. 1(1): 
50–61. doi: 10.1016/j.ecoser.2012.07.005.

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

Hamilton, D., S. Wood, D. Dietrich, and J. Puddick. 
2014. Costs of harmful blooms of freshwater 
cyanobacteria. In: Sharma, N.K., Rai, A.K., and 
Stal, L.J., editors, Cyanobacteria. An Economic 
Perspective. John Wiley & Sons. pp. 245–256. 
doi: 10.1002/9781118402238.ch15.

Hansson, M. 2007. The Baltic Algae Watch Sys-
tem - a remote sensing application for mon-
itoring cyanobacterial blooms in the Baltic 
Sea. J. Appl. Remote Sens. 1(1): 011507. doi: 
10.1117/1.2834769.

Harper, C.W., J.M. Blair, P.A. Fay, A.K. Knapp, and 
J.D. Carlisle. 2005. Increased rainfall variability 
and reduced rainfall amount decreases soil CO2 
flux in a grassland ecosystem. Glob. Chang. 
Biol. 11(2): 322–334. doi: 10.1111/j.1365-
2486.2005.00899.x.

Harris, T.D., and J.L. Graham. 2017. Predict-
ing cyanobacterial abundance, microcys-
tin, and geosmin in a eutrophic drink-
ing-water reservoir using a 14-year dataset. 
Lake Reserv. Manag. 33(1): 32–48. doi: 
10.1080/10402381.2016.1263694.

Hautier, Y., P.A. Niklaus, and A. Hector. 2009. 
Competition for light causes plant biodiversity 
loss after eutrophication. Science 324(5927): 
636–638. doi: 10.1126/science.1169640.



209

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Havens, K.E., K.R. Jin, A.J. Rodusky, B. Sharfstein, 
M.A. Brady, et al. 2001. Hurricane effects on 
a shallow lake ecosystem and its response to a 
controlled manipulation of water level. The Sci-
entific World Journal. 1: 44–70. doi: 10.1100/
tsw.2001.14.

Haygarth, P.M., L.M. Condron, A.L. Heathwaite, 
B.L. Turner, and G.P. Harris. 2005. The phos-
phorus transfer continuum: Linking source 
to impact with an interdisciplinary and mul-
ti-scaled approach. Sci. Total Environ. 344(1–3): 
5–14. doi: 10.1016/j.scitotenv.2005.02.001.

Haygarth, P.M., T.J.C. Page, K.J. Beven, J. Freer, 
A. Joynes, et al. 2012. Scaling up the phos-
phorus signal from soil hillslopes to headwater 
catchments. Freshw. Biol. 57(1): 7–25. doi: 
10.1111/j.1365-2427.2012.02748.x.

He, X., Y.L. Liu, A. Conklin, J. Westrick, L.K. 
Weavers, et al. 2016. Toxic cyanobacteria 
and drinking water: Impacts, detection, and 
treatment. Harmful Algae 54: 174–193. doi: 
10.1016/j.hal.2016.01.001.

Heathwaite, A.L. 2010. Multiple stressors on water 
availability at global to catchment scales: un-
derstanding human impact on nutrient cycles 
to protect water quality and water availability in 
the long term. Freshw. Biol. 55: 241–257. doi: 
10.1111/j.1365-2427.2009.02368.x.

Heathwaite, A.L., and M. Bieroza. 2021. Finger-
printing hydrological and biogeochemical driv-
ers of freshwater quality. Hydrol. Process. 35(1): 
e13973. doi: 10.1002/hyp.13973.

Heathwaite, A.L., A.I. Fraser, P.J. Johnes, M. 
Hutchins, E. Lord, et al. 2003. The Phosphorus 
Indicators Tool: a simple model of diffuse P loss 
from agricultural land to water. Soil Use Manag. 
19(1): 1–11. doi: 10.1111/j.1475-2743.2003.
tb00273.x.

Heathwaite, A.L., and P.J. Johnes. 1996. Con-
tribution of nitrogen species and phos-
phorus fractions to stream water quality 
in agricultural catchments. Hydrologi-
cal Processes 10: 971–983. doi: 10.1002/
(SICI)1099-1085(199607)10:7<971::AID-
HYP351>3.0.CO;2-N.

Heathwaite, A.L., P.F. Quinn, and C.J.M. Hewett. 
2005. Modelling and managing critical source 
areas of diffuse pollution from agricultural 
land using flow connectivity simulation. J. Hy-
drol. 304(1–4): 446–461. doi: 10.1016/j.jhy-
drol.2004.07.043.

Heckrath, G., G.H. Rubæk, and B. Kronvang (edi-
tors). 2007. Diffuse phosphorus loss. Risk assess-
ment, mitigation options and ecological effects 
in river basins. The 5th International Phospho-
rus Workshop (IPW5), Silkeborg, Denmark. 
3–7 Sept. 2007. DJF Plant Sci. 130. Aarhus 
University, Tjele, Denmark.

HELCOM. 2007. HELCOM Baltic Sea Action 
Plan (BSAP). HELCOM Ministerial Meeting. 
Adopted in Krakow, Poland, 15 November 2007. 
HELCOM, Helsinki, Finland. https://helcom.
fi/media/documents/BSAP_Final.pdf (accessed 
21 July 2021).

Hendry, K., D. Cragg-Hine, M. O‘Grady, H. Sam-
brook, and A. Stephen. 2003. Management of 
habitat for rehabilitation and enhancement of 
salmonid stocks. Fish. Res. 62: 171–192. doi: 
10.1016/S0165-7836(02)00161-3.

Hermoso, V. 2017. Freshwater ecosystems could 
become the biggest losers of the Paris Agree-
ment. Glob. Chang. Biol. 23(9): 3433–3436. doi: 
10.1111/gcb.13655.

Hilton, J., M. O’Hare, M.J. Bowes, and J.I. Jones. 
2006. How green is my river? A new paradigm 
of eutrophication in rivers. Sci. Total Envi-
ron. 365(1–3): 66–83. doi: 10.1016/j.scito-
tenv.2006.02.055.

Holtcamp, W. 2012. The Emerging Science of 
BMAA: Do Cyanobacteria Contribute to 
Neurodegenerative Disease? Environ. Health 
Perspect. 120(3): A110–A116. doi: 10.1289/
ehp.120-a110.

Howarth, R.W. 2008. Coastal nitrogen pollution: A 
review of sources and trends globally and region-
ally. Harmful Algae 8(1): 14–20. doi: 10.1016/j.
hal.2008.08.015.

Howarth, R., and H.W. Paerl. 2008. Coastal marine 
eutrophication: Control of both nitrogen and 
phosphorus is necessary. Proc. Natl. Acad. Sci. 
105(49): E103. doi: 10.1073/pnas.0807266106.

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.

Huang, I.S., and P. V. Zimba. 2019. Cyanobacterial 
bioactive metabolites—A review of their chem-
istry and biology. Harmful Algae 83: 42–94. doi: 
10.1016/j.hal.2018.11.008.

Huisman, J., G.A. Codd, H.W. Paerl, B.W. Ibelings, 
J.M.H. Verspagen, et al. 2018. Cyanobacterial 
blooms. Nat. Rev. Microbiol. 16(8): 471–483. 
doi: 10.1038/s41579-018-0040-1.



210

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

Huser, B., S. Egemose, H. Harper, H. Hupfer, M. 
Jensen et al. 2016. Longevity and effectiveness 
of aluminium addition to reduce sediment phos-
phorus release and restore lake water quality. 
Wat. Res. 97: 122-132.

Ibáñez, C., and J. Peñuelas. 2019. Changing nu-
trients, changing rivers. Science 365(6454): 
637–638. doi: 10.1126/science.aay2723.

ILEC. 2007. Integrated Lake Basin Management: 
An Introduction. International Lake Environ-
ment Committee Foundation, Kusatsu, Japan.

ILEC and UNEP. 2016. Transboundary Lakes and 
Reservoirs: Status and Trends. United Nations 
Environment Programme, Nairobi, Kenya.

Inman, A., M. Winter, R. Wheeler, E. Vrain, A. 
Lovett, et al. 2018. An exploration of individual, 
social and material factors influencing water pol-
lution mitigation behaviours within the farming 
community. Land Use policy 70: 16–26. doi: 
10.1016/j.landusepol.2017.09.042.

IOC-UNESCO and UNEP. 2016. Large Marine 
Ecosystems: Status and Trends. United Na-
tions Environment Programme (UNEP), Nai-
robi, Kenya.

IPCC. 2018. Summary for Policymakers. In: Global 
Warming of 1.5°C. An IPCC Special Report on 
the impacts of global warming of 1.5°C above 
pre-industrial levels and related global green-
house gas emission pathways in the context of 
strengthening the global response to the threat 
of climate change, sustainable development, and 
efforts to eradicate poverty. Masson-Delmotte, 
V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, et 
al., editors. https://www.ipcc.ch/site/assets/up-
loads/sites/2/2019/05/SR15_SPM_version_re-
port_LR.pdf (accessed 22 July 2021).

IPCC. 2019. Climate Change and Land: an IPCC 
Special Report on climate change, desertifica-
tion, land degradation, sustainable land manage-
ment, food security, and greenhouse gas fluxes 
in terrestrial ecosystems. Shukla, P.R., J. Skea, 
E. Calvo Buendia, V. Masson-Delmotte, H.-O. 
Pörtner, et al., editors. https://www.ipcc.ch/srccl/ 
(accessed 22 July 2021).

IRP. 2021. Governing Coastal Resources: Implica-
tions for a Sustainable Blue Economy. Fletcher, 
S., Y. Lu, P. Alvarez, C. McOwen, Y. Baninla, et 
al. 2021. Report of the International Resource 
Panel. United Nations Environment Pro-
gramme. Nairobi, Kenya.

Jacobs, B., D. Cordell, J. Chin, and H. Rowe. 2017. 
Towards phosphorus sustainability in North 
America: A model for transformational change. 
Environ. Sci. Policy 77: 151–159. doi: 10.1016/j.
envsci.2017.08.009.

Jeppesen, E., M. Meerhoff, T.A. Davidson, D. Trolle, 
M. Søndergaard, et al. 2014. Climate change 
impacts on lakes: an integrated ecological per-
spective based on a multi-faceted approach, with 
special focus on shallow lakes. J. Limnol. 73(s1): 
88–111. doi: 10.4081/jlimnol.2014.844.

Jeppesen, E., M. Søndergaard, J.P. Jensen, K.E. Ha-
vens, O. Anneville, et al. 2005. Lake responses 
to reduced nutrient loading - an analysis of 
contemporary long-term data from 35 case 
studies. Freshw. Biol. 50(10): 1747–1771. doi: 
10.1111/j.1365-2427.2005.01415.x.

Jeppesen, E., M. Søndergaard, T.L. Lauridsen, T.A. 
Davidson, Z. Liu, et al. 2012. Biomanipulation 
as a Restoration Tool to Combat Eutrophica-
tion: Recent Advances and Future Challenges. 
In: Woodward, G., Jacob, U., and O’Gorman, 
E.J., editors, Global Change in Multispecies 
Systems Part 2. Advances in Ecological Re-
search 47: 411–488. Academic Press, UK. doi: 
10.1016/B978-0-12-398315-2.00006-5.

Jeppesen, E., M. Søndergaard, and Z. Liu. 2017. 
Lake Restoration and Management in a Climate 
Change Perspective: An Introduction. Water 
9(2): 122. doi: 10.3390/w9020122.

Jetoo, S., V. Grover, and G. Krantzberg. 2015. The 
Toledo Drinking Water Advisory: Suggested 
Application of the Water Safety Planning Ap-
proach. Sustainability 7(8): 9787–9808. doi: 
10.3390/su7089787.

Jiao, X., Y. Lyu, X. Wu, H. Li, L. Cheng, et al. 2016. 
Grain production versus resource and environ-
mental costs: towards increasing sustainability 
of nutrient use in China. Journal of Experimen-
tal Botany 67(17): 4935–4949. doi: 10.1093/
jxb/erw282.

Johnes, P.J. 1999. Understanding lake and catch-
ment history as a tool for integrated lake 
management. Hydrobiologia 395: 41–60. doi: 
10.1023/A:1017002914903.

Johnes, P.J. 2007a. Meeting ecological restoration 
targets in European waters: a challenge for 
animal agriculture. In: Swain, D.L., Charmley, 
E., Steel, J., and Coffey, S., editors, Redesigning 
Animal Agriculture: The Challenge of the 21st 
Century. CAB International, Wallingford. pp. 
185–203. doi: 10.1079/9781845932237.0185.



211

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Johnes, P.J. 2007b. Uncertainties in annual riverine 
phosphorus load estimation: Impact of load 
estimation methodology, sampling frequency, 
baseflow index and catchment population densi-
ty. J. Hydrol. 332(1–2): 241–258. doi: 10.1016/j.
jhydrol.2006.07.006.

Johnes, P.J., R. Foy, D. Butterfield, and P.M. Hay-
garth. 2007. Land use scenarios for England 
and Wales: evaluation of management options 
to support good ecological status in surface 
freshwaters. Soil Use Manag. 23: 176–194. doi: 
10.1111/j.1475-2743.2007.00120.x.

Johnes, P., D. Gooddy, T. Heaton, A. Binley, M. 
Kennedy, et al. 2020. Determining the Impact 
of Riparian Wetlands on Nutrient Cycling, 
Storage and Export in Permeable Agricultural 
Catchments. Water 12(1): 167. doi: 10.3390/
w12010167.

Johnston, A.M., and T.W. Bruulsema. 2014. 4R Nu-
trient Stewardship for Improved Nutrient Use 
Efficiency. Procedia Engineering 83: 365–370. 
doi: 10.1016/j.proeng.2014.09.029.

Jones, L., A. Gorst, J. Elliott, A. Fitch, H. Illman, 
et al. 2020. Climate driven threshold effects in 
the natural environment. Report to the Climate 
Change Committee.

Kleinman, P., A. Sharpley, A. Buda, R. McDowell, 
and A. Allen. 2011. Soil controls of phosphorus 
in runoff: Management barriers and oppor-
tunities. Can. J. Soil Sci. 91(3): 329–338. doi: 
10.4141/cjss09106.

Kubickova, B., P. Babica, K. Hilscherová, and L. Šin-
dlerová. 2019. Effects of cyanobacterial toxins on 
the human gastrointestinal tract and the mucosal 
innate immune system. Environ. Sci. Eur. 31: 31. 
doi: 10.1186/s12302-019-0212-2.

Kummu, M., P.J. Ward, H. de Moel, and O. Varis. 
2010. Is physical water scarcity a new phenom-
enon? Global assessment of water shortage over 
the last two millennia. Environ. Res. Lett. 5(3): 
034006. doi: 10.1088/1748-9326/5/3/034006.

Lima Junior, D.P., A.L.B. Magalhães, F.M. Pelicice, 
J.R.S. Vitule, V.M. Azevedo-Santos, et al. 2018. 
Aquaculture expansion in Brazilian freshwa-
ters against the Aichi Biodiversity Targets. 
Ambio 47(4): 427–440. doi: 10.1007/s13280-
017-1001-z.

Lindenmayer, D.B., and G.E. Likens. 2010. Improv-
ing ecological monitoring. Trends Ecol. Evol. 
25(4): 200–201. doi: 10.1016/j.tree.2009.11.005.

Liu, X., A.H.W. Beusen, L.P.H. Van Beek, J.M. 
Mogollón, X. Ran, et al. 2018. Exploring spa-
tiotemporal changes of the Yangtze River 
(Changjiang) nitrogen and phosphorus sources, 
retention and export to the East China Sea 
and Yellow Sea. Water Res. 142: 246–255. doi: 
10.1016/j.watres.2018.06.006.

Liu, J., P.J.A.A. Kleinman, H. Aronsson, D. Flat-
en, R.W. McDowell, et al. 2018. A review of 
regulations and guidelines related to winter 
manure application. Ambio 47(6): 657–670. doi: 
10.1007/s13280-018-1012-4.

Lloyd, C.E.M., J.E. Freer, A.L. Collins, P.J. Johnes, 
and J.I. Jones. 2014. Methods for detecting 
change in hydrochemical time series in response 
to targeted pollutant mitigation in river catch-
ments. J. Hydrol. 514: 297–312. doi: 10.1016/j.
jhydrol.2014.04.036.

Lloyd, C.E.M., J.E. Freer, P.J. Johnes, and A.L. Col-
lins. 2016. Using hysteresis analysis of high-res-
olution water quality monitoring data, including 
uncertainty, to infer controls on nutrient and 
sediment transfer in catchments. Sci. Total 
Environ. 543: 388–404. doi: 10.1016/j.scito-
tenv.2015.11.028.

Lloyd, C.E.M., P.J. Johnes, J.E. Freer, A.M. Carswell, 
J.I. Jones, et al. 2019. Determining the sources of 
nutrient flux to water in headwater catchments: 
Examining the speciation balance to inform 
the targeting of mitigation measures. Sci. Total 
Environ. 648: 1179–1200. doi: 10.1016/j.scito-
tenv.2018.08.190.

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.

Macintosh, K.A., B.K. Mayer, R.W. McDowell, 
S.M. Powers, L.A. Baker, et al. 2018. Managing 
Diffuse Phosphorus at the Source versus at the 
Sink. Environ. Sci. Technol. 52(21): 11995–
12009. doi: 10.1021/acs.est.8b01143.

Mackay, E.B., H. Feuchtmayr, M.M. De Ville, S.J. 
Thackeray, N. Callaghan, et al. 2020. Dissolved 
organic nutrient uptake by riverine phytoplank-
ton varies along a gradient of nutrient enrich-
ment. Sci. Total Environ. 722: 137837. doi: 
10.1016/j.scitotenv.2020.137837.

Maranger, R., S.E. Jones, and J.B. Cotner. 2018. Sto-
ichiometry of carbon, nitrogen, and phosphorus 
through the freshwater pipe. Limnol. Oceanogr. 
Lett. 3(3): 89–101. doi: 10.1002/lol2.10080.



212

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

McCrackin, M.L., H.P. Jones, P.C. Jones, and D. 
Moreno-Mateos. 2017. Recovery of lakes and 
coastal marine ecosystems from eutrophication: 
A global meta-analysis. Limnol. Oceanogr. 
62(2): 507–518. doi: 10.1002/lno.10441.

McDowell, R.W., G.P. Cosgrove, T. Orchiston, and 
J. Chrystal. 2014. A Cost-Effective Management 
Practice to Decrease Phosphorus Loss from 
Dairy Farms. J. Env. Qual. 43(6): 2044–2052. 
doi: 10.2134/jeq2014.05.0214.

McDowell, R.R.W., and D. Nash. 2012. A Review 
of the Cost-Effectiveness and Suitability of 
Mitigation 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.

McDowell, R.W., M. Schallenberg, and S. Larned. 
2018. A strategy for optimizing catchment man-
agement actions to stressor-response relation-
ships in freshwaters. Ecosphere 9(10): e02482. 
doi: 10.1002/ecs2.2482.

Millenium Ecosystem Assessment. 2003. Ecosys-
tems and Human Well-Being: A Framework for 
Assessment. Island Press, Washington DC.

Mekonnen, M.M., and A.Y. Hoekstra. 2016. Sus-
tainability: Four billion people facing severe 
water scarcity. Sci. Adv. 2(2): e1500323. doi: 
10.1126/sciadv.1500323.

Mekonnen, M.M., and A.Y. Hoekstra. 2018. Global 
Anthropogenic Phosphorus Loads to Freshwater 
and Associated Grey Water Footprints and Wa-
ter Pollution Levels: A High-Resolution Global 
Study. Water Resour. Res. 54(1): 345–358. doi: 
10.1002/2017WR020448.

Metson, G.S., D. Cordell, and B. Ridoutt. 2016a. 
Potential Impact of Dietary Choices on Phos-
phorus Recycling and Global Phosphorus 
Footprints: The Case of the Average Aus-
tralian City. Front. Nutr. 3: 35. doi: 10.3389/
fnut.2016.00035.

Metson, G.S., G.K. MacDonald, D. Haberman, 
T. Nesme, and E.M. Bennett. 2016b. Feeding 
the Corn Belt: Opportunities for phosphorus 
recycling in U.S. agriculture. Sci. Total En-
viron. 542: 1117–1126. doi: 10.1016/j.scito-
tenv.2015.08.047.

Michalak, A.M. 2016. Study role of climate change 
in extreme threats to water quality. Nature 
535(7612): 349–350. doi: 10.1038/535349a.

Ministry for the Environment. 2020. National Policy 
Statement for Freshwater Management 2020. 
Ministry for the Environment, New Zealand 
Government, Wellington, New Zealand.

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. 
https://linkinghub.elsevier.com/retrieve/pii/
S004896979700332X.

Moss, B. 2010. Climate change, nutrient pollu-
tion and the bargain of Dr Faustus. Freshw. 
Biol. 55: 175–187. doi: 10.1111/j.1365-
2427.2009.02381.x.

Moss, B., S. Kosten, M. Meerhoff, R.W. Battarbee, 
E. Jeppesen, et al. 2011. Allied attack: climate 
change and eutrophication. Inl. Waters 1(2): 
101–105. doi: 10.5268/IW-1.2.359.

Mueller, H., D.P. Hamilton, and G.J. Doole. 2016. 
Evaluating services and damage costs of degra-
dation of a major lake ecosystem. Ecosyst. Serv. 
22: 370–380. doi: 10.1016/j.ecoser.2016.02.037.

Mueller, H., D. Hamilton, G. Doole, J. Abell, and C. 
McBride. 2019. Economic and ecosystem costs 
and benefits of alternative land use and man-
agement scenarios in the Lake Rotorua, New 
Zealand, catchment. Glob. Environ. Chang. 54: 
102–112. doi: 10.1016/j.gloenvcha.2018.10.013.

Mullan, A., J.W. McGrath, T. Adamson, S. Irwin, 
and J.P. Quinn. 2006. Pilot-scale evaluation of 
the application of low pH-inducible polyphos-
phate accumulation to the biological removal of 
phosphate from wastewaters. Environ. Sci. Tech-
nol. 40(1): 296–301. doi: 10.1021/es0509782.

Myers, S.S., L. Gaffikin, C.D. Golden, R.S. Ost-
feld, K. H. Redford, et al. 2013. Human health 
impacts of ecosystem alteration. Proc. Natl. 
Acad. Sci. 110(47): 18753–18760. doi: 10.1073/
pnas.1218656110.

Neal, C., and A.L. Heathwaite. 2005. Nutrient 
mobility within river basins: a European per-
spective. J. Hydrol. 304(1–4): 477–490. doi: 
10.1016/j.jhydrol.2004.07.045.

Newbold, J.D., J.W. Elwood, R.V. O’Neill, and W. 
Van Winkle 1981. Measuring Nutrient Spiral-
ing in Streams. Can. J. Fish. Aquat. Sci. 38(7): 
860–863. doi: 10.1139/f81-114.

Nilsson, C., C.A. Reidy, M. Dynesius, and C. Re-
venga. 2005. Fragmentation and Flow Reg-
ulation of the World’s Large River Systems. 
Science 308(5720): 405–408. doi: 10.1126/
science.1107887.



213

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Nyenje, P.M., J.W. Foppen, S. Uhlenbrook, R. Kulab-
ako, and A. Muwanga. 2010. Eutrophication and 
nutrient release in urban areas of sub-Saharan 
Africa — A review. Sci. Total Environ. 408(3): 
447–455. doi: 10.1016/j.scitotenv.2009.10.020.

O’Neil, J.M., T.W. Davis, M.A. Burford, and C.J. 
Gobler. 2012. The rise of harmful cyanobacteria 
blooms: The potential roles of eutrophication 
and climate change. Harmful Algae 14: 313–
334. doi: 10.1016/j.hal.2011.10.027.

O’Reilly, C.M., S. Sharma, D.K. Gray, S.E. Hamp-
ton, J.S. Read, et al. 2015. Rapid and highly 
variable warming of lake surface waters around 
the globe. Geophys. Res. Lett. 42(24): 10,773-
10,781. doi: 10.1002/2015GL066235.

Ockenden, M.C., M.J. Hollaway, K.J. Beven, A.L. 
Collins, R. Evans, et al. 2017. Major agricultural 
changes required to mitigate phosphorus losses 
under climate change. Nat. Commun. 8: 161. 
doi: 10.1038/s41467-017-00232-0.

OECD. 2012. OECD Environmental Out-
look to 2050: The Consequences of In-
action. OECD Publishing, Paris. doi: 
10.1787/9789264122246-en.

Oki, T., and S. Kanae. 2006. Global Hydrological 
Cycles and World Water Resources. Science 
313(5790): 1068–1072. doi: 10.1126/sci-
ence.1128845.

Ollikainen, M., B. Hasler, K. Elofsson, A. Iho, H.E. 
Andersen, et al. 2019. Toward the Baltic Sea 
Socioeconomic Action Plan. Ambio 48(11): 
1377–1388. doi: 10.1007/s13280-019-01264-0.

Olmanson, L.G., P.L. Brezonik, and M.E. Bauer. 
2011. Evaluation of medium to low resolution 
satellite imagery for regional lake water quality 
assessments. Water Resour. Res. 47(9): W09515. 
doi: 10.1029/2011WR011005.

ONS. 2015. UK Natural Capital Freshwater Eco-
system Assets and Services Accounts. Office for 
National Statistics, London, UK.

Ormerod, S.J., M. Dobson, A.G. Hildrew, and C.R. 
Townsend. 2010. Multiple stressors in fresh-
water ecosystems. Freshw. Biol. 55: 1–4. doi: 
10.1111/j.1365-2427.2009.02395.x.

Outram, F.N., C.E.M. Lloyd, J. Jonczyk, C.M.H. 
Benskin, F. Grant, et al. 2014. High-frequency 
monitoring of nitrogen and phosphorus re-
sponse in three rural catchments to the end of 
the 2011–2012 drought in England. Hydrol. 
Earth Syst. Sci. 18(9): 3429–3448. doi: 10.5194/
hess-18-3429-2014.

Paerl, H.W., K.E. Havens, N.S. Hall, T.G. Otten, M. 
Zhu, et al. 2020. Mitigating a global expansion 
of toxic cyanobacterial blooms: Confound-
ing effects and challenges posed by climate 
change. Mar. Freshw. Res. 71(5): 579–592. doi: 
10.1071/MF18392.

Paerl, H.W., and J. Huisman. 2009. Climate change: 
a catalyst for global expansion of harmful cyano-
bacterial blooms. Environ. Microbiol. Rep. 1(1): 
27–37. doi: 10.1111/j.1758-2229.2008.00004.x.

Paerl, H.W., and V.J. Paul. 2012. Climate change: 
Links to global expansion of harmful cyano-
bacteria. Water Res. 46(5): 1349–1363. doi: 
10.1016/J.WATRES.2011.08.002.

Paerl, H.W., J.T. Scott, M.J. McCarthy, S.E. Newell, 
W.S. Gardner, et al. 2016. It Takes Two to Tan-
go: When and Where Dual Nutrient (N & P) 
Reductions Are Needed to Protect Lakes and 
Downstream Ecosystems. Environ. Sci. Tech-
nol. 50(20): 10805–10813. doi: 10.1021/acs.
est.6b02575.

Painting, S., J. Foden, R. Forster, J. Van Der Mo-
len, J. Aldridge, et al. 2013. Impacts of cli-
mate change on nutrient enrichment. Marine 
Climate Change Impacts Partnership Scince 
review 2013: 219–235. doi: 10.14465/2013.
arc23.219-235.

Parinet, J., M.J. Rodriguez, and J. Sérodes. 2010. 
Influence of water quality on the presence of 
off-flavour compounds (geosmin and 2-methyli-
soborneol). Water Res. 44(20): 5847–5856. doi: 
10.1016/j.watres.2010.06.070.

Penning, W.E., M. Mjelde, B. Dudley, S. Hellsten, J. 
Hanganu, et al. 2008. Classifying aquatic mac-
rophytes as indicators of eutrophication in Eu-
ropean lakes. Aquat. Ecol. 42(2): 237–251. doi: 
10.1007/s10452-008-9182-y.

Phillips, G., O.P. Pietiläinen, L. Carvalho, A. Soli-
mini, A. Lyche Solheim, et al. 2008. Chloro-
phyll-nutrient relationships of different lake 
types using a large European dataset. Aquat. 
Ecol. 42(2): 213–226. doi: 10.1007/s10452-
008-9180-0.

Pizarro, J., P.M. Vergara, J.A. Rodríguez, P.A. San-
hueza, and S.A. Castro. 2010. Nutrients dynam-
ics in the main river basins of the centre-south-
ern region of Chile. J. Hazard. Mater. 175(1–3): 
608–613. doi: 10.1016/j.jhazmat.2009.10.048.



214

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

Poikane, S., M.G. Kelly, F. Salas Herrero, J.A. 
Pitt, H.P. Jarvie, et al. 2019. Nutrient criteria 
for surface waters under the European Water 
Framework Directive: Current state-of-the-
art, challenges and future outlook. Sci. Total 
Environ. 695: 133888. doi: 10.1016/j.scito-
tenv.2019.133888.

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.

Pretty, J.N., C.F. Mason, D.B. Nedwell, R.E. Hine, S. 
Leaf, et al. 2003. Environmental Costs of Fresh-
water Eutrophication in England and Wales. 
Environ. Sci. Technol. 37(2): 201–208. doi: 
10.1021/es020793k.

van Puijenbroek, P.J.T.M., A.H.W. Beusen, and 
A.F. Bouwman. 2019. Global nitrogen and 
phosphorus in urban waste water based on the 
Shared Socio-economic pathways. J. Environ. 
Manage. 231: 446–456. doi: 10.1016/j.jen-
vman.2018.10.048.

Qin, B., G. Zhu, G. Gao, Y. Zhang, W. Li, et al. 
2010. A drinking water crisis in Lake Taihu, 
China: linkage to climatic variability and lake 
management. Environ. Manage. 45(1): 105–12. 
doi: 10.1007/s00267-009-9393-6.

Rabalais, N.N., R.J. Díaz, L.A. Levin, R.E. Turner, 
D. Gilbert, et al. 2010. Dynamics and distri-
bution of natural and human-caused hypoxia. 
Biogeosciences 7(2): 585–619. doi: 10.5194/bg-
7-585-2010.

Rabalais, N.N., R.E. Turner, R.J. Díaz, and D. Justić. 
2009. Global change and eutrophication of 
coastal waters. ICES J. Mar. Sci. 66(7): 1528–
1537. doi: 10.1093/icesjms/fsp047.

Reid, A.J., A.K. Carlson, I.F. Creed, E.J. Eliason, 
P.A. Gell, et al. 2019. Emerging threats and 
persistent conservation challenges for freshwa-
ter biodiversity. Biol. Rev. 94(3): 849–873. doi: 
10.1111/brv.12480.

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

Richardson, J., C. Miller, S.C. Maberly, P. Taylor, L. 
Globevnik, et al. 2018. Effects of multiple stress-
ors on cyanobacteria abundance vary with lake 
type. Glob. Chang. Biol. 24(11): 5044–5055. doi: 
10.1111/gcb.14396.

Riemann, B., J. Carstensen, K. Dahl, H. Fossing, J.W. 
Hansen, et al. 2016. Recovery of Danish Coastal 
Ecosystems After Reductions in Nutrient Load-
ing: A Holistic Ecosystem Approach. Estuaries 
and Coasts 39: 82–97. doi: 10.1007/s12237-
015-9980-0.

Rockström, J., W. Steffen, K. Noone, Å. Persson, F.S. 
Chapin, III, et al. 2009. Planetary Boundaries: 
Exploring the Safe Operating Space for Hu-
manity. Ecol. Soc. 14(2): art32. doi: 10.5751/
ES-03180-140232.

Rönkä, M.T.H., C. Lennart, V. Saari, E.A. Lehikoi-
nen, J. Suomela, et al. 2005. Environmental 
changes and population trends of breeding wa-
terfowl in northern Baltic Sea. Ann. Zool. Fenn-
ici 42(6): 587–602.

Sade, R., M.I. Litaor, and M. Shenker. 2010. 
Evaluation of groundwater and phosphorus 
transport in fractured altered wetland soils. J. 
Hydrol. 393(1–2): 133–142. doi: 10.1016/j.jhy-
drol.2010.02.032.

Saha, J.K.K., N. Panwar, and M.V. V Singh. 2010. 
An assessment of municipal solid waste compost 
quality produced in different cities of India in 
the perspective of developing quality control 
indices. Waste Manag. 30(2): 192–201. doi: 
10.1016/j.wasman.2009.09.041.

Sayer, C.D., T.A. Davidson, and J.I. Jones. 2010. 
Seasonal dynamics of macrophytes and phyto-
plankton in shallow lakes: a eutrophication-driv-
en pathway from plants to plankton. Freshw. 
Biol. 55(3): 500–513. doi: 10.1111/j.1365-
2427.2009.02365.x

Scheffer, M., and E.H. van Nes. 2007. Shallow lakes 
theory revisited: various alternative regimes 
driven by climate, nutrients, depth and lake size. 
Hydrobiologia 584: 455–466. doi: 10.1007/
s10750-007-0616-7.

Schindler, D.W., S.R. Carpenter, S.C. Chapra, R.E. 
Hecky, and D.M. Orihel. 2016. Reducing Phos-
phorus to Curb Lake Eutrophication is a Suc-
cess. Environ. Sci. Technol. 50(17): 8923–8929. 
doi: 10.1021/acs.est.6b02204.

Schippers, P., H. van de Weerd, J. de Klein, B. de 
Jong, and M. Scheffer. 2006. Imapcts of agricul-
tural phosphorus use in catchments on shallow 
lake water quality: About buffers, time delays, 
and equilibria. Sci. Total Environ. 369 (1–3): 
280–294. doi: 10.1016/j.scitotenv.2006.04.028.



215

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Schwarzenbach, R.P., B.I. Escher, K. Fenner, T.B. 
Hofstetter, C.A. Johnson, et al. 2006. The Chal-
lenge of Micropollutants in Aquatic Systems. 
Science 313(5790): 1072–1077. doi: 10.1126/
science.1127291.

Şen, Z. 2009. Global warming threat on water re-
sources and environment: a review. Environ. 
Geol. 57(2): 321–329. doi: 10.1007/s00254-
008-1569-5.

Sharpley, A., H.P. Jarvie, A. Buda, L. May, B. Spears, 
et al. 2013. Phosphorus Legacy: Overcoming 
the Effects of Past Management Practices to 
Mitigate Future Water Quality Impairment. J. 
Environ. Qual. 42(5): 1308–1326. doi: 10.2134/
jeq2013.03.0098.

Sharpley, A.N., P.J.A. Kleinman, A.L. Heathwaite, 
W.J. Gburek, J.L. Weld, et al. 2008. Integrating 
Contributing Areas and Indexing Phosphorus 
Loss from Agricultural Watersheds. J. Envi-
ron. Qual. 37(4): 1488–1496. doi: 10.2134/
jeq2007.0381.

Shen, J., C. Li, G. Mi, L. Li, L. Yuan, et al. 2013. 
Maximizing root/rhizosphere efficiency to 
improve crop productivity and nutrient use effi-
ciency in intensive agriculture of China. J. Exp. 
Bot. 64(5): 1181–1192. doi: 10.1093/jxb/ers342.

Shen, J., L. Yuan, J. Zhang, H. Li, Z. Bai, et al. 
2011. Phosphorus dynamics: From soil to plant. 
Plant Physiol. 156(3): 997–1005. doi: 10.1104/
pp.111.175232.

Shepherd, J.G., R. Kleemann, J. Bahri-Esfahani, L. 
Hudek, L. Suriyagoda, et al. 2016. The future of 
phosphorus in our hands. Nutr. Cycl. Agroeco-
systems 104(3): 281–287. doi: 10.1007/s10705-
015-9742-1.

Shigaki, F., A. Sharpley, and L.I. Prochnow. 2007. 
Rainfall intensity and phosphorus source effects 
on phosphorus transport in surface runoff from 
soil trays. Sci. Total Environ. 373(1): 334–343. 
doi: 10.1016/j.scitotenv.2006.10.048.

Shipitalo, M. 2004. Interaction of earthworm bur-
rows and cracks in a clayey, subsurface-drained, 
soil. Appl. Soil Ecol. 26(3): 209–217. doi: 
10.1016/j.apsoil.2004.01.004.

Sinha, E., A.M. Michalak, and V. Balaji. 2017. 
Eutrophication will increase during the 21st 
century as a result of precipitation changes. 
Science 357(6349): 405–408. doi: 10.1126/sci-
ence.aan2409.

Smeti, E., D. von Schiller, I. Karaouzas, S. Laschou, 
L. Vardakas, et al. 2019. Multiple stressor ef-
fects on biodiversity and ecosystem functioning 
in a Mediterranean temporary river. Sci. Total 
Environ. 647: 1179–1187. doi: 10.1016/j.scito-
tenv.2018.08.105.

Smith, V.H., and D.W. Schindler. 2009. Eutrophica-
tion science: where do we go from here? Trends 
Ecol. Evol. 24(4): 201–207. doi: 10.1016/j.
tree.2008.11.009.

Soltangheisi, A., P.J.A. Withers, P.S. Pavinato, M.R. 
Cherubin, R.Rossetto, et al. 2019. Improving 
phosphorus sustainability of sugarcane produc-
tion in Brazil. GCB Bioenergy 11: 1444–1455. 
doi: 10.1111/gcbb.12650.

Spears, B.M., B. Dudley, K. Reitzel, and E. Rydin. 
2013b. Geo-Engineering in Lakes—A Call for 
Consensus. Environ. Sci. Technol. 47(9): 3953–
3954. doi: 10.1021/es401363w.

Spears, B.M., D.P. Hamilton, Y. Pan, C. Zhaosheng, 
and L. May. 2021. Lake management: is pre-
vention better than the cure? Inl. Waters. doi: 
10.1080/20442041.2021.1895646.

Spears, B.M., M. Lürling, S. Yasseri, A.T. Cas-
tro-Castellon, M. Gibbs, et al. 2013a. Lake re-
sponses following lanthanum-modified benton-
ite clay (Phoslock(®)) application: An analysis 
of water column lanthanum data from 16 case 
study lakes. Water Res. 47(15): 5930–42. doi: 
10.1016/j.watres.2013.07.016.

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

Steinman, A.D., B.J. Cardinale, W.R. Munns, M.E. 
Ogdahl, J.D. Allan, et al. 2017. Ecosystem ser-
vices in the Great Lakes. J. Great Lakes Res. 
43(3): 161–168. doi: 10.1016/j.jglr.2017.02.004.

Steinman, A.D., and B.M. Spears (editors). 2020. 
Internal Phosphorus Loading in Lakes: Causes, 
Case Studies, and Management. J. Ross Publish-
ing, Florida, USA.

Stutter, M.I., S.J. Langan, and B.O.L. Demars. 
2007. River sediments provide a link between 
catchment pressures and ecological status in 
a mixed land use Scottish River system. Wa-
ter Res. 41(12): 2803–2815. doi: 10.1016/j.
watres.2007.03.006.

Task Force on Climate-related Financial Disclo-
sures. 2017. Recommendations of the Task Force 
on Climate-related Financial Disclosures.



216

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

Task Force on Climate-related Financial Disclo-
sures. 2020. Guidance on Scenario Analysis for 
Non-Financial Companies.

Thomas, I.A., P.E. Mellander, P.N.C. Murphy, O. 
Fenton, O. Shine, et al. 2016. A sub-field scale 
critical source area index for legacy phosphorus 
management using high resolution data. Agric. 
Ecosyst. Environ. 233: 238–252. doi: 10.1016/j.
agee.2016.09.012.

Tickner, D., J.J. Opperman, R. Abell, M. Acreman, 
A.H. Arthington, et al. 2020. Bending the Curve 
of Global Freshwater Biodiversity Loss: An 
Emergency Recovery Plan. Bioscience 70(4): 
330–342. doi: 10.1093/biosci/biaa002.

Tipping, E., S. Benham, J.F. Boyle, P. Crow, J. 
Davies, et al. 2014. Atmospheric deposition of 
phosphorus to land and freshwater. Environ. 
Sci. Process. Impacts 16(7): 1608–1617. doi: 
10.1039/c3em00641g.

Tong, Y., M. Wang, J. Peñuelas, X. Liu, H.W. Paerl, 
et al. 2020. Improvement in municipal waste-
water treatment alters lake nitrogen to phos-
phorus ratios in populated regions. Proc. Natl. 
Acad. Sci. 117(21): 11566–11572. doi: 10.1073/
pnas.1920759117.

Tong, Y., W. Zhang, X. Wang, R.-M. Couture, T. 
Larssen, et al. 2017. Decline in Chinese lake 
phosphorus concentration accompanied by shift 
in sources since 2006. Nat. Geosci. 10: 507–511. 
doi: 10.1038/ngeo2967.

Trolle, D., D.P. Hamilton, C.A. Pilditch, I.C. Dug-
gan, and E. Jeppesen. 2011. Predicting the ef-
fects of climate change on trophic status of three 
morphologically varying lakes: Implications 
for lake restoration and management. Environ. 
Model. Softw. 26(4): 354–370.

Udert, K.M., B. Etter, and T. Gounden. 2016. Pro-
moting Sanitation in South Africa through Nu-
trient Recovery from Urine. GAIA - Ecol. Per-
spect. Sci. Soc. 25(3): 194–196. doi: 10.14512/
gaia.25.3.12.

UN Environment. 2018. A Framework for Freshwa-
ter Ecosystem Management. Volume 4: Scien-
tific Background. United Nations Environment 
Programme, Nairobi, Kenya.

UN-Water. 2016. Indicator 6.6.1 – Water-related 
ecosystems. UN-Water SDG 6 Data Portal. 
https://www.sdg6data.org/indicator/6.6.1 (ac-
cessed 20 July 2021).

UNDP. 2015. Capacity development: a UNDP 
primer. United Nations Development Pro-
gramme, New York, USA.

UNDRR. 2015. Sendai Framework for Disaster 
Risk Reduction 2015-2030. United Nations 
Office for Disaster Risk Reduction, Geneva, 
Switzerland.

UNEP. 2014. Assessment of transboundary fresh-
water vulnerability in Africa to climate change. 
United Nations Environment Programme, Nai-
robi, Kenya.

UNEP. 2016. A Snapshot of the World’s Water 
Quality: Towards a global assessment. Unit-
ed Nations Environment Programme, Nai-
robi, Kenya.

UN-Water. 2013. What is water Security? https://
www.unwater.org/publications/water-securi-
ty-infographic/ (accessed 2 August 2021).

US Government. 1972. 33 U.S. Code §1251 et seq. 
Federal Water Pollution Control Act [online]. 
https://www.govinfo.gov/content/pkg/US-
CODE-2018-title33/pdf/USCODE-2018-ti-
tle33-chap26.pdf (accessed 23/07/2021).

Vaughn, C.C. 2010. Biodiversity Losses and Ecosys-
tem Function in Freshwaters: Emerging Con-
clusions and Research Directions. Bioscience 
60(1): 25–35. doi: 10.1525/bio.2010.60.1.7.

Vitousek, P.M., R. Naylor, T. Crews, M.B. David, 
L.E. Drinkwater, et al. 2009. Nutrient Imbal-
ances in Agricultural Development. Science 
324(5934): 1519–1520. doi: 10.1126/sci-
ence.1170261.

Vörösmarty, C.J. 2000. Global Water Resources: 
Vulnerability from Climate Change and Popula-
tion Growth. Science 289(5477): 284–288. doi: 
10.1126/science.289.5477.284.

Vos, J.G., G.D. Bossart, M. Fournier, , and T. 
J.O’Shea. 2003. Toxicology of Marine Mammals. 
Volume 3 - Systems. Taylor & Francis, London 
and New York.

Wang, X.H., L., Li, X. Bao, and L.D. Zhao. 2009. 
Economic Cost of an Algae Bloom Clean-
up in China’s 2008 Olympic Sailing Ven-
ue. Eos Trans. AGU 90(28): 238V239. doi: 
10.1029/2009EO280002.

Wang, H., J. Xu, X. Liu, L. Sheng, D. Zhang, et al. 
2018. Study on the pollution status and control 
measures for the livestock and poultry breeding 
industry in northeastern China. Environ. Sci. 
Pollut. Res. 25(5): 4435–4445. doi: 10.1007/
s11356-017-0751-2.



217

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 5

: P
H

O
S

P
H

O
R

U
S

 A
N

D
 W

AT
E

R
 Q

U
A

LI
T

Y

Watson, A.J., T.M. Lenton, and B.J.W. Mills. 2017. 
Ocean deoxygenation, the global phosphorus 
cycle and the possibility of human-caused large-
scale ocean anoxia. Philos. Trans. R. Soc. A 
Math. Phys. Eng. Sci. 375(2102): 20160318. doi: 
10.1098/rsta.2016.0318.

White, P.J., and J.P. Hammond. 2006. Updating the 
Estimate of the Sources of Phosphorus in UK 
Waters. A Defra funded project WT0701CSF. 
Department for Environment Food and Ru-
ral Affairs. http://randd.defra.gov.uk/Default.
aspx?Menu=Menu&Module=More&Loca-
tion=None&ProjectID=13635 (accessed 23 
July 2021).

WHO. 1999. Toxic Cyanobacteria in Water: A guide 
to their public health consequences, monitoring 
and management. Chorus, I. and Bartram, J., 
editors. E & FN Spon, London and New York, 
on behalf of the World Health Organization, 
Geneva, Switzerland.

WHO. 2021. Toxic Cyanobacteria in Water: A guide 
to their public health consequences, monitoring 
and management, 2nd Edition. Chorus, I. and 
Welker, M., editors. CRC Press, Boca Raton, 
USA, on behalf of the World Health Organiza-
tion, Geneva, Switzerland.

WHO and UNICEF. 2017. Progress on Drinking 
Water, Sanitation and Hygiene: 2017 Update 
and SDG Baselines. World Health Organiza-
tion (WHO) and the United Nations Children’s 
Fund (UNICEF), Geneva, Switzerland.

Winter, J.G., P.J. Dillon, M.N. Futter, K.H. Nicholls, 
W.A. Scheider, et al. 2002. Total phosphorus 
budgets and nitrogen loads: Lake Simcoe, On-
tario (1990 to 1998). J. Great Lakes Res. 28(3): 
301–314. doi: 10.1016/S0380-1330(02)70586-8.

Withers, P.J.A., K.C. van Dijk, T.S. Neset, T. Nesme, 
O. Oenema, et al. 2015a. 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.G. Doody, and R. Sylvester-Brad-
ley. 2018. Achieving Sustainable Phosphorus 
Use in Food Systems through Circularisa-
tion. Sustainability 10(6): 1804. doi: 10.3390/
su10061804.

Withers, P.J.A., J.J. Elser, J. Hilton, H. Ohtake, W.J. 
Schipper, et al. 2015b. Greening the global 
phosphorus cycle: how green chemistry can help 
achieve planetary P sustainability. Green Chem. 
17(4): 2087–2099. doi: 10.1039/C4GC02445A.

Withers, P.J.A., R. Sylvester-Bradley, D.L. Jones, J.R. 
Healey, and P.J. Talboys. 2014. Feed the Crop 
Not the Soil: Rethinking Phosphorus Manage-
ment in the Food Chain. 48(12): 6523–6530. 
doi: 10.1021/es501670j.

Wood, F.L., A.L. Heathwaite, and P.M. Haygarth. 
2005. Evaluating diffuse and point phospho-
rus contributions to river transfers at different 
scales in the Taw catchment, Devon, UK. J. 
Hydrol. 304: 118–138. doi: 10.1016/j.jhy-
drol.2004.07.026.

Woodward, G., D.M. Perkins, and L.E. Brown. 
2010. Climate change and freshwater ecosys-
tems: impacts across multiple levels of organ-
ization. Philos. Trans. R. Soc. Lond. B. Biol. 
Sci. 365(1549): 2093–2106. doi: 10.1098/
rstb.2010.0055.

World Bank Group. 2018. Improving the Water 
Quality of Lake Toba, Indonesia. World Bank, 
Washington, DC. https://openknowledge.
worldbank.org/handle/10986/32196.

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

WWF. 2018. Living Planet Report - 2018: Aiming 
Higher. Grooten, M. and Almond, R.E.A, edi-
tors. WWF, Gland, Switzerland.

Xiao, X., S. Agustí, Y. Pan, Y. Yu, K. Li, et al. 2019. 
Warming Amplifies the Frequency of Harmful 
Algal Blooms with Eutrophication in Chinese 
Coastal Waters. Environ. Sci. Technol. 53(22): 
13031–13041. doi: 10.1021/acs.est.9b03726.

Yang, H., Y. Liu, J. Liu, J. Meng, X. Hu, et al. 2019. 
Improving the Imbalanced Global Supply Chain 
of Phosphorus Fertilizers. Earth’s Futur. 7(6): 
638–651. doi: 10.1029/2018EF001005.

Zarfl, C., A.E. Lumsdon, J. Berlekamp, L. Tydecks, 
and K. Tockner. 2015. A global boom in hydro-
power dam construction. Aquatic Sciences 77: 
161–170. doi: 10.1007/s00027-014-0377-0.

Zhang, Y., A.L.L. Collins, J.I.I. Jones, P.J.J. Johnes, 
A. Inman, et al. 2017. The potential benefits of 
on-farm mitigation scenarios for reducing mul-
tiple pollutant loadings in prioritised agri-envi-
ronment areas across England. Environmental 
Science & Policy 73: 100–114. doi: 10.1016/j.
envsci.2017.04.004.

Zhang, Y., P. He, H. Li, G. Li, J. Liu, et al. 2019. 
Ulva prolifera green-tide outbreaks and their 
environmental impact in the Yellow Sea, Chi-
na. Natl. Sci. Rev. 6(4): 825–838. doi: 10.1093/
nsr/nwz026.



218

06



219

w
w

w
.o

pf
gl

ob
al

.c
om

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).
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Opportunities for 
recovering phosphorus 
from residue streams
Lead authors:  Ludwig Hermann, John W. McGrath

Co-authors:  Christian Kabbe, Katrina A. Macintosh, Kimo van Dijk, Will J. Brownlie

Currently large amounts of 
phosphorus are lost in waste 
streams. A global commitment to 
recycling nutrients in wastes and 
residues is needed. Phosphorus 
recovery provides the opportunity 
to recover a contaminant free, high 
purity source of phosphorus that 
can be used to create customised 
products, and substitute effectively 
for phosphorus derived from 
phosphate rock. Phosphorus 
recovery and recycling will 
catalyse new circular economy 
opportunities in line with national 
and international policies and 
directives.

Left: A large sewage treatment 
site in Ukraine, showing filtration 
ponds. Phosphorus can be 
recovered from wastewaters 
and used to make fertilisers. 
Photographed by Ivan Bandura 
on www.unsplash.com - www.
ivan.graphics
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Chapter 7. Opportunities for recovering phosphorus from residue streams, 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.2.2.16366.08006
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Challenge 7.1: Many waste streams and residues represent a 
significant untapped phosphorus resource
The phosphorus in many organic waste streams and residues, including food wastes, biosolids and 
abattoir residues, is commonly lost to the environment. Many phosphorus-rich wastes are managed 
as pollution rather than valuable phosphorus resources. The ashes of incinerated residues are often 
landfilled or used in building materials without recovering the phosphorus they contain. There are 
significant opportunities to increase phosphorus recovery in all regions. 

Challenge 7.2: Recovered phosphorus materials must have a 
competitive commercial value 
Phosphorus recovery processes that do not generate industry compatible raw materials or finished 
products with a clearly defined market potential may fail to contribute to phosphorus recycling. 
Where recovered phosphorus fertiliser match mineral phosphorus fertiliser in terms of performance, 
systems to support large scale production, transport and handling are currently insufficient.

Challenge 7.3: There is a lack of policy and market support for 
phosphorus recovery 
There is a global lack of tangible policy support for phosphorus recovery, which has hindered the 
building of commercial markets for renewable phosphorus products, including financial instruments 
such as subsidies, tax incentives, or support for farmers to adopt sustainable measures. Certifying 
recovered phosphorus products as fertilisers can provide a significant challenge for phosphorus 
recovery enterprises.
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Solution 7.1: Establish a global commitment to recycling 
nutrients in wastes and residues
Nations should commit to ambitious targets to recover and recycle nutrients from livestock 
manure, wastewaters, abattoir residues and industrial waste streams, whilst discontinuing landfilling 
phosphorus-rich ashes and their displacement into building materials. A significant increase in 
phosphorus use efficiency, in conjunction with good management practices to reduce and mitigate 
phosphorus losses is also critical. 

Solution 7.2: Optimise the commercial viability of recovered 
phosphorus products
Phosphorus recovery technologies must produce commercially viable materials with defined 
market potential or that are industry compatible as a raw material for fertilisers or other products. 
Opportunities to produce co-value products and services (i.e. produce energy, other nutrients), and the 
environmental sustainability of recovery processes, should be optimised. Some recovered phosphorus 
products/fertilisers have a potential market opportunity to provide efficient, pollutant-free fertilisers. 
A key challenge for phosphorus recyclers is producing relevant volumes and homogeneous quality to 
meet demand. The market price of recovered phosphorus products/fertiliser alone should not define the 
economic feasibility of phosphorus recovery. According to the “polluters pay” principle, stakeholders 
could share the cost of recovery, at least in more economically developed countries.

Solution 7.3: Develop policies that support phosphorus 
recovery and recycling
Critical policy needs to include a regulatory framework to boost the use of recovered phosphorus 
materials as an alternative to phosphate rock as the primary source of phosphorus in mineral fertilisers. 
In some regions, the necessary infrastructure to collect wastes and residues is still required. The next 
step could be global binding agreements and a paradigm change: taxing the consumption of natural 
resources and related externalities and reducing the tax burden of renewable resources and labour. 
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7.1 Introduction
A significant increase in the recovery 
and recycling of phosphorus (P) lost in 
organic wastes is vital if we are to improve 
global P sustainability. As discussed 
in Chapter 6, there is great potential 
to recycle P (and other nutrients) by 
applying P-rich organic wastes and 
manures to agricultural soils. However, 
in some cases P must be recovered, 
detoxified, and modified, from wastes, 
to recycle it safely and effectively and 
to reach higher levels of nutrient use 
efficiency. In this chapter, P recovery is 
defined, the circumstances in which P 
recovery is required to support P recycling 
are discussed and an overview of common 
P recovery technologies is provided.

7.1.1 Defining phosphorus 
recovery and its role in 
phosphorus recycling
The terms P recycling and P recovery 
have blurred definitions in the literature 
(Macintosh et al, 2018). In this report, P 
recovery refers to processes used to isolate 
high-quality P from organic matter 
(including after an intermediate step of 
incineration leading to inorganic ash) into 
recovered products that can be recycled 
without further processing (e.g. struvite), 
or recovered P materials (e.g. calcium 
phosphates, phosphoric acids, white 
P) that can be used to make recovered 
P fertilisers. Fertilisers made using P 
recovered from wastes are also referred to 
as secondary fertilisers in the literature. 
Phosphorus recovery involves a chemical 
P-extraction and/or chemical bond 
altering process induced by reducing/
increasing pH or high temperatures 

under oxygen-depleted conditions. 
Recovery usually includes a pollutant 
removal process resulting in a purified 
material or product, typically qualified for 
assigning an end-of-waste status, that is, 
the waste ceases to be waste and obtains 
a status of a product or a secondary raw 
material, at least from a legal point of 
view. In some literature, the definition of 
P recovery presented here is also referred 
to as advanced P recovery (Lu et al., 2016; 
Tonini et al., 2019). Incineration alone, 
while destroying most organic pollutants 
and removing highly volatile inorganic 
pollutants (mercury), is not a P recovery 
process (but rather a stage commonly used 
in the P recovery processes). Furthermore, 
as discussed in Chapter 6, most P-rich 
organic materials often undergo 
treatment processes before application 
to soils, such as dewatering, composting, 
vermicomposting, or anaerobic digestion, 
however, these are also not considered P 
recovery processes as it does not target a 
specific change in the chemical form of 
P, for example, extracting it from organic 
complexes. In this report, we define P 
recycling as the use of P from waste and 
residue streams, whether in the form of a 
recovered P fertiliser or organic material 
(e.g. manure, biosolids), to produce 
agricultural products. This definition is 
described in more detail in Chapter 6. 
Phosphorus recovery is, therefore, not 
synonymous with P recycling, but is 
often a stage used to process P so it can 
be recycled. For some P-rich organic 
wastes and/or circumstances, P recovery is 
essential to recycle the P contained in the 
waste stream.
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7.1.2 Circumstances when 
phosphorus recovery 
is required
Phosphorus recovery provides the 
opportunity to recover a ‘safe’ (i.e. low-in or 
free-from contaminants), high purity source 
of P that can be used to create customised 
products, and substitute effectively for 
P derived from phosphate rock (PR) 
(Withers, 2019). In some situations, large 
distances can separate P-rich organic 
waste production in livestock-dominated 
areas and the croplands where they can be 
recycled. This is common in sites where 
manure or nutrient-rich urban wastes are 
produced in high volumes (i.e. intensive 
livestock production, densely populated 
cities) and local areas that do not contain 
sufficient croplands to recycle the nutrients 
they contain ( Johansson and Kaplan, 2004; 
Bai et al., 2016). Transporting large volumes 
of bulky organic material to croplands is 
often not economically feasible. In these 
situations, P recovery processes (including 
solid/liquid separation) can produce 
recovered P materials and/or fertilisers 
that are cheaper and easier to store and 
transport.

In other situations, contaminant levels in 
the P-rich organic wastes and residues, even 
after treatment, are too high for their desired 
use. Processes such as composting and 
vermicomposting can reduce contaminants 
in wastes (Domínguez et al., 2004; Yadav et 
al., 2010; Martínez-Blanco et al., 2013) (see 
Chapter 6). However, pathogens, hormones, 
antibiotics, heavy metals, and micro-plastics 
can persist and can accumulate in soils/biota 
after repeated manure/biosolid application 
(Kinney et al., 2008; Hill et al., 2019). 
Depending on the desired use of the waste, 
this can pose a risk to human, animal and 

environmental health (Laturnus et al., 2007; 
Cieslik et al., 2015; Malomo et al., 2018). 
In some industrial applications, even trace 
levels of contaminants are not tolerated. 
Most P recovery processes produce materials 
that contain low to no contaminants.

A high purity sustainable P material is 
required by industry to make a customised 
product. Most customised products made 
using recovered P are fertilisers, however, 
recovered P materials can be used to 
manufacture a range of other products 
(i.e. flame retardants, feedstocks). Some 
recovered P fertilisers are more sustainable 
than mineral P fertiliser (Kraus et al., 
2019; Tonini et al., 2019), but with similar 
P content and bioavailability allowing P 
inputs to soils to be carefully managed to 
optimise plant uptake and yield, whilst 
avoiding P losses to the environment.

7.2 Common 
processes 
to recover 
phosphorus
Selecting the most effective P recovery 
process depends on the type of waste 
treated, the resources available and the 
products that are required. There are more 
than 30 different technologies available 
to recover P from waste streams and 
new ones continue to emerge (Kabbe 
and Rinck-Pfeiffer, 2019). Commercially 
established processes of P recovery exist 
mainly for sewage sludge and digestate, 
with P recovery predominantly practised 
in the European Union (EU), Japan and 
North America (Kabbe and Rinck-Pfeiffer, 
2019) (Figure 7.1). 
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However, industrial P recovery processes 
have also been applied, to abattoir residues 
(e.g. blood, meat and bone meal), poultry 
litter, livestock manure, food processing 
wastes and industrial waste streams.

Several reviews of P recovery technologies 
are provided in the literature, which this 
document does not aim to replicate (e.g. 
Morse et al., 1998; Le Corre et al., 2009; 
Rittmann et al., 2011; Cieslik et al., 2015; 
Tarayre et al., 2016; Schoumans et al., 
2017; Mahoo, 2018; Kabbe and Rinck-
Pfeiffer, 2019; Kraus et al., 2019; Ohtake 
and Tsuneda, 2019; Li et al., 2019a). 
However, they highlight there is no ‘ideal’ 
single method to recover P from wastes, 
and technologies are not mutually exclusive 
(Walker, 2017). The number of available 
processes does not reflect the need to 
continually improve on the preceding 
process, but the diverse range of conditions 
where P recovery is required. Indeed, 
methods to recover P must cope with high 
concentrations of P and organic material 

in low volumes in animal, human and 
food wastes, through to relatively low P 
concentrations in large volumes of water 
from diffuse pollution, i.e. from runoff 
and erosion from agriculture (Desmidt et 
al., 2015).

However, whilst many processes exist, some 
general stages are commonly followed. The 
following simplified overview does not 
cover all technologies or processes available 
but rather aims to provide a conceptual 
overview of some of the common stages 
found in many P recovery processes and 
technologies (which may occur in different 
orders, combinations, and with the omission 
or addition of stages).

In most P recovery processes, there is an 
early stage to concentrate the P into a 
reduced solid or liquid volume by solid/
liquid separation. This can be commonly 
achieved using iron or aluminium salts 
(e.g. chlorides or sulphates) to precipitate 
P in an insoluble metal phosphate. The 
metal phosphate can then be settled 

Figure 7.1 Global distribution of P recovery from sewage installations (red = operating installations, blue = installations under 
construction, green = planned installations), modified from Kabbe and Rinck-Pfeiffer, (2019). In 2019, P recovery installations 
were mainly concentrated in only the EU, Japan and the US. 
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out by sedimentation (Morse et al., 
1998). Alternatively, enhanced biological 
phosphorus removal (EBPR) can be 
used to remove P from wastewater by 
recirculating sewage sludge through 
anaerobic and aerobic conditions to 
optimise conditions for cell uptake by 
polyphosphate accumulating (micro)
organisms (Oehmen et al., 2007). Volume 
reduction of sludge/manure/digestate 
often includes dewatering by solid/liquid 
separation. Other processes utilise anaerobic 
digestion, which reduces the volume of 
the waste and frequently enhances the 
dewaterability, whilst converting volatile 
organic compounds to biogas providing a 
source of renewable energy (Feng and Lin, 
2017). Phosphorus can be recovered from 
digestates. Incineration, commonly used in 
the processing of abattoir residues, sewage 
sludge and, occasionally to poultry litter, is 
highly effective at concentrating P, and can 
result in a 90% reduction in volume and 
a 60% reduction in weight and destroys 
pathogens and degrades antibiotics (Walker, 
2017). In addition, incineration can convert 
the chemical energy in sludge to heat and 
electricity with an overall positive energy 
balance (Adam et al., 2009). Ashes may 
still contain heavy metals e.g. copper and 
aluminium, present in the original waste/
residue (Donatello et al., 2010). Iron 
phosphate and aluminium phosphate are 
not bioavailable under typical pH and redox 
conditions found in soils and are therefore 
of low value for direct use as a P fertiliser 
(Sartorius et al., 2012) as are ashes of 
incinerated wastes (Cabeza et al., 2011), as 
such further stages are required.

If the residue has not been incinerated, 
P concentration/volume reduction 
is often then followed by a range of 

physico-chemical reactions to precipitate 
(crystallise) or adsorb the P from the 
liquid fraction of the residue. Precipitation 
of P from wastewaters using magnesium 
or calcium salts is a well-established 
technology at a commercial scale and 
produces struvite (MgNH4PO4·6H2O), 
or hydroxylapatite (Ca5(PO4)3(OH)), 
respectively (Molinos-Senante et al., 
2011; Kataki et al., 2016). This process 
also supports wastewater treatment plant 
(WWTP) maintenance as struvite is a 
known scale deposit that can block pipes/
heat exchangers, therefore recovery of 
struvite can lessen these impacts. Struvite 
can make an efficient slow-release P 
fertiliser and can be used as a raw material 
blended into mineral P fertilisers (Hall 
et al., 2020; Kataki et al., 2016; Li et al., 
2019b). Phosphorus compounds in liquid 
wastes can also be recovered through 
adsorption onto the surface of a range of 
materials, including iron-based sorbents 
such as iron oxide particles (Kang et al., 
2003). Adsorbents also include hybrid anion 
exchange (HAIX) or ligand exchange resins, 
which can combine polymer anion exchange 
resins with metals such as zinc (Zhu and 
Jyo, 2005) copper (Zhao and SenGupta, 
2000) and iron (Blaney et al., 2007), to 
selectively remove phosphates (O’Neal and 
Boyer, 2015). Whilst other methods are 
based on the change between P adsorption/
desorption of certain substances under 
changes in pH; e.g. zirconium desorbs 
P in alkali solution and is reactivated in 
acid solution with little deterioration in P 
adsorption capacity (Ebie et al., 2008). Ion 
exchange can also recover P from liquid 
wastes, and is based on undesirable ions 
being exchanged for solid-phase ions based 
on their affinity (Crittenden et al., 2005). 
Examples include iron-based layered double 
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hydroxides, which utilise ion-exchange 
between phosphate and carbonate ions 
(Rittmann et al., 2011), as well as hydrated 
ferric oxide and copper ion loading (Pan 
et al., 2009; Sengupta and Pandit, 2011; 
Nur et al., 2014). Furthermore, capacitive 
deionization (developed for desalination) 
which creates a charged electric field can 
be used to accumulate ions on oppositely 
charged carbon electrodes (i.e. phosphates 
from wastewaters) (Huang et al., 2014).

Commonly following these stages, the P 
must then be separated/solubilised from 
the recovery media (i.e. adsorbents, resins, 
metal salts etc.), or ashes if the waste has 
been incinerated, to isolate the P in a usable 
form. For most industrial applications, 
including the manufacture of recovered 
P fertilisers, a usable form would include 
phosphate compounds, phosphoric acid, or 
white phosphorus (Huygens and Saveyn, 
2018). Acid leaching can be used to recover 
contaminant-free, high purity phosphoric 
acids, from ashes and the products of 
physico-chemical reactions (Donatello and 
Cheeseman, 2013; Tarayre et al., 2016; 
Kabbe and Rinck-Pfeiffer, 2019). Acid 
leaching involves lowering the pH of the 
wastes to <2, commonly using sulphuric 
or hydrochloric acid for dissolution of 
P and metals (Krüger and Adam, 2015; 
Cohen and Enfält 2017, Cohen et al. 
2019). After acid leaching, dissolved 
heavy metals, iron and aluminium can be 
separated from the dissolved P by selective 
precipitation, solvent extraction or ion 
exchange but this requires further energy or 
chemical input (Petzet et al., 2012). Many 
concentration and purification processes 
are technically feasible, including liquid-
liquid extraction used to produce a high 
purity monoammonium phosphate (MAP), 

diammonium phosphate (DAP) and 
phosphoric acids (Kabbe and Rinck-Pfeiffer, 
2019). Alternatively, thermochemical 
processes can be used to remove heavy 
metals (Kabbe and Rinck-Pfeiffer, 2019). 
Examples include sewage sludge mixed 
with magnesium chloride, heated to 900°C 
in a rotary kiln, which causes volatile heavy 
metals or their respective compounds to 
evaporate, where they can be separated 
by off-gas cleaning systems (Adam et al., 
2009). Mixing ash with sodium compounds 
(e.g. sodium carbonate) and heating it to 
850-900°C produces a calcined phosphate 
with high bioavailability but is less effective 
in heavy metal removal (Kabbe and Rinck-
Pfeiffer, 2019).

Some common stages involved in P 
recovery processes, end products and 
advantages and disadvantages of the process 
are summarised in Table 7.1.

In the following sections, we draw on 
evidence from those regions where P 
recovery has been developed (e.g. North 
America and Europe; Figure 7.1) to 
highlight key challenges and solutions to 
mainstreaming P recovery technologies 
and the challenges to recycling the P 
they recover.
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7.3 Challenges

Challenge 7.1: Many 
waste streams and 
residues represent a 
significant untapped 
phosphorus resource

The phosphorus in many organic 
waste streams and residues, 
including food wastes, biosolids 
and abattoir residues, is commonly 
lost to the environment. Many 
phosphorus-rich residues are 
managed as pollution rather than 
valuable phosphorus resources. 
The ashes of incinerated residues 
are often landfilled or used 
in building materials without 
recovering the phosphorus they 
contain. There are significant 
opportunities to increase 
phosphorus recovery in all regions. 

In a global assessment of P flows in 2013, it 
was estimated that ~85% of the P in human 
excreta and other human wastes (equivalent 
to ~6 Mt P) were not recycled (Chen 
and Graedel, 2016). Whilst data is not 
available for the phosphorus lost in abattoir 
residues globally, in the EU alone ~4 Mt of 
animal bone biomass is produced each year 
(bones are extremely high in phosphorus) 
(Someus and Pugliese, 2018). Much of the 
animal bone biomass produced in the EU 
is incinerated and the ashes discarded to 
landfill (Dawson and Hilton, 2011). In an 
analysis of the P flows in the EU, van Dijk 
et al., (2016a) calculated losses from the 
feed and food chains amount to 1.2 Mt P 
year-1, which is equivalent to ~50% of the 

annual P input to the EU food system in 
feed, food and fertilisers (van Dijk et al., 
2016). The EU is among the regions with 
the highest rates of P recycling, despite this, 
a system from which 50% of the input is 
lost to waste flows can neither be considered 
sustainable nor efficient. Furthermore, losses 
from non-food production in the EU, i.e. 
iron ore beneficiation, pulp and paper and 
fibre production, add a further 0.2 Mt P 
year-1 to waste flows (van Dijk et al., 2016).

Application of manure to soils, following 
low technology processing to reduce 
contaminants (i.e. not P recovery processes) 
is widely practised and is discussed in 
detail in Chapter 6. However, in regions 
of intensive livestock production, manure 
production can be so high that regional 
cropland areas are not large enough to 
recycle the nutrients they contain. A similar 
situation exists for cities (especially densely 
populated cities), where human wastes 
can represent a significant source of P that 
may not be easily recycled due to a lack 
of peri-urban croplands. With a strong 
global trend of urbanisation, P will be 
increasingly concentrated in urban regions 
(Powers et al., 2019). Furthermore, intensive 
livestock production tends to cluster in 
locations with cost advantages, such as 
close to cities ( Johansson and Kaplan, 
2004; Bai et al., 2016) compounding this 
issue. Transporting large volumes of bulky 
P-rich organic wastes to crops, where 
they can be sustainably recycled, can be 
prohibitively expensive. In some cases, to 
avoid such expense, manure and wastes 
are mismanaged, with P losses to landfill 
and/or the environment (Chapter 6). In 
the Netherlands, livestock densities are 
amongst the highest globally (Backus, 
2017). Animal feeds imported to maintain 
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Dutch intensive livestock systems, have 
led to manure production at levels that 
cause regional nutrient accumulation, with 
persistent harmful and degrading impacts 
to water quality and ecosystem health 
(Lürling and Mucci, 2020). Despite being 
unpopular with farmers, in the Netherlands 
policies to reduce pig manure production 
by incremental reduction and imposed 
limitations on animal production have been 
implemented (Schröder and Neeteson, 
2008; Erisman et al., 2011). However whilst 
the number of pig farms in the Netherlands 
has decreased, from 34,000 in 1984 to 
5,000 in 2015, pig production has remained 
relatively stable and exports have continued 
to grow (Backus, 2017). In such cases, 
alternative strategies, such as P recovery,  
are needed to handle the accumulation of 
P-rich organic wastes.

Globally, many P-rich organic wastes 
are managed as pollutants, rather than as 
a valuable nutrient resource. Whilst in 
many high-income countries, legislation 
has been developed to enforce P removal 
from wastewaters the driver is to prevent 
pollution, with little focus on recovering 
P in a form that can be easily recycled 
(Christodoulou and Stamatelatou, 2016; 
Jupp et al., 2020). For example, ferric dosing 
of wastewaters is effective at P removal 
but can complicate P recovery (Morse et 
al., 1998; Fang et al., 2005). Sewage sludge 
and abattoir wastes are often incinerated 
and the ashes disposed of to landfill or 
used in building materials (i.e. cement) 
without recovering the P they contain 
(Christodoulou and Stamatelatou, 2016). In 
an overview of legislation regarding sewage 
sludge management in more economically 
developed countries, P recovery from 
sewage sludge was ‘viewed as a need’, but 

was ‘not being carried out’, and/or was ‘yet 
to be developed’ in Australia, much of the 
EU27, New Zealand, the UK, and the USA 
(Christodoulou and Stamatelatou, 2016). In 
low-income countries, only 8% of wastewater 
undergoes treatment of any kind (WWAP, 
2017; Chapter 5). Phosphorus losses are 
not just confined to organic residue streams 
and dairy processing waste, opportunities 
to recover P in industrial wastes, such as 
steel-making wastes, are also often ignored 
(Matsubae et al., 2015). Iron ore tailings and 
steel-making slags may contain as much 
as 1.0 MT P year-1 worldwide, equivalent 
to ~5% of P in world PR consumption 
(extrapolated from (Matsubae et al., 2015)).

Challenge 7.2: Recovered 
phosphorus materials 
must have a competitive 
commercial value

Phosphorus recovery processes 
that do not generate industry 
compatible raw materials or 
finished products with a clearly 
defined market potential may fail to 
contribute to phosphorus recycling. 
Where recovered phosphorus 
fertiliser match mineral phosphorus 
fertiliser in terms of performance, 
systems to support large scale 
production, transport and handling 
are currently insufficient.

If a P recovery process is to contribute 
significantly to P recycling, it should be 
able to generate an industry-compatible 
raw material (e.g. as an alternative to PR), 
or a finished product (i.e. a recovered P 
fertiliser) with a clearly defined market 
potential (Schipper, 2019). However, 
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recovered P products that can replace 
mineral P fertilisers in terms of P 
concentrations and bioavailability are, 
currently, scarce and more costly. The most 
common P recovery product, struvite, is 
activated by plant exudates and has high 
bioavailability and, in comparison to 
mineral P fertilisers, produces similar crop 
yields (Hall et al., 2020). Additionally, 
the manufacturing systems, and transport 
and handling networks associated with 
mineral P fertiliser are well-established, 
global and large-scale, which gives them a 
commercial and economic advantage over 
the more costly, small-scale, and emerging 
P recovery technologies. Furthermore, some 
P recovery processes, despite achieving 
high P recovery rates, produce materials 
with low commercial viability because 
the physical form of the material is not 
compatible with existing machinery for 
fertiliser production. For example, struvite, 
when in a granular form has the physical 
appearance of standard, granulated fertiliser, 
and tends to be generally sellable, whereas 
struvite recovered as a sludge or fine crystals 
is not, as it is incompatible with fertiliser-
spreading equipment and needs further 
processing (Schipper, 2019).

Many economic feasibility assessments of 
P recovery technologies are conflicting, 
ranging from economically unfeasible, to 
profitable, and focus on struvite recovery 
from wastewaters ( Jaffer et al., 2002; 
Dockhorn, 2009; Cornel and Schaum, 
2009; Molinos-Senante et al., 2011; Kataki 
et al., 2016; Kabbe and Rinck-Pfeiffer, 
2019). However, it is widely acknowledged 
that the economic viability of P recovery 
is dynamic and depends on many factors 
(Giesen, 1999; Dockhorn, 2009; de Boer 
et al., 2019). That withstanding, the lack of 

current economic incentives to stimulate 
P recovery remains a significant challenge 
globally. The specific cost of recovering P to 
manufacture a recovered P fertiliser can be 
several times higher than the market price 
of mineral P fertiliser (based on equivalent 
weights of P) (Cornel and Schaum, 2009; 
Molinos-Senante et al., 2011; Mayer et 
al., 2016). However, context is important; 
local or even regional conditions and value 
chains can have a huge impact on the cost 
of P recovery processes, which may include 
variability in the cost for ash disposal, 
transportation, and uptake or competition 
with mineral P fertiliser industries. 
Upstream loading of P to wastes can impact 
the economic viability of P recovery. For 
example, the introduction of phosphate-free 
detergents in Dutch households reduced 
P levels in municipal wastewaters making 
P recovery from effluent less economically 
attractive, leading to the closure of struvite 
recovery plants (Giesen, 1999). The 
market price of PR, which spiked in 2008 
(see Chapter 2 and 3), can also impact 
the economic potential of P recovery 
(Nakagawa and Ohta, 2019). Indeed it 
has been proposed that for P recovery 
and recycling from wastewater to be 
economically self-sufficient, PR prices need 
to be at least US$100 t−1 (Von Horn and 
Sartorius, 2009). As of October 2020, prices 
were just above US$80 t−1 (for Moroccan 
PR) but have been steadily declining from 
US$200 t−1 since 2012 (IndexMundi, 2020).

However, potentially the most important 
determinant of economic viability for a 
P recovery technology is the presence of 
a market for its recovered P materials, 
products and/or recovered P fertilisers 
(Kabbe and Rinck-Pfeiffer, 2019; Nakagawa 
and Ohta, 2019; Schipper, 2019).
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Challenge 7.3: There is a lack 
of policy and market support 
for phosphorus recovery

There is a global lack of tangible 
policy support for phosphorus 
recovery, which has hindered the 
building of commercial markets for 
renewable phosphorus products, 
including financial instruments 
such as subsidies, tax incentives, 
or support for farmers to adopt 
sustainable measures. Certifying 
recovered phosphorus products as 
fertilisers can provide a significant 
challenge for phosphorus recovery 
enterprises.

Policy and regulations to support P recovery 
and the use of recovered P products/
fertiliser are scarce or absent in large parts 
of the world (Cordell and White, 2015; 
Christodoulou and Stamatelatou, 2016; 
Matsubae and Webeck, 2019) (Chapter 
6). With limited economic incentives for 
P recovery, policy and legislation are the 
critical drivers (Hukari et al., 2016). Whilst 
the type of policy support required will vary 
between regions, the aim should be the 
same; to make it increasingly easy to sell 
and purchase recovered P fertilisers, and 
increasingly difficult to apply all fertilisers 
(including recycled ones) in excess of crop 
nutritional requirements for optimal yields.

Currently, from an economic and farm 
systems perspective, many farmers may 
find it difficult to switch to the use of 
recovered P fertilisers even if they deliver on 
multiple ecosystem services (e.g. cropping 
systems, cover crops, buffer strips), because 
in general, they are more expensive to buy, 
and/or may require capital investments (e.g. 

machinery to apply P recovered fertilisers; 
Macintosh et al., 2019). In most regions, 
farmers are often not compensated for 
investing in more sustainable practices, 
including a transition from mineral P 
fertiliser to recovered P fertiliser use. For 
example, the EU Common Agricultural 
Policy (CAP), currently under review, does 
not include adequate incentives, i.e. direct 
payments, subsidies and tax incentives, 
to farmers to invest in P recovery and P 
recycling measures (Hermann et al., 2019). 
Furthermore, whilst farmers are key players 
in the production of raw materials, they 
tend to have the least power in the food-
value chain, and a limited ability to demand 
higher food prices (to cover potential costs 
of more sustainable practices) (European 
Commission, 2015; Hukari et al., 2016; 
Sexton and Xia, 2018; Hermann et al., 
2019; Freidberg, 2020).

In industrialised food systems, power 
has become increasingly concentrated 
in a small number of large companies 
(Gordon et al., 2017; Godfray et al., 2018). 
The concentration of power lies with 
a comparatively small number of retail 
groups, who control food retail prices, and 
keep most of the business value (Vorley, 
2001; Clapp and Fuchs, 2009; Sexton 
and Xia, 2018; Freidberg, 2020). For 
example, in the EU28 countries, some 22 
million farmers produce food for more 
than 500 million consumers, whilst food 
distribution and retail are controlled by a 
few large companies. In the Dutch food 
chain, 65,000 farmers and horticulturists, 
provide food to 6,500 food manufacturers, 
which provide food to 1,500 suppliers, 
which are ultimately bought by only five 
purchasing companies that supply 25 
supermarket companies (PBL Netherlands 
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Environmental Assessment Agency, 2012). 
Furthermore, agricultural producers also 
face higher variability of prices for their 
inputs and for the products they sell, which 
makes their income more variable than 
that of other actors in the chain (European 
Commission, 2015).

The ongoing lack of policy and economic 
support has hindered the markets for 
recovered P materials and recovered 
P fertilisers. A significant challenge is 
achieving certification of recovered P 
products as fertilisers. For example, this 
is evident for the EU market, where 
certification criteria differ between 
nations (Hukari et al., 2016; de Boer et 
al., 2018). To recover P, operators must 
navigate market regulations, and health 
and environmental law. The placing of 
new products on the market is frequently 
difficult, time-consuming and sometimes 
even impossible due to national policies 
(Hukari et al., 2016; de Boer et al., 2018). 
In the EU this often requires attaining 
permits after lengthy authorisation 
processes for both recovery installations 
(e.g. environment impact assessments) and 
the recovered P products (End-of-Waste 
(EoW), REACH; Hukari et al., 2016). 

All chemical substances that are traded 
in Europe must be approved through the 
European Chemical Regulation (REACH) 
legislative framework. Approval for 
struvite was obtained in 2015, alleviating 
an important legislative hurdle. However, 
an important obstacle for the reuse of 
recovered P products in the EU was the 
lack of an end-of-waste status, which is 
now being resolved by the EU Fertilising 
Products Regulation (de Boer et al., 2018). 
For recyclers aiming to access the EU 
market, implementation and interaction of 
the REACH and EoW criteria are central 
(Hukari et al., 2016). Furthermore, the 
legislation and regulation for recovered P 
and recovered P products differs between 
countries, which can make it challenging 
for companies who wish to trade beyond 
national markets. However, if recovered 
fertilisers meet the requirements of the 
new Fertilising Products Regulation (EU) 
2019/1009 (to be fully applied in July 
2022), they can be labelled as EC fertilisers 
(safe and effective fertilisers on the EU 
market including EU-wide end-of-waste). 
This can drastically improve the marketing 
position of recycled fertilisers.
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7.4 Solutions

Solution 7.1: Establish a 
global commitment to 
recycling nutrients in wastes 
and residues

Nations should commit to ambitious 
targets to recover and recycle 
nutrients from livestock manure, 
wastewaters, abattoir wastes 
and industrial waste streams, 
whilst discontinuing landfilling 
phosphorus-rich ashes and their 
displacement into building materials. 
A significant increase in phosphorus 
use efficiency, in conjunction with 
good management practices to 
reduce and mitigate phosphorus 
losses is also critical.

Over the last couple of decades, the 
importance of using P-rich organic wastes 
as a sustainable P resource has been widely 
acknowledged in the literature, emphasising 
a need to shift the focus from P removal to 
P recovery in a ‘usable’ form, to facilitate 
recycling (Withers et al., 2015; Tonini et 
al., 2019; Smol, 2019; Jupp et al., 2020). 
However, to make significant improvements 
in sustainable P management, all countries 
must commit to reducing P losses in wastes 
and residues. This should be underpinned 
by clear targets to increase P recovery and P 
recycling, within specified time ranges.

Policy and regulation that enforce 
ambitious targets to recycle nutrients 
from wastewaters are required, globally. 
Cohen et al., (2019b) estimate by 2030, 
Europe could recover 105,000 t P year-1 
from incinerated sewage sludge ashes, 

equivalent to ~10% of the P imported in 
mineral P fertilisers (Figure 7.2). Whilst 
Mihelcic et al., (2011) estimates, globally, 
the total P content excreted by humans (just 
considering available P from faeces and 
urine) could meet 22% of the P demand. 
In high-income countries, a range of P 
recovery processes can be retrofitted into 
wastewater treatment plants to recover 
P from wastewaters and sewage sludge 
(as orthophosphate or polyphosphate), 
or ash after sludge mono-incineration. 
Furthermore, current wastewater treatments 
can be optimised to support P recovery. For 
example, whilst ferric dosing is an efficient 
method of P removal used in wastewater 
treatment, the presence of iron is often 
perceived as negative when evaluating P 
recovery options, as iron may reduce the 
plant bioavailability of recovered P products 
(Morse et al., 1998; Oleszkiewicz et al., 
2015; Bunce et al., 2018). However, Wilfert 
et al., (2015) argue a reduction in ferric 
dosing may not aid P recovery, as significant 
amounts of iron-bound P can be found in 
WWTP, from iron piping, equipment, and 
groundwater. There are ongoing discussions 
as to the possible value of iron phosphates 
as slow-release fertilisers (Chandra et al., 
2009; Nieminen et al., 2011; Andelkovic 
et al., 2019; Wang et al., 2020), at least in 
iron-deficient soils. Indeed, plants and fungi 
use a wide variety of strategies to access iron 
from iron-P effectively (Bolan et al., 1987; 
Hinsinger, 2001; Smolders et al., 2006). 
Further research into P-iron interactions 
may help to develop methods to manipulate 
iron−P chemistry in wastewater treatment 
processes that support P recovery (Qiu et 
al., 2015; Wilfert et al., 2015). In many 
low-income countries, large parts of the 
population do not have access to sanitation 
(WWAP, 2017). Whilst P is not the priority 
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driver to improve sanitation in these regions 
(i.e. health risks are more important), 
maximising opportunities to recover P 
from human wastes to support sustainable 
agriculture is a win-win. Successful 
examples include the JVL Fortifer Compost 
Plant in Accra, Ghana, where a partnership 
between the local municipality, a private 
waste management company and the 

International Water Management Institute, 
has resulted in the production of pelletised 
fertiliser derived from human faecal 
material (IWMI, 2017).

Where manures and biosolids cannot be 
recycled to croplands because of large 
production volumes and/or transport 
costs, P recovery processes should be used 
to produce usable recovered P materials 

Figure 7.2 a) N.V. Slibverwerking Noord-Brabant (SNB) in Moerdijk; Europes biggest mono-incineration plant. Here, 
biosolids from wastewater purification in the water treatment facilities of both regional water boards and commercial parties 
are incinerated. b) Storage of ~16,000 tones of phosphorus-rich biosolids awaiting incineration and further processing. c) 
Phosphorus-rich ashes from the incineration of biosolids which can be used to make recycled fertilisers. Photographs taken 
by Nils Laenger - http://nilslaengner.de/ 

a)

b) c)
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(that can be used to make recovered P 
fertilisers) that can be easily transported and 
stored. Economic value can be maximised 
by selecting methods to process organic 
materials that produce additional co-value 
benefits. For example, anaerobic digestion 
can produce renewable energy through 
biogas production (Mayer et al., 2016), with 
nutrient recovery from the digestates using 
struvite precipitation (Vaneeckhaute et 
al., 2017).

Mandatory targets to recover and recycle 
P from abattoir residues are required. In 
abattoirs, a significant loss of P is in animal 
bones discarded to landfill (Dawson and 
Hilton, 2011). Whilst the P in bonemeal 
has low bioavailability, it can be used as a 
slow-release P source (Duboc et al., 2017). 
For example, Thallo®, a P-rich fertiliser 
produced on-site at abattoirs, using a high 
pressure, high-temperature processing 
system and utilising waste products from 
other industries, including waste sulfuric 
acid and biomass power station ash (Darch 
et al., 2019). However, P recovery processes 
using heat and/or acids can recover P 
from bonemeal in bioavailable forms, 
which can be used as a replacement for 
PR in established fertiliser manufacturing. 
Furthermore, several recovered P fertilisers 
produced from meat and bone meal ash are 
already available on the market.

Opportunities to recover P lost in specific 
industrial waste streams such as fire 
extinguishers, metal surface treatment, end 
of life technical plastics, pharmaceuticals, 
electronics (Qiu et al., 2011; Ryu et al., 
2012; ESPP, 2018) and steel production 
should also be developed (Matsubae 
et al., 2016). Most of these industrial 
streams contain very low quantities of P 
(compared to world PR consumption) but 

are concentrated and may offer feasible 
recovery opportunities. This may have 
co-benefits to industries producing the 
wastes, which are generally subject to 
stringent waste treatment and discharge 
requirements. On the other hand, steel-
making slag is generally low in P content, 
1.0 - 2.2% P (PR is around 8-15% P), but 
is produced in large amounts. Furthermore, 
dephosphorisation (i.e. processes to 
remove P in steel-making) can improve 
steel quality, however, further research is 
needed to identify and develop feasible/
economic methods to recover P and remove 
contaminants at large scale (Matsubae et al., 
2011, 2016).

Landfilling of P-rich ashes (i.e. from 
incinerated biosolids and abattoir wastes) 
and their use in building materials is a 
waste of valuable resources and should 
be discontinued. This also applies to 
the co-incineration of P-rich organic 
wastes with industrial waste, and co-
incineration of sewage sludge or abattoir 
wastes and residues in cement kilns. 
In both cases, P is irretrievably lost to 
diluted and contaminated ash or cement. 
The landfilling of sewage sludge is illegal 
in the EU and should be discontinued 
elsewhere. In Switzerland, P-recovery 
from sewage sludge will be obligatory by 
2026 due to new legislation introduced 
in 2016. In Germany, under the German 
Sewage Sludge Ordinance, sewage sludge 
incineration ash must be stored separately 
for future nutrient recovery, and after 
2029/32 can only be landfilled after P is 
recovered (Bundesanzeiger Verlag, 2017). 
Other countries, at least in Europe and in 
other high-income regions, should follow 
these examples.
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Solution 7.2: Optimise 
the commercial 
viability of recovered 
phosphorus products

Phosphorus recovery technologies 
must produce commercially viable 
materials with defined market 
potential or that are industry 
compatible as a raw material 
for fertilisers or other products. 
Opportunities to produce co-
value products and services (i.e. 
produce energy, other nutrients), 
and the environmental sustainability 
of recovery processes, should 
be optimised. Some recovered 
phosphorus products/fertilisers 
have a potential market opportunity 
to provide efficient, pollutant-
free fertilisers. A key challenge 
for phosphorus recyclers is 
producing relevant volumes and 
homogeneous quality to meet 
demand. The market price of 
recovered phosphorus products/
fertiliser alone should not define the 
economic feasibility of phosphorus 
recovery. According to the “polluters 
pay” principle, stakeholders could 
share the cost of recovery, at least 
in more economically developed 
countries.

Determining which technologies are most 
commercially viable, and hence should 
receive investment depends on region-
specific factors (Cordell et al., 2011). An 
integrated systems framework should be 
used to guide decision-making for the 
sustainable recovery and recycling of P, 

as outlined by Cordell et al. (2011). This 
approach identifies the P that is available 
for recovery (i.e. quantifying P flows 
available for recovery from each sector), 
examines logistics such as regional spatial P 
demands (i.e. consideration for transporting 
products to point of use), and then 
identifies the tools available for P recovery, 
(i.e. available technologies appropriate 
for the region resources). Importantly, 
life cycle costs for P recovery, including 
economic, energy, environmental costs, 
synergies and conflicts with other industries 
(i.e. sanitation) are identified to ensure 
externalities are considered (as detailed 
in the analysis of Tonini et al., 2019). 
Through this process, the key stakeholders 
and institutional arrangements required 
to support P recovery are also identified. 
Failure to take a systems approach could 
result in investing in costly technologies 
that do not address the whole system, 
do not provide the greatest outcome for 
sustainability, and at worst, conflict with 
other related services (such as chemicals 
demand) (Cordell et al., 2011).

To ensure the commercial viability of 
recovered P products, it is important to 
develop P recovery processes with the direct 
involvement of potential users (Schipper, 
2019). Common features that make 
recovered P materials commercially viable 
as an industry-compatible raw material 
include homogeneous quality, low to no 
levels of contaminants, and production 
levels that are high enough to ensure a 
reliable supply. In the best-case scenario, 
P from waste streams are recovered in a 
chemical (e.g. phosphoric acid, secondary 
calcium phosphates, MAP, DAP, TSP) 
and physical form (e.g. granules, high P 
content) that is already used by regional or 
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national fertiliser manufacturers and other 
industries. This will allow fast and easy 
uptake by existing manufacturing processes. 
Equally, recovered P fertilisers that can be 
used in existing machinery and directly 
replace mineral P fertilisers in terms of P 
content and bioavailability will be more 
commercially viable (Schipper, 2019).

Whilst commercial viability of 
fertiliser is often associated with P 
bioavailability, standard P fertiliser 
tests for P bioavailability, indicated by 
their solubility in water or citric acid, 
should be reconsidered in the context of 
increasingly diverse recovered P fertilisers 
(Duboc et al., 2017). The bioavailability 
of many recovered P products and 
fertilisers is more accurately indicated 
by their dissolution in soil, and this can 
vary between soil types (Cabeza et al., 
2011). Whereas fast nutrient solubility in 
water has been a key quality parameter of 
fertilisers for several decades, ‘slow release’, 
non-water-soluble P in fertilisers is 
increasingly being acknowledged as being 
important for effective nutrient supply 
(Shu et al., 2006; McLaughlin et al., 2011; 
Kataki et al., 2016; Li et al., 2019a). In the 
new EU Fertilising Products Regulation 
(EU) 2019/1009, a fertiliser is given the 
status of an EU fertilising product if it 
functions to provide nutrients to plants 
or mushrooms (European Parliment, 
2019). However, mineral P fertilisers 
must fulfil certain P solubility criteria, 
including 40% of the declared P content 
must be water-soluble or 75% soluble in 
neutral ammonium citrate. The regulation 
now includes organic fertilisers and 
organo-mineral fertilisers, as well as 
other non-fertiliser products (including 
soil improvers, agronomic additives, 

plant bio-stimulants) within its scope 
of ‘fertilising products’ (Halleux, 2019). 
However, the high water solubility of P, 
a frequently used parameter for assessing 
the market value for mineral P fertilisers, 
is not justified as a good indication of 
bioavailability, shown by several recent 
comparative experiments (Cabeza et al., 
2011; Duboc et al., 2017). Consequently, 
the plant nutrition value of some non-
water-soluble recovered fertilising 
products may be comparable to PR-
derived fertilisers and consequently should 
have a similar market price.

In the EU, a potential market opportunity 
for some recovered P fertilisers and 
materials is by providing pollutant-free 
alternatives to PR derived and non-
decontaminated recycled fertilisers. 
The heavy metal content of municipal 
wastewater derived struvite is found to be 
significantly lower than that of PR derived 
phosphates (Hall et al., 2020; Forrest et 
al., 2008; Latifian et al., 2012) and below 
most regulatory limits, for example in 
Germany and Turkey (Antonini et al., 
2012; Latifian et al., 2012; Uysal and 
Demir, 2013) (Figure 7.3).

The perception that the market value of 
recovered P products defines the economic 
feasibility of P recovery technologies is 
incorrect (Mayer et al., 2016). The market 
value of recovered P materials/products 
is among a list of the wider co-benefits 
of P recovery, which carry economic co-
benefits (Cordell et al., 2011; Mayer et al., 
2016; Tonini et al., 2019; Withers, 2019; 
Chrispim et al., 2019). Indeed, when 
comparing the externalities associated 
with mining PR and the manufacture 
of mineral P fertilisers, and those for 
recovered P fertilisers, the focus of P 
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recovery processes can shift from the 
exclusive supply of a ‘product’ to a ‘service’ 
which combines decreased emissions to 
the environment (i.e. soil, air and water), 
reduction in waste generation, with the 
combination of high-quality P fertilisers. 
Societal costs incurred for recovered P 
products derived from sewage sludge, 
manure and meat and bone meal, are 
up to 81%, 50% and 10% lower than for 
PR derived superphosphate, respectively 
(Tonini et al., 2019). When factoring in 
externalities, Tonini et al., (2019) found 
the environmental and health life cycle 
impacts are often lower for P recovered 
fertilisers than for mineral P fertilisers, 
especially in areas of high livestock and 
population density. Furthermore, this does 

not factor in the risks of P depletion, or 
sanitation of manures, which would further 
modify the balance towards P recovery.

Many co-benefits remain unquantified, and 
therefore assessing the economic feasibility 
of P recovery often does not accurately 
represent the true net societal gains. 
When the total value of P recovery is 
accounted for, including products, services 
and externalities, additional incentives 
emerge in support of P recovery and reuse 
(Mayer et al., 2016; Tonini et al., 2019; 
Hörtenhuber et al., 2019). For example, 
P recovery in WWTPs is used mainly 
for operational benefits (i.e. reduction of 
struvite build-up) and is not driven by the 
market value of the recovered P (Kabbe 
and Rinck-Pfeiffer, 2019).

Figure 7.3 Phosphorus recovered from wastewaters in the form of struvite produced from a Huber SE precipitation reactor. 
Photograph courtesy of The Sustainable Sanitation Alliance (SuSanA).
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Phosphorus recovery technologies 
can be developed that carry increased 
value-added benefits. These may include 
aligning dual or multiple nutrient 
recovery processes alongside P recovery, 
such as nitrogen and micronutrients like 
magnesium, copper, and zinc (Timotijevic 
et al., 2011; de Haes et al., 2012; 
Kupfernagel et al., 2017). Phosphorus 
recovery naturally opens opportunities to 
recycle other nutrients, partly due to similar 
drivers and partly due to directing the 
attention of researchers and stakeholders to 
the related possibilities (Mayer et al., 2016; 
Vaneeckhaute et al., 2019; Barampouti et al., 
2020). For example, currently, nitrogen in 
sewage sludge and wastewaters is frequently 
treated by nitrification/denitrification 
releasing nitrogen into the atmosphere, 
however, this can be replaced by technologies 
that recover both nitrogen and P, as 
demonstrated for biogas plants (Shi et al., 
2018; Khoshnevisan et al., 2021). Anaerobic 
digestion can also produce renewable energy, 
through biogas production (Guilayn et al., 
2020). The potential to produce bio-energy 
as a co-product, as well as optimising the use 
of renewable energy in the energy demand 
of the recovery process (i.e. for thermal 
treatments), can help to lower the energy 
footprint of P recovery technologies (Balmér, 
2004; De Graaff et al., 2011). The benefits 
of fractionation, recovery and recycling of 
nutrient flows from anaerobic digestion 
plants are demonstrated and reported in the 
Horizon 2020 project SYSTEMIC (www.
systemicproject.com).

Recycled P will improve farmer fertiliser 
security and protection against fluctuations 
in PR price and supply shocks. A lack of 
purchasing power prevents many poor 
farmers from accessing mineral fertiliser 

markets (Cordell and White, 2014). 
Small-scale and decentralised sanitation 
systems (ranging from individual onsite 
systems through to community-scale) have 
been developed due to their lower cost, or 
appropriateness for serving remote or low-
density populations (Cordell et al., 2011). In 
this way, locally recovered P can contribute 
to farmer fertiliser security and hence 
food security (see Chapter 3 and 8), whilst 
recovered and recycled phosphates reduce 
the exposure of farmers and food systems to 
market fluctuations in PR prices. Regional 
factors drive the costs and prices of recycled 
P and are largely predictable and usually as 
stable as the economy in the region. Whilst 
recycled P on average costs more than 
mineral P in fertilisers, decentralisation of P 
recovery may lead to lower transport costs 
and prices may not be subject to the volatility 
of commodity prices (see Chapter 2).
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Solution 7.3: Develop policies 
that support phosphorus 
recovery and recycling

Critical policy needs to include a 
regulatory framework to boost 
the use of recovered phosphorus 
materials as an alternative to 
phosphate rock as the primary 
source of phosphorus in mineral 
fertilisers. In some regions, the 
necessary infrastructure to collect 
wastes and residues is still required. 
The next step could be global 
binding agreements and a paradigm 
change: taxing the consumption 
of natural resources and related 
externalities and reducing the tax 
burden of renewable resources 
and labour.

Policy and financial support should be 
developed to increase the feasibility and 
opportunity for P recovery and recycling, 
this is especially important as current 
economic incentives are not sufficient 
(Hukari et al., 2016). A focus on supporting 
emerging industries will be key. For 
example, P recovery and recycling can 
contribute to the development of new 
more sustainable business opportunities. 
Frequently, small to medium enterprises 
(SMEs) provide the services associated 
with P recovery and recycling, potentially 
creating job opportunities that could 
reduce rural-urban migration (Steffen 
et al., 2015). In 2019, more than 100 P 
recovery plants were operational in Europe, 
Canada, Japan, and the US (Kabbe and 
Rinck-Pfeiffer, 2019). In an assessment of 
P flows in the EU, the P flows in effluents 
from livestock farming were estimated to 

be three times larger than the P contained 
in municipal waste flows (van Dijk et al., 
2016) offering opportunities for P-recovery 
and recycling process operators in rural 
areas. Most suppliers and rural operators 
are SMEs, representing a possibility for 
new high-quality jobs related to agricultural 
activities. In addition, P recovery and 
recycling will catalyse new circular economy 
opportunities in line with national and 
international policies and directives. 
Considering global warming and finite 
resources, globally acknowledged by the 
Paris Climate Change Agreement (COP21) 
and the SDGs agreed in 2015, the Circular 
Economy is a must, with business as usual, 
not an option. The European Commission 
selected P for implementation within 
its “Circular economy: A zero waste 
programme for Europe” due to being a 
critical and non-replaceable element in 
agriculture (European Commission, 2014a). 
The feasibility of P-recovery within the 
prevailing socio-economic system could 
create a convincing narrative for introducing 
circular principles in other economic 
activities.

In most nations, the establishment and 
implementation of stringent regulations to 
enforce time-bound targets for P recovery 
(and recycling) are required. Global 
advocacy, and awareness-raising of the 
environmental benefits of P recovery and 
recycling, will help to improve public and 
political support (Matsubae and Webeck, 
2019) (see Chapter 6). In the EU, the need 
to recover P from waste streams is already 
underpinned in policy through the inclusion 
of PR, and elementary phosphorus (P4) in 
the EU critical raw materials list (European 
Commission, 2014b). Indeed, globally, most 
policies and regulation regarding P recovery 
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and recycling are currently found in the 
EU (Christodoulou and Stamatelatou, 
2016). Currently, only Switzerland (in 
2016) (The Swiss Federal Council, 2015) 
and Germany (in 2017) (Bundesanzeiger 
Verlag, 2017) have adopted regulations that 
make P recovery mandatory. In Switzerland, 
from 2016, under its Ordinance on the 
Avoidance and Disposal of Waste, a ten-
year transition began that will make the 
recovery of P from sewage sludge and 
slaughterhouse residues obligatory (The 
Federal Council - Switzerland, 2016). 
Switzerland banned direct use of sewage 
sludge on land in 2006, so the regulation 
will lead to technical recovery and recycling 
in the form of inorganic products. Swiss 
sludge and slaughterhouse waste together 
represent an annual flow of 9100 t of 
phosphorus whereas technical recycling 
from the wastewater stream in Europe 
today totals of up to 5,000 t of P in the 
form of struvite (Kabbe and Rinck-Pfeiffer, 
2019). A similar policy was implemented in 
Germany in 2018 and outlines obligatory 
P recovery from sewage sludge for 60% of 
wastewater treatment works (i.e. those that 
serve >50,000 people) (BMU, 2017).

Developing international targets to 
reduce nutrient losses that align with 
existing regional targets, will help to fuel 
momentum towards a global increase 
in P recovery and P recycling. The 2020 
European Green Deal and with its 
flagship Farm-to-Fork Strategy provides 
an ambitious framework requiring a 50% 
reduction in nutrient losses by 2030, only 
achievable by massive improvements of 
full-chain nutrient use efficiency (NUE) 
(for definitions of full chain NUE see 
Chapter 5). This represents an opportunity 
to increase the use of recovered P fertilisers, 

as a sustainable alternative to mineral P 
fertiliser, with known and homogeneous P 
content allowing farmers to carefully match 
P inputs to crop needs (this is often difficult 
to achieve with manures).

Regional targets should be developed and 
integrated, with existing agricultural policy 
to ensure sufficient support is in place, 
for targets to be achieved. For example, 
the European Commission’s Farm-to-
Fork Strategy must be supported by the 
Common Agricultural Policy (CAP) 
and implemented by supporting policy 
instruments (e.g. subsidies for nutrient 
stewardship and biodiversity protection) 
in member states. In the EU within the 
Common Agricultural Policy (CAP), 
whilst currently under development the 
proposed ‘eco-schemes’ (to be implemented 
in 2022), may provide financial assistance to 
EU farmers to adopt sustainable practices 
(see Chapter 6). Ensuring ‘eco-schemes’ 
include the use of recovered P fertiliser as a 
sustainable measure is therefore important. 
Many less economically developed countries 
lack relevant environmental regulations 
to support P recovery, whilst in some 
countries/regions, significant investment in 
the necessary infrastructure to collect and 
treat P-rich waste streams is still required 
(Matsubae and Webeck, 2019). Subsidies 
and tax incentives to farmers for use of 
recovered P fertilisers are needed. Direct 
economic benefits, increased productivity 
or profitability seem to be an essential 
condition for farmers to adopt sustainable 
practices in the short term (Garbach et al., 
2012; Piñeiro et al., 2020).

In regions of intensive livestock agriculture, 
policies to reduce P losses from manures 
can indirectly support an increase in P 
recovery and P recycling. For example, 
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the Dutch government have used an 
extensive range of policy instruments, in 
comparison to other countries, to address 
mismanagement of manures (e.g. the excess 
application of manure to soils leading to 
P losses) (Schröder and Neeteson, 2008; 
Erisman et al., 2011; Backus, 2017). In an 
overview of Dutch manure management 
policy instruments from 1984 to 2016, 
Backus (2017) found restrictions on 
manure spreading, the requirement to inject 
manure into the soil, support for flagship 
farms, and limits on the number of animals 
were among the most successful and 
cost-effective measures to reduce nutrient 
pollution from manures. Between 1980 to 
2010, the application of manure P in the 
Netherlands has been reduced by 50% (i.e. 
from 160 to 84 kg phosphate as P2O5 ha-1) 
(Backus, 2017). In addition, in 2006, to 
prevent animal manure from being replaced 
by mineral P fertiliser, P application limits 
were extended to both manure and mineral 
P fertilisers, resulting in a decreased 
use of mineral P fertilisers and reduced 
nutrient dispersion into the environment 
(Malomo et al., 2018). A further outcome 
of restrictions placed on manure spreading 
is that many farmers must pay (e.g. crop 
farmers) for manure disposal (Backus, 
2017). In the Netherlands, annual costs for 
manure disposal in 2007 were estimated 
at €274 million (CBS, 2016). In 2017, for 
the average pig farm with no land, costs for 
manure disposal accounted for ~10% of pig 
meat production costs (Backus, 2017). The 
knock-on effect of this has been an increase 
in the circularity of P flows in agricultural 
systems, with an increase in farmers’ 
incentives to seek valuable uses of manure, 
such as processing manure into recovered 
P fertilisers (Backus, 2017; Malomo et 
al., 2018). Similar impacts are observed 

in the US, where since 2006, intensive 
livestock production has been increasingly 
regulated. The National Pollutant Discharge 
Elimination System (NPDES) permitting 
program regulates the discharge of P 
to waters, from point sources including 
concentrated animal feeding operations. 
Similar to the situation in the Netherlands, 
polices to reduce P pollution, have led to 
greater interest in alternative management 
schemes for further treating or processing 
manures to make value-added products that 
can be exported off the farm (e.g., composts 
or concentrated P products such as struvite; 
Westerman and Bicudo, 2005).

For many high-income countries, the 
fertiliser market itself poses a problem, 
requiring a regulatory framework to provide 
a level playing field between mineral and 
recovered P fertilisers (Matsubae and 
Webeck, 2019). The EU Fertilising Products 
Regulation aims to level the market for 
mineral and recovered P fertilisers and 
help mitigate mineral P fertiliser demand. 
In June 2019, the European Commission 
adopted the new Fertilising Products 
Regulation (EU) 2019/1009, which will 
apply fully from July 2022 (European 
Parliment, 2019). This new Fertilising 
Products Regulation, as a flagship 
initiative of the first European Circular 
Economy Package (2015), modernises 
the conformity assessment and market 
surveillance in line with the ‘new legislative 
framework’ for product legislation. This 
will mean market access for a wider range 
of fertilising products, including those 
manufactured from recovered P materials 
that were previously excluded (Halleux, 
2019), making it easier to sell recovered P 
fertilisers across the EU, and giving more 
choice to farmers (European Parliament, 
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2018). According to the European 
Commission, the Fertilising Products 
Regulation will deliver a range of benefits, 
including the creation of about 120,000 
jobs in P recovery, bio-waste recycling, 
organic fertiliser production and will reduce 
dependency on PR imports (Halleux, 2019).

Importantly, the Fertilising Products 
Regulation introduces an initial limit of 
60 mg cadmium kg-1 P in fertilisers (see 
Chapter 2). Fertiliser cadmium limits 
may help boost markets for recovered P 
fertilisers, as they contain lower/negligible 
levels of cadmium (1.06-2.30 mg kg-1 P2O5) 
in comparison to many mineral P fertilisers 
(de Boer et al., 2019) and some recovered 
products have very low levels of impurities 
and heavy metals. However, bridging the 
gap between P recovery and actual recycling 
remains the biggest challenge (Kabbe and 
Rinck-Pfeiffer, 2019). Part of the issue is 
ensuring P recovery can produce sufficient 
volumes of recycled P material; P recovery 
enterprises are currently much smaller 
in scale than the mineral P processing 
industry. Instead of broadening the range 
of P recovery technologies, investments 
should be directed towards the development 
of full-scale demonstrations of the most 
promising options (Schipper, 2019). Market 
penetration and replication will only 
happen with full-scale demonstrations, 
with the first large-scale operation often 
requiring some form of government support 
(Schipper, 2019). Research incentives, 

among others provided by the EU 
Horizon 2020 Program, for example, have 
contributed to funding the development 
of several pilot technologies that are now 
ready to be implemented at industrial scales 
(European Commission, 2019). However, 
an integrated systems framework should be 
used to guide decision-making on the most 
promising options for the local resources 
and circumstances (Cordell et al., 2011).

The United Nations has adopted global, 
albeit non-legally binding, normative 
agreements (e.g. the SDGs and the Paris 
Agreement) which offer the potential to 
drive increasing nutrient recovery and 
recycling (Kanter and Brownlie, 2019). In 
2020, the European Union has adopted 
the European Green Deal and the Farm-
to-Fork Strategy for a fair, healthy and 
environment-friendly food system. These 
initiatives provide a more favourable 
framework for P recovery if technologies 
and products comply with the objectives of 
high nutrient use efficiency and reducing 
nutrient losses. In the EU, the post-2020 
Common Agricultural Policies include 
conditionalities, i.e. sustainable practices 
entitling farmers to premiums. Phosphorus 
recovery can and should be part of such 
practices while recovered and PR-derived 
fertilisers should equally comply with the 
highest standards to optimise nutrient use 
efficiency and avoid losses, thus improving 
water quality outcomes.



299

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 7

: O
P

P
O

R
T

U
N

IT
IE

S
 F

O
R

 R
E

C
O

V
E

R
IN

G
 P

H
O

S
P

H
O

R
U

S
 F

R
O

M
 W

A
S

T
E

 S
T

R
E

A
M

S

References
Adam, C., B. Peplinski, M. Michaelis, G. Kley, and 

F.G. Simon. 2009. Thermochemical treatment 
of sewage sludge ashes for phosphorus re-
covery. Waste Manag. 29(3): 1122–1128. doi: 
10.1016/j.wasman.2008.09.011.

Andelkovic, I.B., S. Kabiri, R.C. Da Silva, E. Tav-
akkoli, J.K. Kirby, et al. 2019. Optimisation of 
phosphate loading on graphene oxide-Fe(iii) 
composites-possibilities for engineering slow 
release fertilisers. New J. Chem. 43(22): 8580–
8589. doi: 10.1039/c9nj01641d.

Antonini, S., M.A. Arias, T. Eichert, and J. Clem-
ens. 2012. Greenhouse evaluation and en-
vironmental impact assessment of different 
urine-derived struvite fertilizers as phosphorus 
sources for plants. Chemosphere 89(10): 1202–
1210. doi: 10.1016/j.chemosphere.2012.07.026.

Backus, G. 2017. Manure Management: An 
Overview and Assessment of Policy Instru-
ments in the Netherlands. Washington, DC: 
World Bank.

Bai, Z., L. Ma, S. Jin, W. Ma, G.L. Velthof, et al. 
2016. 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.

Balmér, P. 2004. Phosphorus recovery - An over-
view of potentials and possibilities. Water 
Sci. Technol. 49(10): 185–190. doi: 10.2166/
wst.2004.0640.

Barampouti, E.M., S. Mai, D. Malamis, K. Mous-
takas, and M. Loizidou. 2020. Exploring 
technological alternatives of nutrient recovery 
from digestate as a secondary resource. Re-
new. Sustain. Energy Rev. 134. doi: 10.1016/j.
rser.2020.110379.

Blaney, L.M., S. Cinar, and A.K. SenGupta. 2007. 
Hybrid anion exchanger for trace phosphate 
removal from water and wastewater. Wa-
ter Res. 41(7): 1603–1613. doi: 10.1016/j.
watres.2007.01.008.

BMU. 2017. Klärschlammver- ordnung—AbfKlärV 
(Sewage Sludge Ordinance).

de Boer, M.A., A. Romeo-Hall, T. Rooimans, and 
J. Slootweg. 2018. An Assessment of the Driv-
ers and Barriers for the Deployment of Urban 
Phosphorus Recovery Technologies: A Case 
Study of The Netherlands. Sustainability 10(6): 
1790. doi: 10.3390/su10061790.

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

Bolan, N.S., A.D. Robson, and N.J. Barrow. 1987. 
Effects of vesicular-arbuscular mycorrhiza on 
the availability of iron phosphates to plants. 
Plant Soil 99(2–3): 401–410. doi: 10.1007/
BF02370885.

Bunce, J.T., E. Ndam, I.D. Ofiteru, A. Moore, and 
D.W. Graham. 2018. A Review of Phosphorus 
Removal Technologies and Their Applicability 
to Small-Scale Domestic Wastewater Treat-
ment Systems. Front. Environ. Sci. 6(8). doi: 
10.3389/fenvs.2018.00008.

Bundesanzeiger Verlag. 2017. Verordnung zur Neu-
ordnung der Klarschlammverwertung - Bun-
desgesetzblatt Jahrgang 2017 Teil.

Cabeza, R., B. Steingrobe, W. Römer, and N. Claas-
sen. 2011. Effectiveness of recycled P products 
as P fertilizers, as evaluated in pot experiments. 
Nutr. Cycl. Agroecosystems 91(2): 173–184. 
doi: 10.1007/s10705-011-9454-0.

CBS. 2016. CBS statline. Netherlands Stat. data-
base. https://opendata.cbs.nl/statline/#/CBS/
nl/?fromstatweb (accessed 25 June 2021).

Chandra, P.K., K. Ghosh, and C. Varadachari. 2009. 
A new slow-releasing iron fertilizer. Chem. 
Eng. J. 155(1–2): 451–456. doi: 10.1016/j.
cej.2009.07.017.

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.

Chrispim, M.C., M. Scholz, and M.A. Nolasco. 
2019. Phosphorus recovery from municipal 
wastewater treatment: Critical review of chal-
lenges and opportunities for developing coun-
tries. J. Environ. Manage. 248(109268). doi: 
10.1016/j.jenvman.2019.109268.

Christodoulou, A., and K. Stamatelatou. 2016. 
Overview of legislation on sewage sludge man-
agement in developed countries worldwide. doi: 
10.2166/wst.2015.521.

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.



300

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

Clapp, J., and D. Fuchs. 2009. Corporate Power 
in Global Agrifood Governance. The MIT 
Press, Cambridge, Massachusetts & Lon-
don, England.

Cohen, Y., P. Enfält, and C. Kabbe. 2019. Produc-
tion of clean phosphorus products from sewage 
sludge ash using the ASH2PHOS process. Int. 
Fertil. Soc. Proc. 832: 20.

Cordell, D., a. Rosemarin, J.J. Schröder, and a. 
L. Smit. 2011. Towards global phosphorus 
security: A systems framework for phosphw-
wwwwworus 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.

Cordell, D., and S. White. 2015. Phosphorus se-
curity: global non-governance of a critical 
resource for food security. In: Pattberg, P. and 
Fariborz Zelli, F., editors, Encyclopedia of 
Global Environmental Politics and Govern-
ance. Edward Elgar

Cornel, P., and C. Schaum. 2009. Phosphorus re-
covery from wastewater: needs, technologies 
and costs. Water Sci. Technol. 59(6): 1069–
1076. doi: 10.2166/wst.2009.045.

Le Corre, K.S., E. Valsami-Jones, P. Hobbs, and 
S.A. Parsons. 2009. Phosphorus recovery 
from wastewater by struvite crystallisation: 
a review. Crit. Rev. Environ. Sci. Technol. 
39(6): 433–477.

Crittenden, J., R. Trussell, D. Hand, K. Howe, and 
G. Tchobanoglous. 2005. Water Treatment: 
Principles and Design. 3rd ed. John Wiley & 
Sons., Hoboken, New Jersey, USA.

Darch, T., R.M. Dunn, A. Guy, J.M.B. Hawkins, 
M. Ash, et al. 2019. Fertilizer produced from 
abattoir waste can contribute to phosphorus 
sustainability, and biofortify crops with min-
erals (Y.H. Jung, editor). 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.

Desmidt, E., K. Ghyselbrecht, Y. Zhang, L. 
Pinoy, B. Van Der Bruggen, et al. 2015. 
Global phosphorus scarcity and full-scale 
P-recovery techniques: A review. Crit. Rev. 
Environ. Sci. Technol. 45(4): 336–384. doi: 
10.1080/10643389.2013.866531.

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.scito-
tenv.2015.08.048.

Dockhorn, T. 2009. About the economy of phos-
phorus recovery. In: Ashley, K., Mavinic, D., 
and Koch, F., editors, International conference 
on nutrient recovery from wastewater streams. 
IWA Publishing, London.

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

Donatello, S., and C.R. Cheeseman. 2013. Re-
cycling and recovery routes for incinerated 
sewage sludge ash (ISSA): A review. Waste 
Manag. 33(11): 2328–2340. doi: 10.1016/j.was-
man.2013.05.024.

Donatello, S., D. Tong, and C.R. Cheeseman. 2010. 
Production of technical grade phosphoric acid 
from incinerator sewage sludge ash (ISSA). 
Waste Manag. 30(8–9): 1634–1642. doi: 
10.1016/j.wasman.2010.04.009.

Duboc, O., J. Santner, A. Golestani Fard, F. Ze-
hetner, J. Tacconi, et al. 2017. Predicting phos-
phorus availability from chemically diverse 
conventional and recycling fertilizers. Sci. Total 
Environ. 599–600: 1160–1170. doi: 10.1016/J.
SCITOTENV.2017.05.054.

Ebie, Y., T. Kondo, N. Kadoya, M. Mouri, O. 
Maruyama, et al. 2008. Recovery oriented 
phosphorus adsorption process in decentralized 
advanced Johkasou. Water Sci. Technol. 57(12): 
1977–1981. doi: 10.2166/wst.2008.337.

Erisman, J.W., H. van Grinsven, and B. Grizzetti. 
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 Assess-
ment. Cambridge Univeristy Press, Cambridge.

ESPP. 2018. SCOPE newsletter 127. Eur. Sustain. 
Phosphorus Platf. https://phosphorusplatform.
eu/images/scope/scopenewsletter127.pdf.



301

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 7

: O
P

P
O

R
T

U
N

IT
IE

S
 F

O
R

 R
E

C
O

V
E

R
IN

G
 P

H
O

S
P

H
O

R
U

S
 F

R
O

M
 W

A
S

T
E

 S
T

R
E

A
M

S

European Commission. 2014a. Towards a circular 
economy: A zero waste programme for Europe. 
Communication from the commission to the 
European parliament, the council, the Euro-
pean economic and social committee and the 
committee of the regions.

European Commission. 2014b. Report on Critical 
Raw Materials for the EU - Critical Raw Ma-
terials Profiles. 77–85. doi: 10.2873/331561.

European Commission. 2015. You are part of the 
food chain - Key facts and figures on the food 
supply chain in the European Union.

European Commission. 2019. Research & In-
novation Projects relevant to the Circular 
Economy Strategy CALLS 2016 - 2018: HO-
RIZON 2020.

European Parliament. 2018. Fertilisers/cadmi-
um: Parliament and Council negotiators 
reach provisional deal. Eur. Parliam. Press 
Release - REF. 20181119IPR19407. http://
www.europarl.europa.eu/news/nl/press-
room/20181119IPR19407/fertilisers-cad-
mium-parliament-and-council-negotia-
tors-reach-provisional-deal (accessed 10 Jan-
uary 2020).

European Parliment. 2019. Regulation (EU) 
2019/1009 of the European Parliament and of 
the Council of 5 June 2019. Laying down rules 
on the making available on the market of EU 
fertilising products and amending Regulations 
(EC) No 1069/2009 and (EC) No 1107/2009. 
http://www.legislation.gov.uk/eur/2019/1009/
annex/iii/adopted?view=plain#.

Fang, F., K.W. Easter, and P.L. Brezonik. 2005. 
Point-nonpoint source water quality trading: 
a case study in the Minnesota river basin. J. 
Am. Water Resour. Assoc. 41(3): 645–657. doi: 
10.1111/j.1752-1688.2005.tb03761.x.

Feng, Q., and Y. Lin. 2017. Integrated processes of 
anaerobic digestion and pyrolysis for higher bi-
oenergy recovery from lignocellulosic biomass: 
A brief review. Renew. Sustain. Energy Rev. 77: 
1272–1287. doi: 10.1016/j.rser.2017.03.022.

Forrest, A.L., K.P. Fattah, D.S. Mavinic, and F.A. 
Koch. 2008. Optimizing Struvite Production 
for Phosphate Recovery in WWTP. J. En-
viron. Eng. 134(5): 395–402. doi: 10.1061/
(ASCE)0733-9372(2008)134:5(395).

Freidberg, S. 2020. Assembled but unrehearsed: 
corporate food power and the ‘dance’ of supply 
chain sustainability. J. Peasant Stud. 47(2): 383–
400. doi: 10.1080/03066150.2018.1534835.

Garbach, K., M. Lubell, and F.A.J. DeClerck. 2012. 
Payment for Ecosystem Services: The roles of 
positive incentives and information sharing in 
stimulating adoption of silvopastoral conser-
vation practices. Agric. Ecosyst. Environ. 156: 
27–36. doi: 10.1016/j.agee.2012.04.017.

Giesen, A. 1999. Crystallisation process en-
ables environmental friendly phosphate 
removal at low costs. Environ. Technol. 
(United Kingdom) 20(7): 769–775. doi: 
10.1080/09593332008616873.

Godfray, H.C.J., P. Aveyard, T. Garnett, J.W. 
Hall, T.J. Key, et al. 2018. Meat consumption, 
health, and the environment. Science (80-. 
). 361(6399): eaam5324. doi: 10.1126/sci-
ence.aam5324.

Gordon, L.J., V. Bignet, B. Crona, P.J.G. Henriks-
son, T. Van Holt, et al. 2017. Rewiring food 
systems to enhance human health and bio-
sphere stewardship. Environ. Res. Lett. 12(10): 
100201. doi: 10.1088/1748-9326/aa81dc.

De Graaff, M.S., H. Temmink, G. Zeeman, and 
C.J.N. Buisman. 2011. Energy and phosphorus 
recovery from black water. Water Sci. Technol. 
63(11): 2759–2765. doi: 10.2166/wst.2011.558.

Guilayn, F., M. Rouez, M. Crest, D. Patureau, and J. 
Jimenez. 2020. Valorization of digestates from 
urban or centralized biogas plants: a critical 
review. Rev. Environ. Sci. Biotechnol. 19(2): 
419–462. doi: 10.1007/s11157-020-09531-3.

de Haes, H.A.U., R. Voortman, T. Bastein, D. 
Bussink, C. Rougoor, et al. 2012. Scarcity of 
micronutrients in soil, feed, food, and mineral 
reserves: Urgency and policy options. Utrecht, 
Netherlands.

Halleux, V. 2019. ‘EU Legislation in Progress’ 
briefings. Fifth edition of a briefing orig-
inally drafted by Didier Bourguignon. 
EPRS - Eur. Parliam. Res. Serv. PE 582.010. 
doi: http://www.europarl.europa.eu/Reg-
Data/etudes/BRIE/2016/582010/EPRS_
BRI(2016)582010_EN.pdf.

Hermann, L., and R. Hermann . 2019. Report on 
regulations governing anaerobic digesters and 
nutrient recovery and reuse in EU member 
states. Wageningen Environmental Research, 
Wageningen.  doi: 10.18174/476673. 

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. doi: 10.2134/jeq2018.06.0233.



302

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

Hinsinger, P. 2001. Bioavailability of soil inorganic 
P in the rhizosphere as affected by root-in-
duced chemical changes: A review. Plant and 
Soil. p. 173–195.

Von Horn, J., and C. Sartorius. 2009. International 
Conference on Nutrient Recovery from Waste-
water Streams - Vancouver. London.

Hörtenhuber, S.J., M.C. Theurl, and K. Möller. 
2019. Comparison of the environmental per-
formance of different treatment scenarios for 
the main phosphorus recycling sources. Renew. 
Agric. Food Syst. 34(4): 349–362. doi: 10.1017/
S1742170517000515.

Huang, G.H., T.C. Chen, S.F. Hsu, Y.H. 
Huang, and S.H. Chuang. 2014. Capac-
itive deionization (CDI) for removal of 
phosphate from aqueous solution. Desa-
lin. Water Treat. 52(4–6): 759–765. doi: 
10.1080/19443994.2013.826331.

Hukari, S., L. Hermann, and A. Nättorp. 2016. 
From wastewater to fertilisers - Technical over-
view and critical review of European legislation 
governing phosphorus recycling. Sci. Total 
Environ. 542: 1127–1135. doi: 10.1016/j.scito-
tenv.2015.09.064.

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.

IndexMundi. 2020. Rock Phosphate - Monthly 
Price - Commodity Prices - Price Charts, 
Data, and News. http://www.indexmundi.
com/commodities/?commodity=rock-phos-
phate&months=180 (accessed 20 De-
cember 2020).

IWMI. 2017. A milestone on the road to greener 
economies. Int. Water Manag. Inst. website 
Under Reg. News Africa News. http://www.
iwmi.cgiar.org/2017/05/a-milestone-on-the-
road-to-greener-economies/.

Jaffer, Y., T.A. Clark, P. Pearce, and S.A. Parsons. 
2002. Potential phosphorus recovery by struvite 
formation. Water Res. 36(7): 1834–1842. doi: 
10.1016/S0043-1354(01)00391-8.

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

Jupp, A.R., S. Beijer, G.C. Narain, W. Schipper, and 
J.C. Slootweg. 2020. Phosphorus recovery and 
recycling – closing the loop. Chem. Soc. Rev. 
doi: 10.1039/d0cs01150a.

Kabbe, C., and S. Rinck-Pfeiffer. 2019. Global Com-
pendium on Phosphorus Recovery from Sewage/
Sludge/Ash. Global Water Research Coalition, 
Australia.

Kang, S.K., K.H. Choo, and K.H. Lim. 2003. Use 
of iron oxide particles as adsorbents to enhance 
phosphorus removal from secondary wastewa-
ter effluent. Sep. Sci. Technol. 38(15): 3853–
3874. doi: 10.1081/SS-120024236.

Kanter, D.R., and W.J. Brownlie. 2019. Joint nitro-
gen and phosphorus management for sustain-
able development and climate goals. Environ. 
Sci. Policy 92: 1–8. doi: 10.1016/J.ENVS-
CI.2018.10.020.

Kataki, S., H. West, M. Clarke, and D.C. Baruah. 
2016. Phosphorus recovery as struvite: Recent 
concerns for use of seed, alternative Mg source, 
nitrogen conservation and fertilizer potential. 
Resour. Conserv. Recycl. 107: 142–156. doi: 
10.1016/j.resconrec.2015.12.009.

Khoshnevisan, B., N. Duan, P. Tsapekos, M.K. 
Awasthi, Z. Liu, et al. 2021. A critical review 
on livestock manure biorefinery technologies: 
Sustainability, challenges, and future perspec-
tives. Renew. Sustain. Energy Rev. 135: 110033. 
doi: 10.1016/j.rser.2020.110033.

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

Kraus, F., M. Zamzow, L. Conzelmann, C. Remy, 
A. Kleyböcker, et al. 2019. Ökobilanzieller Ver-
gleich der P-Rückgewinnung aus dem Abwas-
serstrom mit der Düngemittelproduktion aus 
Rohphosphaten unter Einbeziehung von Um-
weltfolgeschäden und deren Vermeidung, Des-
sau-Roßlau: Umweltbundesamt. (in German).

Krüger, O., and C. Adam. 2015. Recovery po-
tential of German sewage sludge ash. Waste 
Manag. 45: 400–406. doi: 10.1016/j.was-
man.2015.01.025.

Kupfernagel, J., B. Reitsma, J. Steketee, and F. de 
Ruijter. 2017. Possibilities and opportunities 
for recovery of nutrients other than phospho-
rus. Deventer. Tauw, Natherlands.



303

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 7

: O
P

P
O

R
T

U
N

IT
IE

S
 F

O
R

 R
E

C
O

V
E

R
IN

G
 P

H
O

S
P

H
O

R
U

S
 F

R
O

M
 W

A
S

T
E

 S
T

R
E

A
M

S

Latifian, M., J. Liu, and B. Mattiasson. 2012. Stru-
vite-based fertilizer and its physical and chemi-
cal properties. Environ. Technol. 33(24): 2691–
2697. doi: 10.1080/09593330.2012.676073.

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? (8 
pp). Environ. Sci. Pollut. Res. 14(S1): 53–60. 
doi: 10.1065/espr2006.12.365.

Li, B., I. Boiarkina, W. Yu, H.M. Huang, T. Munir, 
et al. 2019a. Phosphorous recovery through 
struvite crystallization: Challenges for future 
design. Sci. Total Environ. 648: 1244–1256. 
doi: 10.1016/j.scitotenv.2018.07.166.

Li, B., I.A. Udugama, S.S. Mansouri, W. Yu, S. Ba-
routian, et al. 2019b. An exploration of barriers 
for commercializing phosphorus recovery tech-
nologies. J. Clean. Prod. 229: 1342–1354. doi: 
10.1016/j.jclepro.2019.05.042.

Lu, Y.Z., H.F. Wang, T.A. Kotsopoulos, and R.J. 
Zeng. 2016. Advanced phosphorus recovery us-
ing a novel SBR system with granular sludge in 
simultaneous nitrification, denitrification and 
phosphorus removal process. Appl. Microbiol. 
Biotechnol. 100(10): 4367–4374. doi: 10.1007/
s00253-015-7249-y.

Lürling, M., and M. Mucci. 2020. Mitigating eu-
trophication nuisance: in-lake measures are 
becoming inevitable in eutrophic waters in the 
Netherlands. Hydrobiologia 847(21): 4447–
4467. doi: 10.1007/s10750-020-04297-9.

Macintosh, K.A., D.G. Doody, P.J.A. Withers, 
R.W. McDowell, D.R. Smith, et al. 2019. 
Transforming soil phosphorus fertility man-
agement strategies to support the delivery of 
multiple ecosystem services from agricultural 
systems. Sci. Total Environ. 649: 90–98. doi: 
10.1016/j.scitotenv.2018.08.272.

Mahoo, F. 2018. Methods for phosphorus recovery 
from waste water: A review. J. Biodivers. Envi-
ron. Sci. 13(2): 315–323.

Malomo, G.A., A.S. Madugu, and S.A. Bolu. 2018. 
Sustainable Animal Manure Management 
Strategies and Practices. Agricultural Waste 
and Residues. InTech.

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

Matsubae, K., J. Kajiyama, T. Hiraki, and 
T. Nagasaka. 2011. Virtual phospho-
rus ore requirement of Japanese economy. 
Chemosphere 84(6): 767–772. doi: 10.1016/j.
chemosphere.2011.04.077.

Matsubae, K., and E. Webeck. 2019. Phosphorus 
Flows in Asia. In: Ohtake, H. and Tsuneda, S., 
editors, Phosphorus Recovery and Recycling. 
Springer. New York. 

Matsubae, K., E. Webeck, K. Nansai, K. Nakajima, 
M. Tanaka, et al. 2015. Hidden phosphorus 
flows related with non-agriculture industrial 
activities: A focus on steelmaking and metal 
surface treatment. Resour. Conserv. Recycl. 105: 
360–367. doi: 10.1016/j.resconrec.2015.10.002.

Matsubae, K., E. Yamasue, T. Inazumi, E. Webeck, 
T. Miki, et al. 2016. Innovations in steelmaking 
technology and hidden phosphorus flows. Sci. 
Total Environ. 542: 1162–1168. doi: 10.1016/j.
scitotenv.2015.09.107.

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

McLaughlin, M.J., T.M. McBeath, R. Smernik, S.P. 
Stacey, B. Ajiboye, et al. 2011. The chemical na-
ture of P accumulation in agricultural soils-im-
plications for fertiliser management and design: 
An Australian perspective. Plant Soil 349(1–2): 
69–87. doi: 10.1007/s11104-011-0907-7.

Mihelcic, J.R., L.M. Fry, and R. Shaw. 2011. Global 
potential of phosphorus recovery from human 
urine and feces. Chemosphere 84(6): 832–9. 
doi: 10.1016/j.chemosphere.2011.02.046.

Molinos-Senante, M., F. Hernández-Sancho, R. 
Sala-Garrido, and M. Garrido-Baserba. 2011. 
Economic feasibility study for phosphorus re-
covery processes. Ambio 40(4): 408–416. doi: 
10.1007/s13280-010-0101-9.

Morse, G.K., S.W. Brett, J.A. Guy, and J.N. Lester. 
1998. Review: Phosphorus removal and re-
covery technologies. Sci. Total Environ. 212: 
69–81. https://linkinghub.elsevier.com/retrieve/
pii/S004896979700332X.

Nakagawa, H., and J. Ohta. 2019. Phosphorus Re-
covery from Sewage Sludge Ash: A Case Study 
in Gifu, Japan. Phosphorus Recovery and Re-
cycling. Springer. p. 149–158.



304

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

Nieminen, M., A. Laurén, H. Hökkä, S. Sarkko-
la, H. Koivusalo, et al. 2011. Recycled iron 
phosphate as a fertilizer raw material for tree 
stands on drained boreal peatlands. For. Ecol. 
Manage. 261(1): 105–110. doi: 10.1016/j.fore-
co.2010.09.036.

Nur, T., M.A.H. Johir, P. Loganathan, T. Nguyen, 
S. Vigneswaran, et al. 2014. Phosphate removal 
from water using an iron oxide impregnated 
strong base anion exchange resin. J. Ind. Eng. 
Chem. 20(4): 1301–1307. doi: 10.1016/j.
jiec.2013.07.009.

O’Neal, J.A., and T.H. Boyer. 2015. Phosphorus 
recovery from urine and anaerobic digester fil-
trate: comparison of adsorption–precipitation 
with direct precipitation. Environ. Sci. Water 
Res. Technol. 1(4): 481–492. doi: 10.1039/
C5EW00009B.

Oehmen, A., P.C. Lemos, G. Carvalho, Z. Yuan, 
J. Keller, et al. 2007. Advances in enhanced 
biological phosphorus removal: From micro to 
macro scale. Water Res. 41(11): 2271–2300. 
doi: 10.1016/j.watres.2007.02.030.

Ohtake, H., and S. Tsuneda, editors. 2019. Phos-
phorus Recovery and Recycling. Springer Sin-
gapore, Singapore.

Oleszkiewicz, J., D. Kruk, T. Devlin, M. Lashka-
rizadeh, and Q. Yuan. 2015. Options for Im-
proved Nutrient Removal and Recovery from 
Municipal Wastewater in the Canadian Con-
text. Winnipeg, MN Can. Water Netw.

Pan, B., J. Wu, B. Pan, L. Lv, W. Zhang, et al. 2009. 
Development of polymer-based nanosized 
hydrated ferric oxides (HFOs) for enhanced 
phosphate removal from waste effluents. Wa-
ter Res. 43(17): 4421–4429. doi: 10.1016/j.
watres.2009.06.055.

PBL Netherlands Environmental Assessment 
Agency. 2012. The Netherlands In 21 info-
graphics. doi: 10.1017/s0084255900042327.

Petzet, S., B. Peplinski, and P. Cornel. 2012. On 
wet chemical phosphorus recovery from sew-
age sludge ash by acidic or alkaline leaching 
and an optimized combination of both. Wa-
ter Res. 46(12): 3769–3780. doi: 10.1016/j.
watres.2012.03.068.

Piñeiro, V., J. Arias, J. Dürr, P. Elverdin, A.M. 
Ibáñez, et al. 2020. A scoping review on 
incentives for adoption of sustainable agri-
cultural 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 Agricul-
tural Independence Through Phosphorus 
Recycling. Earth’s Futur. 7(4): 370–383. doi: 
10.1029/2018EF001097.

Qiu, G., Y. Song, P. Zeng, S. Xiao, and L. Duan. 
2011. Phosphorus recovery from fosfomy-
cin pharmaceutical wastewater by wet air 
oxidation and phosphate crystallization. 
Chemosphere 84(2): 241–246. doi: 10.1016/j.
chemosphere.2011.04.011.

Qiu, L., P. Zheng, M. Zhang, X. Yu, and G. Abbas. 
2015. Phosphorus removal using ferric-calcium 
complex as precipitant: Parameters optimi-
zation and phosphorus-recycling potential. 
Chem. Eng. J. 268: 230–235. doi: 10.1016/j.
cej.2014.12.107.

Rittmann, B.E., B. Mayer, P. Westerhoff, and M. 
Edwards. 2011. Capturing the lost phosphorus. 
Chemosphere 84(6): 846–853. doi: 10.1016/j.
chemosphere.2011.02.001.

Ryu, H.-D., C.-S. Lim, Y.-K. Kim, K.-Y. Kim, and 
S.-I. Lee. 2012. Recovery of Struvite Obtained 
from Semiconductor Wastewater and Reuse as 
a Slow-Release Fertilizer. Environ. Eng. Sci. 
29(6): 540–548. doi: 10.1089/ees.2011.0207.

Sartorius, C., J. von Horn, and F. Tettenborn. 2012. 
Phosphorus Recovery from Wastewater-Expert 
Survey on Present Use and Future Potential. 
Water Environ. Res. 84(4): 313–322. doi: 10.21
75/106143012x13347678384440.

Schipper, W. 2019. Success Factors for Implement-
ing Phosphorus Recycling Technologies. In: 
Ohtake, H. and Tsuneda, S., editors, Phos-
phorus Recovery and Recycling. Springer. 
p. 101–130.

Schoumans, O.F., P.A.I. Ehlert, I.C. Regelink, J.A. 
Nelemans, I.G.A.M. Noij, et al. 2017. Chem-
ical phosphorus recovery from animal and 
digestate; Laboratory and pilots experiments. 
Wageningen Environ. Res. (2849): 114.

Schröder, J.J., and J.J. Neeteson. 2008. Nutrient 
management regulations in The Netherlands. 
Geoderma 144(3–4): 418–425. doi: 10.1016/j.
geoderma.2007.12.012.

Schweizer Bundesrat. 2015. Verordnung Über die 
Vermeidung und die Entsorgung von Abfäl-
len (VVEA); Ordinance on Avoid- ance and 
Disposal of Waste; Schweizer Bundesrat: Bern, 
Switzerland.



305

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 7

: O
P

P
O

R
T

U
N

IT
IE

S
 F

O
R

 R
E

C
O

V
E

R
IN

G
 P

H
O

S
P

H
O

R
U

S
 F

R
O

M
 W

A
S

T
E

 S
T

R
E

A
M

S

Sengupta, S., and A. Pandit. 2011. Selective remov-
al of phosphorus from wastewater combined 
with its recovery as a solid-phase fertilizer. 
Water Res. 45(11): 3318–3330. doi: 10.1016/j.
watres.2011.03.044.

Sexton, R.J., and T. Xia. 2018. Increasing Con-
centration in the Agricultural Supply Chain: 
Implications for Market Power and Sec-
tor Performance. Annu. Rev. Resour. Econ. 
10(1): 229–251. doi: 10.1146/annurev-re-
source-100517-023312.

Shi, L., W.S. Simplicio, G. Wu, Z. Hu, H. Hu, et 
al. 2018. Nutrient Recovery from Digestate of 
Anaerobic Digestion of Livestock Manure: a 
Review. Curr. Pollut. Reports 4(2): 74–83. doi: 
10.1007/s40726-018-0082-z.

Shu, L., P. Schneider, V. Jegatheesan, and J. John-
son. 2006. An economic evaluation of phos-
phorus recovery as struvite from digester super-
natant. Bioresour. Technol. 97(17): 2211–2216. 
doi: 10.1016/j.biortech.2005.11.005.

Smol, M. 2019. The importance of sustainable 
phosphorus management in the circular econo-
my (CE) model: the Polish case study. J. Mater. 
Cycles Waste Manag. 21(2): 227–238. doi: 
10.1007/s10163-018-0794-6.

Smolders, A.J.P., L.P.M. Lamers, E.C.H.E.T. 
Lucassen, G. Van Der Velde, and J.G.M. 
Roelofs. 2006. Internal eutrophication: 
How it works and what to do about it - A 
review. Chem. Ecol. 22(2): 93–111. doi: 
10.1080/02757540600579730.

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

Steffen, W., W. Broadgate, L. Deutsch, O. Gaffney, 
and C. Ludwig. 2015. The Trajectory of the 
Anthropocene: the Great Acceleration. Antro-
pocene Rev. 2(81–98).

Tarayre, C., L. De Clercq, R. Charlier, E. Michels, 
E. Meers, et al. 2016. New perspectives for 
the design of sustainable bioprocesses for 
phosphorus recovery from waste. Bioresour. 
Technol. 206: 264–274. doi: 10.1016/j.bi-
ortech.2016.01.091.

The Federal Council - Switzerland. 2016. Revised 
Technical Ordinance on Waste: Step towards 
the Conservation of Resources. https://www.
admin.ch/gov/de/start/dokumentation/medi-
enmitteilungen.msg-id-59785.html (accessed 8 
December 2020).

The Swiss Federal Council. 2015. Verordnung über 
die Vermeidung und die Entsorgung von Ab-
fällen. (in German).

Timotijevic, L., J. Barnett, K. Brown, R. Shepherd, 
L. Fernández-Celemín, et al. 2011. The process 
of setting micronutrient recommendations: 
A cross-European comparison of nutri-
tion-related scientific advisory bodies. Public 
Health Nutr. 14(4): 716–728. doi: 10.1017/
S1368980010002363.

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

Uysal, A., and S. Demir. 2013. Struvite Pyrolysate 
Recycling for Removing Ammonium from 
Baker’s Yeast Industry Wastewater.

Vaneeckhaute, C., O. Darveau, and E. Meers. 2019. 
Fate of micronutrients and heavy metals in 
digestate processing using vibrating reversed 
osmosis as resource recovery technology. Sep. 
Purif. Technol. 223: 81–87. doi: 10.1016/j.sep-
pur.2019.04.055.

Vaneeckhaute, C., V. Lebuf, E. Michels, E. Belia, 
P.A. Vanrolleghem, et al. 2017. Nutrient Re-
covery from Digestate: Systematic Technology 
Review and Product Classification. Waste 
and Biomass Valorization 8(1): 21–40. doi: 
10.1007/s12649-016-9642-x.

Vorley, B. 2001. The Chains of Agriculture: 
Sustainability and the Restructuring of 
Agri-food Markets. Int. Inst. Environ. 
Dev. Collab. with Reg. Int. Netw. Gr. doi: 
10.4324/9781849772693.

Walker, S. 2017. Beating the burn rate for re-
source and energy recovery from sludge. Glob. 
Water Intel.

Wang, H., K. Xiao, J. Yang, Z. Yu, W. Yu, et al. 
2020. Phosphorus recovery from the liquid 
phase of anaerobic digestate using biochar de-
rived from iron−rich sludge: A potential phos-
phorus fertilizer. Water Res. 174: 115629. doi: 
10.1016/j.watres.2020.115629.

Westerman, P.W.W., and J.R.R. Bicudo. 2005. 
Management considerations for organic waste 
use in agriculture.



306

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

Wilfert, P., P.S. Kumar, L. Korving, G.-J.J. Wit-
kamp, M.C.M.M. Van Loosdrecht, et al. 
2015. The Relevance of Phosphorus and Iron 
Chemistry to the Recovery of Phosphorus 
from Wastewater: A Review. Environ. Sci. 
Technol. 49(16): 9400–9414. doi: 10.1021/acs.
est.5b00150.

Withers, P.J.A. 2019. Closing the phosphorus cycle. 
Nat. Sustain. 2(11): 1001–1002. doi: 10.1038/
s41893-019-0428-6.

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

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

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.

Zhao, D., and A.K. SenGupta. 2000. Ligand sep-
aration with a copper(II)-loaded polymeric 
ligand exchanger. Ind. Eng. Chem. Res. 39(2): 
455–462. doi: 10.1021/ie990740k.

Zhu, X., and A. Jyo. 2005. Column-mode phos-
phate removal by a novel highly selective ad-
sorbent. Water Res. 39(11): 2301–2308. doi: 
10.1016/j.watres.2005.04.033.



307

w
w

w
.o

pf
gl

ob
al

.c
om

C
H

A
P

T
E

R
 7

: O
P

P
O

R
T

U
N

IT
IE

S
 F

O
R

 R
E

C
O

V
E

R
IN

G
 P

H
O

S
P

H
O

R
U

S
 F

R
O

M
 W

A
S

T
E

 S
T

R
E

A
M

S



308

08



309

w
w

w
.o

pf
gl

ob
al

.c
om

Consumption: the 
missing link towards 
phosphorus security
Lead author:  Geneviève S. Metson

Co-authors:  Will J. Brownlie, Julia C. Bausch, Malin Jonell, Kazuyo Matsubae,  
  Frank Mnthambala, Caroline Schill, Elizabeth Tilley

Supporting low levels of animal 
product (meat, dairy, and eggs) 
consumption and food waste can 
significantly reduce the impacts 
of unsustainable phosphorus 
use. In addition, consuming 
products grown with good on-farm 
nutrient management practices, 
including phosphorus recycling 
can further reduce impacts. 
These changes can contribute to 
achieving multiple United Nations’ 
Sustainable Development Goals 
related to improving human and 
environmental health.

Left: Plant protein burgers cooked 
with vegan cheese. A reduction in 
the production of animal products 
may reduce global agricultural 
demand and contribute to 
healthier environments. Image 
courtesy of likemeat on www.
unsplash.com; for further info see 
www.likemeat.com

Suggested citation for this chapter: G.S. Metson, W.J. Brownlie, J.C. Bausch, M. Jonell, K. Matsubae, F. Mnthambala, C. Schill, 
E. Tilley. (2022). Chapter 8. Consumption - the missing link towards phosphorus sustainability, 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.2.2.36498.73925
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Challenge 8.1: Animal products have high phosphorus 
footprints
The production of meat, dairy and eggs requires disproportionately high amounts of mineral 
phosphorus fertilisers. Under 2011 global farming practices, it took 16 times more mineral 
phosphorus fertiliser to produce 1 g of beef protein than 1 g of legume/pulse protein. 

Challenge 8.2: Consumption of animal products is increasing
A 38% rise in the phosphorus footprint of the average diet in the last 50 years is mostly associated 
with the increased consumption of animal products. A remarkable increase has occurred in China 
and Brazil; however, their footprints are still below the USA and other industrialised countries (e.g. 
average per capita protein intake in the EU is about 70% higher than recommended). Economic 
development correlates with increased consumption of animal products. Some populations still 
require a more diverse and calorie-rich diet.

Challenge 8.3: Food loss and waste is high across the globe 
Globally, 23% of nutrients in fertilisers are used to produce products that are then lost in agricultural 
and food wastes. The loss at each stage, from farm to fork, differs among regions. Generally, waste is 
higher on a per-capita basis in industrialised countries, whilst in lower-income countries, losses are 
driven by insufficient infrastructure.

Challenge 8.4: Changing consumer food habits is difficult
Whilst a shift towards more phosphorus-sustainable diets and waste management practices is 
required, a complex network of conditions must be met for an individual to change behaviour, which 
varies by region, country, town, and even family. Raising awareness of negative environmental and/
or health impacts (including phosphorus sustainability issues) of certain food choices alone is not 
enough to change behaviours. People’s resources and capacity to change need to be considered as well. 

Challenge 8.5: Unsustainable pricing models may slow a 
transition to sustainable practices
There is a disconnect between what a consumer pays for food and the true ‘costs’ of food production. 
The costs involved in mitigating environmental degradation and biodiversity loss from phosphorus 
losses, and in developing more phosphorus sustainable agriculture systems, are not covered in the 
price of food products.
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Solution 8.1: Reduce consumption of animal products to 
recommended levels
Wider adoption of healthy diets with low to moderate amounts of meat and dairy (especially 
low in red meat) could radically reduce demand for mineral phosphorus fertilisers and thus 
phosphate rock mining. While some demographics could benefit from increased access to 
animal products, large gains can be made from reducing meat consumption in countries that 
already consume more than is recommended. The global adoption of a vegetarian diet would 
cut both fertiliser needs and eutrophication effects by 50%. Although this may be unrealistic, it 
indicates the major influence of diet change on the global phosphorus cycle.

Solution 8.2: Promote the wide adoption of healthy and 
regionally appropriate diets
The wide adoption of healthy diets rich in plant-based foods and sustainable aquaculture 
produce is compatible with sustainable phosphorus management. Sustained communication, 
along with global and regional structural changes to food systems can help consumers adopt 
diets that are good for them and the environment.

Solution 8.3: Reduce food loss throughout food 
production, retail, and consumption sectors
Most food loss in low-income countries occurs before products reach consumers; meanwhile 
wealthier nations waste more food in retail and at home. Efficient strategies to reduce waste 
will target the most wasteful, with support underpinned by evidence that quantifies the benefits 
of change. 

Solution 8.4: Make being ‘sustainable’ easy and rewarding 
for consumers 
It should be easy and affordable for everyone to make healthy diet choices, decrease food waste, 
and support the safe use of recycled phosphorus from organic wastes (e.g. food waste and 
excreta) in food production. Incentive structures (including ‘health nudges’ and ‘choice editing’) 
embedded in food systems should be transformed to make phosphorus-sustainable food 
choices the ‘default’ option.

Solution 8.5: Develop policies that encourage and support 
consumers to lead sustainable phosphorus lifestyles
Developing economic and regulatory policies that encourage and support high recycling rates, 
low animal product consumption and low waste production will be necessary for sustainable 
change. This may involve setting high goals for organic waste recycling, direct taxes on animal 
products, or decreasing subsidies that affect the price of meat.
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8.1 Introduction
The role that consumers play in the 
phosphorus (P) cycle is often overlooked. 
Although most consumers do not 
physically control how much P is used 
to fertilise food crops or where their 
waste goes, they still have great influence 
over the P cycle through their individual 
and collective purchasing power, waste 
management, and through the policies 
they support. Yet, many consumers feel 
disconnected from how their food is 
produced and processed; a trend that is 
increasing with global urbanisation ( Jones 
et al., 2013).

8.1.1 Individual impacts on 
phosphorus sustainability

Individual citizens and families affect 
P sustainability in many ways, however, 
the largest impact stems from what 
they eat. Around 85% of all mined P is 
used in food production (de Boer et al., 
2019). Over the last 60 years, 38% of 
the increased use of mineral P fertilisers 
can be attributed to global diet changes 
(Metson et al., 2012). This increase 
is predominantly related to increased 
consumption of animal products (meats 
like beef, poultry and pork, as well as 
milk and eggs) (Metson et al., 2012, 
2016a; Poore and Nemecek, 2018; Li et 
al., 2019; Oita et al., 2020), especially 
in wealthier countries where per capita 
consumption is often higher than is 
recommended (WHO, 2003). If this 
trajectory continues, most of the United 
Nations Sustainable Development Goals 
will not be met (SDGs) (IPES-Food, 
2017; Gordon et al., 2017).

Whilst food consumption is the biggest 
driver of household P flows, other 
decisions also have an impact. For 
example, the maintenance of household 
sanitation systems (e.g. leaky septic tanks; 
Withers et al., 2014), the use of lawn and 
garden fertilisers (Lehman et al., 2011), 
laundry and dishwashing detergents (van 
Puijenbroek et al., 2018) and the number 
of household pets (Chowdhury et al., 
2014; van Dijk et al., 2016), can all affect 
P flows. Also, increasingly affluent and 
high-tech lifestyles are driving demand 
for high-grade P in industrial sectors 
such as steel, iron and battery production 
(Matsubae et al., 2015) and clothing and 
construction materials (Hamilton et al., 
2018). Indeed, in 2011, 35% of marine 
and coastal eutrophication and 38% of 
freshwater eutrophication was associated 
with the production of non-food products 
(i.e. clothing, goods for shelter, services 
and other manufactured products) and 
these proportions have increased over 
time (Hamilton et al., 2018).

Phosphorus foot-printing methods have 
allowed analysis of the P requirements 
of individuals (Dhar et al., 2021; Metson 
et al., 2016b; Poore and Nemecek, 2018; 
Oita et al., 2020), and populations, as 
well as the P footprint of individual 
products (Metson et al., 2012). The use 
of P footprints to assess the sustainability 
of a given action, behaviour or product 
should be accompanied by careful analysis 
of footprint definitions (Čuček et al., 
2012). Considerations when interpreting 
assessments based on P footprints are 
provided in Focus Box 8.1
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Focus Box 8.1 - A closer look 
at phosphorus footprints
Authors: Heidi Peterson and Tom Bruulsema

As consumers, the choices that we 
make each day leave impressions on our 
environment. These impressions can be 
called “footprints” which can be tracked 
using assessments like life-cycle analysis 
or material flow analysis. Footprints can 
be used to compare products for the 
amounts and sources of P used in their 
manufacture. 

A P footprint is quantified using the 
inverse of the equation used for P use 
efficiency (see Chapter 4); it is given 
in terms of P input or flow per unit of 
output. Many different footprints can 
be defined depending on spatial scale, 
temporal scale, and system boundary. 

Foods differ in P footprint, with animal 
products generally having higher impacts 
than plant products (Metson et al., 2012). 
Such footprints can, however, be difficult 
to calculate. The mined P used in crop 
production generates fibre and fuel as 
well as food, and co-products of fuel can 
transfer P from one production stream 
to another. For example, dried distillers’ 
grains from ethanol manufacture, rich in 
P and other nutrients, are consumed by 
cattle, swine, and poultry. The P in the 
manure from these animals can support 
the growth of other crops, including 

wheat grown for food. The calculation 
comparing the P footprint of wheat to 
meat involves allocation assumptions 
that may need to change when the 
relative sizes of the different production 
streams change or as the industries and 
markets evolve. 

The kind of P is as important as the 
amount. The P input in the footprint 
could be from mined or recycled sources. 
Recycled sources could be derived from 
animal manures, food waste, sewage, 
or other sources. Another useful but 
different definition of the footprint might 
involve the amount of P lost to drainage 
water per unit of agricultural production. 

As a sustainability metric, P footprints 
should be considered in balance with 
others. For example, the “field-print” 
defined by the Field to Market Alliance 
for Sustainable Agriculture includes 
biodiversity, energy use, greenhouse gas 
emissions, irrigation water use, land use, 
soil carbon, soil conservation and water 
quality. Phosphorus footprints need to be 
considered in the context of these other 
metrics, selected for their priority to 
the stakeholders of the food value chain 
(Field to Market, 2018). They should 
also be considered in the context of the 
footprint of other nutrients including 
nitrogen and potassium.
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8.1.2 The capacity 
of consumers to 
support phosphorus 
sustainability varies
Globally, the human population is increasing. 
However, stabilising this increase may not 
significantly improve P sustainability as 
high per capita consumption and pollution 
needs to be addressed (Vörösmarty, 2000; 
Bapna, 2011). The exponential growth of 
‘middle class’ populations around the world 
complicates matters because increased wealth 
has historically meant greater resource 
demand, and this cannot continue indefinitely 
(Bapna, 2011).

To better understand sustainable phosphorus 
behaviours, we must better understand 
what motivates food consumption and 
waste management behaviour. For instance, 
social norms play a large role in why 
increased income and urbanisation in China 
has translated to a large increase in the 
consumption of animal products (Zhai et al., 
2014); the aspiration towards a Western diet 
(and arguably Western waste management 
systems) is a powerful driver even if those 
Western systems are not sustainable. 
Individual food consumption behaviours 
are also sometimes determined by religion 
(Pechilis and Raj, 2012). For example, most 
followers of the Hindu faith are lacto-
vegetarians (e.g. exclude meat, fish, poultry 
and eggs) and followers of the Buddhist faith 
are strict vegetarians, while the Christian faith 
does not have any rules regarding food choice 
(Kittler et al., 2016). If wealthy, and/or socially 
powerful, consumers and organisations set 
dietary norms to be less animal product 
intensive, then it may be possible to decouple 
increasing wealth with resource- and waste-
intensive lifestyles. Re-imagining what it is to 
live a good life within planetary boundaries 

requires rethinking our social boundaries, 
including equity and justice (Brand et 
al., 2021).

Importantly, not all consumers have the same 
financial, infrastructural, and social resources 
to support sustainable P management. In 
some contexts, reducing animal product 
consumption is neither desirable nor possible 
due to serious health concerns (e.g. childhood 
stunting) (Kaimila et al 2019) and/or a lack 
of affordable, accessible, healthy alternatives 
(Widener 2018). Similar concerns arise 
when considering access to sanitation and 
waste management options (e.g. Öberg 
et al., 2020), which can affect P recycling. 
Consumers (primarily, but not exclusively, in 
the Global North) who do have the capacity 
for sustainable P lifestyles can directly reduce 
P demand and pollution with their choices, 
and indirectly support P security by affecting 
global food supply chains and social norms.

In this chapter, we argue that although 
different strategies will be required for 
different regions, the goal is the same: to 
support both environmental quality and 
human health in the long term through 
better consumption practices. This chapter 
highlights that the public, as food consumers, 
waste producers, and decision-makers, 
play a critical role in the sustainability of 
the P cycle. However, sustainable products 
should be readily available and affordable 
for consumers to choose from, which in 
most cases will require greater collaborative 
efforts among policymakers, institutions 
(e.g. schools, hospitals), and food processing, 
distribution, and retail services (e.g. 
restaurants). In the following sections, we 
summarise the key challenges to increasing 
phosphorus sustainable consumption 
behaviours and suggest potential solutions to 
overcome them.
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8.2 The Challenges

Challenge 8.1: Animal 
products have high 
phosphorus footprints

The production of meat, dairy and 
eggs requires disproportionately 
high amounts of mineral 
phosphorus fertilisers. Under 
2011 global farming practices, 
it took 16 times more mineral 
phosphorus fertiliser to produce 1 g 
of beef protein than 1 g of legume/
pulse protein.

Each crop and animal has particular 
nutrient needs. Thus, the foods that 
compose our diets affect how much P 
is used in food production (Figure 8.1) 
(Metson et al., 2012). In general, animal 
proteins (especially beef ) require larger 
inputs of P to produce than legume/
pulse protein (Dhar et al., 2021, Metson 
et al., 2012, 2016a; Poore and Nemecek, 
2018; Li et al., 2019; Oita et al., 2020). 
This is because animals require not only 
a certain amount of P, but large amounts 
of feed crops to meet carbohydrate and 
protein needs, and these feed crops also 
require P to grow. Because there are more 
steps in animal production than plant 
production, animals are associated with 
larger P losses to waterways (see Chapter 
5). Under 2011 global farming practices, 
it took 16 times more mineral P fertiliser 
to produce a gram of beef protein than a 
gram of legume/pulse protein (Metson et 
al., 2012). This is a conservative estimate 
because it assumes that grasslands and 
pastures are not fertilised (other than 
with recycled manure) which is not 

currently the case in many areas (e.g. 
North-Western Europe, Australia) and 
is unlikely in the future (Sattari et al., 
2012). However, this assumption cannot 
be applied in some countries like Malawi, 
where 80% of livestock feed comes in 
the form of unfertilised pasture and 
50% of the excreta remains on the land 
(Mnthambala, 2021). Pork, chicken, 
milk and egg production all require 
less P per unit of protein than beef. 
However, producing one unit of animal 
protein still takes up to ten times the 
resources (not just P) of producing one 
unit of vegetarian protein (White and 
Cordell, 2015). The dependence of animal 
production on mineral P fertilisers can 
be reduced by optimising the recycling 
of manure and other organic waste in the 
production of animal feed. Still, some 
losses are unavoidable, and there are 
multiple challenges to safe, economical 
and agronomically appropriate recycling 
that should be addressed (discussed in 
Chapters 6 and 7). Farmed blue food (fish 
and other aquatic foods from freshwater 
and marine environments) can also cause 
leakage of P, but most systems emit 
slightly less than poultry (in terms of kg 
of edible yield) (Gephart et al. 2021). 
For fed aquaculture, 94% of emissions 
stem from on-farm production (Gephart 
et al. 2021). In some circumstances, 
non-fed aquaculture, such as mussels 
and seaweeds, are extractive systems 
that remove P from the water body and 
can therefore be considered part of the 
solution to eutrophication. Blue food 
from capture fisheries causes no emissions 
of phosphorus.
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Figure 8.1 Dietary phosphorus (P) footprint associated with different food groups showing that animal products require more 
mineral fertiliser than plant crops (left side of figure), and the wide range of P footprint values across countries which are 
driven by meat consumption (right side of figure). The P footprint values for a country are expressed as the average amount 
of mineral P fertiliser required to produce food for one person for one year in that country given ‘current’ global agricultural 
practices. Reproduced with permission from HEADWAY (2013) with data based on Metson et al. (2012).
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Challenge 8.2: Consumption 
of animal products is 
increasing

The average diet has seen a 38% 
rise in phosphorus footprint over 
the last 50 years; this can mostly 
be attributed to the increased 
consumption of animal products. A 
remarkable increase has occurred 
in China and Brazil; however, their 
footprints are still below the USA 
and other industrialised countries 
(e.g. average per capita protein 
intake in the EU is about 70% higher 
than recommended). Economic 
development correlates with 
increased consumption of animal 
products. Some populations 
still require a more diverse and 
calorie-rich diet.
Despite a significant increase in the 
consumption of animal products in 
countries such as Brazil and China over 
the last 20 years, levels of consumption are 
still well below those of North American 
and most other industrialised countries 
(Westhoek et al., 2015). The current average 
per capita protein intake in the European 
Union (EU) is about 70% higher than 
necessary according to the World Health 
Organization (WHO) recommendations 
(WHO, 2003).

It is important to note that there are still 
undernourished populations that require 
more calories and a more diverse diet 
(Alexandratos and Bruinsma, 2012). In 
many countries across the Global South, 
a lack of animal protein is responsible for 
stunting in children under five and their 
diets must be artificially supplemented 

(often with milk powder) (Kaimila et al 
2019). Animal products can provide high-
value protein and essential micronutrients 
(i.e. iron and zinc, and vitamin A). However, 
high consumption of animal products, in 
particular red meat, in some countries and 
social classes has led to significant health 
issues (Alexandratos and Bruinsma, 2012) 
and global environmental damage (Stenfield 
et al., 2006; Machovina et al., 2015).

Economic development correlates with 
increased consumption of animal products. 
As a generalisation, as incomes increase, 
people tend to eat more meat (Stamoulis 
et al., 2004; Keats and Wiggins, 2014). 
For example, as China and India, which 
together account for 37% of the global 
population, have gained wealth and become 
increasingly urbanised, there has been 
a shift from a cereal-based diet to more 
animal products (meat, eggs, dairy, fish) as 
well as fresh fruits and vegetables (Gandhi 
and Zhou, 2014). Per capita income 
increased by over 1,000% in China from the 
early 1980s to 2010, accompanied by rural 
(300%) and urban (166%) increases in meat 
consumption, though meat consumption 
was already higher in urban areas (Gandhi 
and Zhou, 2014). Today China is the largest 
consumer of meat in the world (Godfray et 
al., 2018).

Increases in mineral P fertiliser 
consumption were significantly correlated 
with increases in meat consumption in 
China between 1950 and 2010 (Bai et al., 
2016). China’s P footprint increased by 
400% between 1970 and 2010 (Metson 
et al., 2012). If the highest population 
projections become a reality, and global 
diets continue to shift towards more meat 
and more calories, by 2050 demand for 
P fertilisers could increase by 141% from 
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2007 levels (Metson et al., 2012). Under 
current production systems, animal products 
are associated with higher eutrophication 
potential per serving (Poore and Nemecek, 
2018; Willett et al., 2019). Without 
changes to production practices, increased 
consumption will lead to more P pollution.

High consumption of dietary P is linked to 
eating more processed foods that use P as 
an additive (León et al., 2013), which can 
cause serious health problems for people 
with kidney disease (González-Parra et 
al., 2012). Prevalence of chronic kidney 
disease (defined as a reduced glomerular 
filtration rate, increased urinary albumin 
excretion, or both) is estimated to be 8–16% 
worldwide ( Jha et al., 2013). Kidney disease 
is an increasing public health issue; the 
prevalence of end-stage renal disease in 
the USA population has been predicted 
to increase by 48% during the next decade 
and will pose a significant health cost 
burden (Nickolas et al., 2004; Jha et al., 
2013). The increasing use of P additives in 
food could be problematic for people who 
do not know they have kidney problems 
and is complicated by the fact that food is 
rarely labelled for total P content, making 
it hard to avoid (Uribarri and Calvo, 2017). 
Awareness of the disorder remains low in 
many communities and physicians ( Jha et 
al., 2013).

Challenge 8.3: Food loss and 
waste is high across the globe

Globally, 23% of nutrients in 
fertilisers are used to produce 
products that are then lost in 
agricultural and food wastes. The 
loss at each stage, from farm to fork, 
differs among regions. Generally, 
waste is higher on a per-capita basis 
in industrialised countries, whilst in 
lower-income countries, losses are 
driven by insufficient infrastructure.

Globally, 23% of the nutrients in fertilisers 
(P, nitrogen, and potassium) are used in 
products that are lost in food loss and waste 
(Kummu et al., 2012). While large amounts 
of food waste in Asia can be attributed to 
the large population, food waste is much 
higher on a per-capita basis in industrialised 
countries than in low-income countries 
(Kummu et al., 2012). Consumers in 
Europe and North America waste 95-115 
kg year-1 of food, in contrast to only 6-11 
kg year-1 in Sub Saharan Africa and South/
South-East Asia (Gustavsson et al., 2011).

The amount of food loss or waste at each 
stage, from farm to fork, also differs across 
regions. In general, lower-income countries 
have more food loss before products reach 
consumers because of food storage issues, 
while wealthier nations tend to waste more 
food in retail and home settings (Parfitt et 
al., 2010). Therefore, interventions to reduce 
food loss and waste across regions may 
differ significantly.

A study in the US suggested that diets 
that are rich in fresh fruits and vegetables 
are linked to higher amounts of waste 
because these foods can easily perish 
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(Conrad et al., 2018). However, because 
fruits and vegetables have a lower fertiliser 
footprint than many other foods, this diet 
can still contribute less to the onset of 
eutrophication (Poore and Nemecek, 2018). 
Cultural aspects of diet, in conjunction 
with religious rituals, are also known 
to contribute to the problem of food 
loss. During Ramadan in some Arabic 
countries, almost 30%-50% of the food 
prepared is wasted because of excessive 
meal preparation (Abiad and Meho, 2018). 
Similarly in India, nearly 8 Mt waste year-1 
is produced from temple, mosque, and 
church offerings (ASK-EHS, 2019) which 
usually include milk, fruits and sweets along 
with flowers and tree leaves. These sacred 
offerings are frequently thrown into rivers, 
ponds and lakes where they can cause 
significant harm to water ecosystems (ASK-
EHS, 2019). To achieve the maximum 
environmental and resource benefits, the 
potential of food waste and diet change 
should be considered together in the 
context of complex cultural norms.

Challenge 8.4: Changing 
consumer food habits 
is difficult

Whilst a shift towards more 
phosphorus-sustainable 
diets and waste management 
practices is required, a complex 
network of conditions must be 
met for an individual to change 
behaviour, which varies by region, 
country, town, and even family. 
Raising awareness of negative 
environmental and/or health 
impacts (including phosphorus 
sustainability issues) of certain 
food choices alone is not enough 
to change behaviours. People’s 
resources and capacity to change 
need to be considered as well.

People do not make decisions based on 
a single criterion, which complicates 
finding strategies that address the needs 
of all consumers (Vermeir and Verbeke, 
2006). A complex network of conditions 
must be met for an individual to change 
behaviour; spanning from individual- and 
household-level factors to more slow-
changing contextual factors, which all 
shape our decisions (Schill et al. 2019). 
However, pro-environmental behaviours 
are often significantly influenced by 
social norms (Nyborg et al. 2016; Farrow 
et al. 2017) as well as habits, rather than 
reasoning (Klöckner and Matthies, 2004; 
Klöckner, 2013). 

This is particularly the case for decisions 
about what to buy, cook and eat. Such 
weekly (or even daily) decisions are 
influenced by habit strength or simply 
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the wish to have a convenient meal 
that everyone around the table likes 
(Ouellette and Wood 1998; Klöckner 
and Matthies, 2004; Nilsen et al., 2012; 
Nyborg et al. 2016). Therefore, to achieve 
more P sustainable behaviours, we must 
address how social norms and habits 
are created, reinforced and continued 
(Klöckner and Matthies, 2004; Nyborg et 
al. 2016).

Education about environmental problems 
may increase an individual’s level of 
concern, but such concern is generally 
not sufficient to change behaviour 
(Kollmuss and Agyeman, 2002; Bamberg, 
2003; Barr, 2004). Bamberg (2003) 
showed that environmental concern 
accounted for less than 10% of the 
variance in environmental behaviour in 
the combined meta-analyses of Hines 
et al. (1987) (128 studies) and Eckes 
(1994) (17 studies). However, conscious 
(rather than habitual) decisions to reduce 
consumption of animal products based 
on other motivations, such as health or 
animal welfare (Fox and Ward, 2008; de 
Boer et al., 2017), are in most cases also 
directly beneficial for P management. 
Attitudes and behaviours related to waste 
management, and acceptance of recycled 
organic residues as a fertiliser can also be 
difficult to change (Chapters 4 and 6).

Challenge 8.5: Unsustainable 
pricing models may 
slow a transition to 
sustainable practices

There is a disconnect between 
what a consumer pays for food and 
the true ‘costs’ of food production. 
The costs involved in mitigating 
environmental degradation and 
biodiversity loss from phosphorus 
losses, and in developing more 
phosphorus sustainable agriculture 
systems, are not covered in the 
price of food products.

In the UK, the ‘hidden costs’ of 
food production (which can include 
environmental degradation, biodiversity 
loss, diet-related disease, farm support 
payments, regulation and research) would 
almost double the price of food under 
current agricultural management and 
food purchasing habits (Fitzpatrick et 
al., 2019). Over a third of unaccounted 
costs (£45 billion out of the £120 billion 
estimated for 2015) are related to natural 
capital degradation and the loss of 
biodiversity and ecosystem services. This 
includes water pollution and wasted food, 
which is in part related to P management 
and sustainability. In many cases, P 
pollution is not sufficiently managed, 
and society pays the price with declining 
ecosystem services (e.g. recreational 
services, drinking water, ecosystem quality 
(Pretty et al., 2003; Dodds et al., 2009) 
(see Chapter 5).

Food prices rarely, if ever, cover costs of 
practices that would increase resilience to 
fluctuations in the availability of mineral 
P (phosphate rock and/or fertilisers). 
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For example, in 2008 the price of food sky-
rocketed (e.g. rice prices doubled within 
five months, up to US$757 t-1) due to 
multiple stressors including energy prices, 
drought, and market speculation (Baffes 
and Haniotis, 2010) (see Chapters 2 and 3). 
This was accompanied by an 800% increase 
in the price of P fertilisers (Cordell and 
White, 2014) (see Chapters 2 and 3). This 
spike disproportionately affected poorer 
farmers (whose farm budget is often mostly 
spent on fertilisers) and poorer consumers 
for whom food is a higher part of overall 
household budgets. After 2008, however, 
there was no large shift towards investment 
in alternative or more diversified sources of 
P, and so communities remain vulnerable to 
such shocks (Cordell et al., 2015).

Investment in P recycling could help 
reduce food security risks associated with 
imported mineral P fertilisers (see Chapters 
2, 6 and 7). Few countries, regions, and 
cities have set goals to minimise P waste 
and increase recycling; where goals exist, 
successful large-scale implementation 
remains limited (Metson and Bennett, 
2015; Kabbe, 2019). A lack of waste 
collection and processing technologies and 
infrastructure are major barriers to recycling 
and recovery (see Chapters 6 and 7). These 
issues, however, are often underpinned by a 
lack of public support, laws and regulations, 
and unfavourable cost-benefit analyses 
(Drechsel et al., 2010; Withers et al., 2015; 
Seufert et al., 2017; Metson et al., 2018; 
Öberg and Mason-Renton, 2018).

8.3 Solutions

Solution 8.1: Reduce 
consumption of 
animal products to 
recommended levels

Wider adoption of healthy diets 
with low to moderate amounts of 
meat and dairy (especially low in 
red meat) could radically reduce 
demand for mineral phosphorus 
fertilisers and thus phosphate rock 
mining. While some demographics 
could benefit from increased 
access to animal products, large 
gains can be made from reducing 
meat consumption in countries 
that already consume more than 
is recommended. The global 
adoption of a vegetarian diet 
would cut both fertiliser needs and 
eutrophication effects by 50%. 
Although this may be unrealistic, 
it indicates the major influence 
of diet change on the global 
phosphorus cycle.

Lowering global consumption of meat, 
dairy and eggs could radically reduce the 
use of mineral P fertilisers. Producing a 
vegetarian's diet requires 1.0 kg P year-1 
less than for a meat-eater (Elser and 
Bennett, 2011). If all humans adopted a 
strictly vegetarian diet, it would decrease 
mineral P fertiliser needs by at least 50% 
(Metson et al., 2012), which could reduce 
eutrophication by 49% (37-56%, based on 
the current ‘best’ or ‘worst’ practices for 
vegetable protein production (Poore and 
Nemecek, 2018). 
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Diets with moderate dairy and meat 
consumption can also improve health and 
average life spans while reducing global 
warming impacts (Tilman and Clark, 2014). 
That said, it is not realistic, or necessarily 
desirable that the entire human population 
would adopt a vegetarian or plant-based diet. 
Average global meat consumption is estimated 
at ~43 kg capita-1 year-1, with consumption 
in high-income countries roughly double 
this at ~85 kg capita-1 year-1 (data for 2013; 
FAOSTAT, 2018). Defining how much 
meat or dairy should be considered ‘low’ or 
‘moderate’ consumption depends on individual 
circumstances (e.g. the size of person, their 
diet and activity levels) and regional social and 
environmental context. In a study exploring 
how to sustainably feed Nordic populations, 
Karlsson et al. (2017) suggested a sustainable 
diet should contain between 80 and 150 g of 
meat capita-1 week-1 (~30 kg meat capita-1 year-

1). The EAT-Lancet Commission recommends 
0-196 g of red meat capita-1 week-1 (Willett 

et al. 2019). Resare Sahlin et al. (2020) argue 
that the research community needs to provide 
a more informed explanation to consumers of 
what is ‘less’ and what is ‘better’ when providing 
guidance on meat consumption.

It is also important to note that although 
beef generally requires much more mineral P 
fertiliser than other animal products (Metson 
et al. 2012), this does not mean that it is the 
only product that needs to be consumed in 
moderate amounts. In fact, under a scenario 
where only pastures and food waste are used to 
feed animals in Nordic countries, overall meat 
consumption would need to decrease but the 
proportion of beef consumption could increase 
slightly (Karlsson et al., 2017). Nevertheless, 
low animal product diets are an essential part 
of P sustainability, whilst decreasing food waste 
and supporting safe recycling and sustainable 
farming can provide opportunities for a 
diversified food production system.

Figure 8.2 A meat market in China. Meat consumtion has increased significantly in China and Brazil in the last 20 years; 
however, their phosphorus footprints and average per capita meat conusmption are still below the USA, the EU and many 
industrialised countries. 
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Solution 8.2: Promote the 
wide adoption of healthy and 
regionally appropriate diets

The wide adoption of healthy 
diets rich in plant-based foods and 
sustainable aquaculture produce 
is compatible with sustainable 
phosphorus management. 
Sustained communication, along 
with global and regional structural 
changes to food systems can 
help consumers adopt diets that 
are both good for them and the 
environment.

Low to moderate consumption of meat, 
dairy, and egg consumption is in line with 
guidelines for healthy diets (Westhoek 
et al., 2015; Willett et al., 2019). High 
levels of processed meat consumption are 
associated with higher rates of colorectal 
cancer (Godfray et al., 2018), while low-
animal, vegetarian and pescatarian (blue-
food) diets have been associated with a 
lower incidence of type 2 diabetes, cancer, 
and death related to cardiovascular issues 
(Tilman and Clark, 2014).

Accompanied by increased yields from 
judicious P application and recycling, 
low animal product consumption and 
low food waste globally could reduce 
environmental degradation and feed 
more people adequately and sustainably. 
Converting lands that currently produce 
livestock feed and biofuels to crops for 
human consumption could produce food 
for an additional 4 billion people (Cassidy 
et al., 2013). In low-income countries, 
increasing recycling could help close 
yield gaps and contribute to food security 
(Dumas et al., 2011; Akram et al., 2018). 

Using land and feed resources that do not 
compete with calories produced for direct 
human consumption could supply 15 to 
46% of protein requirements per person 
per year, globally (van Zanten et al., 2018). 
To contribute to food system sustainability, 
however, countries that consume large 
amounts of animal products would have to 
decrease their current levels of consumption 
so that countries, where consumption is 
low (e.g. in parts of Asia and Africa), could 
moderately increase their consumption (van 
Zanten et al., 2018). Among populations 
that consume little protein such as in 
Malawi, crops like maize are culturally 
important but are not adapted to the local 
environment. Maize requires significant P 
inputs (e.g. 21 kg P ha-1) and offers little 
nutrition. Encouraging the cultivation and 
consumption of more nutritious and well-
adapted plants like cassava or sorghum 
(which require no additional P) could have 
an important impact on health and P use 
(Government of Malawi, 2012).

In summary, a globally sustainable and 
healthy diet would consist of vegetables, 
fruits, whole grains and vegetable proteins, 
with small amounts of animal products, blue 
food, and processed foods (Willett et al., 
2019). To be environmentally sustainable, 
these foods should be produced in a way 
that minimises food waste and maximises 
nutrient recycling, including P (Willett et al., 
2019). The specific composition of a healthy 
diet, the production practices that enable 
it, and who bears responsibility for change 
needs to be regionally specific. However, in 
all cases food production should embrace 
principles of equity and acknowledge 
differences in power and capacity to 
influence change (Hirvonen et al., 2020; 
Moberg et al., 2020; Mui et al., 2021).
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Solution 8.3: Reduce food 
loss throughout food 
production, retail, and 
consumption sectors

Most food loss in low-income 
countries occurs before products 
reach consumers; meanwhile 
wealthier nations waste more 
food in retail and at home. Efficient 
strategies to reduce waste will 
target the most wasteful, with 
support underpinned by evidence 
that quantifies the benefits 
of change.

Food waste could be halved if every 
country had the lowest level of loss and 
waste currently achievable at each step of 
food production (Kummu et al., 2012). 
Eliminating consumer food waste alone 
for wheat, rice, vegetables and meat in the 
USA, India, and China could free up enough 
calories to feed over 413 million people year-1 
(West et al., 2014), and could simultaneously 
reduce P application to fields and losses 
to waterways. Avoidable food waste in the 
USA in 2009 had a retail value of almost 
US$198 billion; 63% of that value was due to 
losses at the consumer level (Venkat, 2012). 
On the other hand, with limited energy for 
refrigeration, poor transportation networks, 
and prohibitive trade barriers, much of the 
seasonal crops in less economically developed 
tropical countries goes to waste: innovation 
is required to help producers reach markets 
before the next glut of mangos or avocados is 
left to rot, despite having eager buyers in the 
North (Affognon, 2015).

Eliminating consumer food waste would 
deliver economic benefits. For example, if 
EU households reduced food waste, it could 

yield annual household savings of €123 per 
capita (40% reduction by 2020), 7% of the 
average annual EU household budget spent 
on food (Rutten et al., 2013). Across the 
EU, this amounts to an annual saving of 
€75.5 billion. Reducing food waste by 40% 
in households and 60% in retail in the EU 
would free up 28,940 km2 of agricultural 
land, equivalent to the land area of Belgium 
(Rutten et al., 2013). These savings could 
be used to purchase more expensive foods 
produced with good P management practices 
(including safe and effective recycling) from 
farms that may not be currently economical.

However, not all losses are easily avoidable, 
for example, the inedible parts of crops and 
animals, although recycling options exist for 
both (see Chapters 6 and 7). In addition to 
unavoidable losses before food is consumed, 
we should also consider post-consumption 
losses of P from animal and human excreta. 
All organic waste sources can theoretically 
be recycled. Food waste and human excreta 
will continue to accumulate in cities as 
populations urbanise and grow. Supporting 
behaviours and technologies that allow for P 
recycling will thus be essential for sustainable 
agriculture and limiting eutrophication 
(Willett et al., 2019; van Puijenbroek et al., 
2019). Recycling P in the right amounts to 
achieve maximum yields is potentially one of 
the greatest opportunities to decrease mineral 
P fertiliser application rates (Springmann et 
al., 2018), but this requires large changes to 
current food production systems, as well as 
public support (see Chapters 6 and 7).
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Solution 8.4: Make being 
‘sustainable’ easy and 
rewarding for consumers

It should be easy and affordable 
for everyone to make healthy diet 
choices, decrease food waste, and 
support the safe use of recycled 
phosphorus from organic wastes 
(e.g. food waste and excreta) in food 
production. Incentive structures 
(including ‘health nudges’ and 
‘choice editing’) embedded in food 
systems should be transformed to 
make phosphorus-sustainable food 
choices the ‘default’ option.

To reduce the P requirements of 
consumers’, it is necessary to identify which 
behaviours contribute to their P footprint, 
as well as the factors that shape those 
decisions. Then, barriers to behaviours that 
promote sustainable P management can be 
removed and opportunities harnessed, while 
healthy dietary requirements can still be 
met, and safe waste handling achieved.

Common to many models of environmental 
behaviour is the understanding that 
interventions must tackle the conscious 
and unconscious parts of decision making 
(Baranowski et al., 2003; Klöckner, 2013; 
Marteau, 2017; Godfray et al., 2018). 
Education campaigns and labelling 
(Leach et al., 2016) can be part of these 
interventions, but are not be sufficient 
on their own (Gordon et al., 2017; Poore 
and Nemecek, 2018, Röös et al., 2021). 
Education about the detrimental effects of 
high meat consumption on the environment 
(or other issues such as animal welfare) 
may increase the intention to reduce these 
behaviours but rarely results in actual 

behavioural change (Bianchi et al., 2018a). 
Interestingly, eco-labels are shown to work 
better in countries where there is more state 
control (Sønderskov and Daugbjerg, 2011). 
To make education more effective, tracking 
behaviour over time can help (Bianchi et 
al., 2018a), but sustainable products also 
need to be available (Bianchi et al., 2018b) 
and affordable (Widener 2018). Similarly, 
an increase in the supply of sustainable 
and healthy alternatives must be supported 
with education to underpin demand 
(Allcott et al., 2018). Regarding food waste, 
some hopeful results stemming from a 
longitudinal field experiment in Sweden, 
found a significant increase in recycled 
food waste following a household-targeting 
information campaign about food waste 
recycling (based on insights from nudging 
and community-based social marketing) 
and could inform similar pro-environmental 
behaviour interventions elsewhere (Linder 
et al. 2018).

More important, perhaps, is the perception 
that sustainable products are available, 
affordable, and part of the social norm 
(Vermeir and Verbeke, 2006; Nyborg et 
al. 2016). Explanations for differences in 
what people buy to eat across countries 
and regions are typically a combination 
of available incomes, food prices but also 
nutritional content and norms (Dubois 
et al. 2014; Nyborg et al. 2016). For some 
people, it is also important to feel their 
actions are desirable (a reward) while also 
making a difference (reflection) (de Boer 
et al., 2018; Vermeir and Verbeke, 2006). 
Similarly, for farmers to participate in 
sustainable P management schemes, they 
must feel that their actions are meaningful, 
and perhaps most importantly, that such 
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actions match their values and those of their 
community (Chapman et al., 2019).

Donner (2017) suggests that sustained 
communication across a variety of platforms 
and audience-specific frames may be the 
best way for governments, businesses, and 
other organisations (e.g. schools, hospitals) 
to increase the relevance of environmental 
science to policy and the public. 
Successful examples of dietary change 
include awareness raising and education 
campaigns in South Korea, which focused 
on increasing the consumption of low-fat 
high-vegetable meals (Keats and Wiggins, 
2014). This approach could be successful in 
other countries if policies supported pricing 
mechanisms that benefited plant-based 
agriculture, especially legumes, fruits and 
vegetables, rather than livestock and grains, 
as has been the case historically (Clonan 
et al., 2015). Interventions can also involve 
making more P-sustainable ‘default options’. 
Decreasing the size of meat portions and 
increasing vegetable sizes in restaurants 
and cafeterias have successfully increased 
P sustainability without affecting customer 
satisfaction (Reinders et al., 2017; Wynes et 
al., 2018; Bianchi et al., 2018a). Systematic 
changes that make sustainable dietary 
choices easy, desirable, and affordable are 
more likely to produce lasting change.

Solution 8.5: Develop 
policies that encourage and 
support consumers to lead 
sustainable phosphorus 
lifestyles

Developing economic and 
regulatory policies that encourage 
and support high recycling rates, 
low animal product consumption 
and low waste production will be 
necessary for sustainable change. 
This may involve setting high 
goals for organic waste recycling, 
direct taxes on animal products, or 
decreasing subsidies that affect the 
price of meat.

To see the magnitude of change needed, 
the incentive structures embedded in 
food systems must be transformed 
(Oliver et al., 2018) (see Chapter 3). In 
industrialised food systems, power has 
become increasingly concentrated in a 
small number of large companies (Folke 
et al., 2019; Gordon et al., 2017; Godfray 
et al., 2018), meaning that directed 
interventions on a few key actors could 
have large and lasting effects throughout 
the system. Local cultural and resource 
contexts also need to be considered (Bere 
and Brug, 2009). Interventions that do 
not centre on individual choices to reduce 
meat consumption or waste, but rather 
the system that shapes those decisions, 
appear to be more successful (de Boer and 
Aiking, 2018). This should include policies 
that affect powerful actors, which can 
have cascading effects on large numbers of 
consumers and producers (Clapp 2018).

Governments could set high goals for 
organic waste recycling, directly tax 
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animal products, implement a carbon tax 
that indirectly affects animal products or 
decrease subsidies that affect the price of 
intensively produced animal protein. All 
of these option could change incentive 
structures to decrease meat consumption 
and increase the recycling of P and 
other nutrients. Policies that target food 
system intermediaries, such as processors, 
distributors and retailers, will be essential 
since they have more direct contact with 
both farmers and consumers (Canning et 
al., 2016). Attention must also be given 
to the development and enforcement of 
policies that affect food producers in global 
food supply chains, most notably those that 
are using recycled P sources. For example, 
Kenyan growers who are allowed to use 
excreta in agriculture (within national 
frameworks) are prohibited from exporting 
their products to the EU (Moya et al, 2019).

Municipalities, certification organisations, 
and businesses can adopt policies and 
infrastructure that support systemic changes 
to food and waste sectors. For example, in 
Canada and the EU, cities that invested 
in centralised infrastructure for separated 
organic waste collection and economic 
disincentives for landfilling have diverted 
high amounts of organic waste from 
landfills, thereby recycling P to agricultural 
production (Treadwell et al. 2018). On 
the other hand, regulations can inhibit the 
recycling of P, for example banning human 
excreta from organic production (Seufert 
et al., 2017) or banning the reuse of animal 
bones at the EU level. Government agencies 
can also incentivise individual behaviours. 
In the USA, for example, providing 
participants in food assistance programmes 
with a voucher for fresh fruit and vegetables 
increased purchases, and reduced the 

gap between actual and recommended 
consumption of fruit and vegetables by 
20%, compared with restricting purchases 
of unhealthy products or no intervention 
(Olsho et al., 2016). These interventions 
do not take away options but instead 
create a consumer environment where it is 
easy to make a sustainable choice, whilst 
benefiting business.

Fortunately, the changes in the food 
system required for P sustainability also 
align with many of the changes that are 
required to meet other societal goals. 
As such, interventions are likely to have 
multiple benefits, including both human 
(see Challenge 8.2 and Solution 8.2) 
and environmental health. For instance, 
producing animal protein requires more 
resources and causes more environmental 
harm than plant-based protein (Clune et 
al., 2017; Hilborn et al., 2017; Poore and 
Nemecek, 2018), not just associated with 
phosphorus. A 100% plant-based diet 
could reduce land use by 76%, would halve 
greenhouse gas emissions, acidification, 
and eutrophication, and would reduce 
freshwater withdrawals associated with the 
food system by 19% (Poore and Nemecek, 
2018). Even a 50% cut in livestock 
production could make a huge impact. In 
the EU, for example, it would mean a 40% 
reduction in greenhouse gas emissions and 
reactive nitrogen use in the agricultural 
sector and a 75% reduction in soybean 
imports (Westhoek et al., 2014).

The challenges identified above must be 
tackled across different scales because 
patterns of food consumption and waste 
production stem from decisions and 
actions of policymakers, institutions (e.g. 
schools, hospitals), businesses (e.g. food 
processors, grocery stores and restaurants), 
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households and individuals. They occur 
in the context of a diversity of local to 
global policies, infrastructure, and cultures. 
Different stakeholders need to participate 
collectively in making changes for better P 
management (Table 8.1).

Although not all specific local interventions 
will be win-wins without careful planning, 
the three major changes proposed here are 
in line with the changes required globally 
for a better food system (Figure 8.2).

Eat healthy diet with  
moderate amounts 
of animal products

Reduce 
food waste

Support safe 
organic waste 
recycling

• Improves P security

• Reduces dependence 
on mineral P fertilisers*

• Reduces losses of P
to the environment

• Lower carbon 
footprint**

• Lower nitrogen 
footprint

• Lower water 
footprint

• Lower land 
footprint

• Lower biodiversity 
footprint

• Greater resource
availability

• Improvement to sanitation

• Improved food security

• Improved water security

• Healthier people

• Healthier environment

Immediate Goals Primary Benefits Secondary Benefits Cascading Impacts on 
Long-Term Goals

Figure 8.3 Benefits of the goals and interventions recommended by this Chapter (*we highlight fertiliser use is still 
encouraged where appropriate and **lowering the carbon footprint of dietary consumption can contribute to a reduction in 
climate change impacts). 
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This means that communities can, and 
should, harness the fact that goals other 
than P may be stronger motivations for 
change. For example, reducing meat 
consumption in Sweden by 50% and 
replacing it with Swedish-produced 
legumes would allow citizens to meet 
healthy diet recommendations (SDG 
2), decrease greenhouse gas emissions 
(SDG 13), and free up 21,500 ha of land 
to meet other national goals including 
biofuel production (SDG 14) or nature 
conservation (SDG 15) (Röös et al., 2018). 
With judicious planning, better animal 
welfare (which currently does motivate 
plant-based and low-meat diets) could 
also support P sustainability. Less demand 
for meat, eggs, and dairy could allow a 
transition away from highly specialised, 
concentrated animal production systems 
towards integrated animal and crop 
production systems (Robbins et al., 2016). 
Shorter transport distances between 
areas where animals are born, raised, and 
slaughtered are beneficial for animal welfare 
(Schwartzkopf-Genswein et al., 2012), as 

animals can spend more time outside. This 
could improve P management, as manure 
transport is often a barrier to recycling 
(Westerman and Bicudo, 2005; Keplinger 
and Hauck, 2006; Nicholson et al., 2012).

Improving P sustainability by reducing 
animal product consumption, reducing 
food and agricultural waste, and increasing 
organic-waste recycling will help deliver 
multiple United Nations Sustainable 
Development Goals (SDGs). For instance, 
achieving universal sanitation (SDG 6) 
with nutrient recovery and energy recovery 
technology could meet approximately 9% 
of P fertiliser demands (SDG 2) and 1% of 
household energy needs (SDG 13), with 
larger gains in areas with current low access 
to sanitation infrastructure (Trimmer et 
al., 2017). Harnessing such potential not 
only requires large investments, but as put 
forth in this Chapter, coordinated efforts 
of governments, businesses, and other 
organisations allied with citizens who 
accept and support these efforts in their 
purchasing and voting decisions.
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There are abundant opportunities 
to transition towards more 
sustainable phosphorus use. 
Taken collectively, these solutions 
unlock multiple environmental and 
societal benefits. Actions must be 
delivered cooperatively, as part of 
an integrated plan across sectors 
and scales. Indeed, coordinated 
action on phosphorus to support 
governments, existing conventions, 
and intergovernmental frameworks, 
as well as stakeholders, to catalyse 
improvements in phosphorus 
sustainability is urgently required. 
An inter-conventional coordination 
mechanism to address fragmented 
phosphorus policy is proposed.

Left: Harmful algal blooms on Lake 
Erie in August, 2017. The impacts 
of climate change make such algal 
blooms more likely in the future. 
Photo courtesy of Aerial Associates 
Photography, Inc. by Zachary 
Haslick. www.flickr.com/photos/
noaa_glerl/36546204842
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9.1 Introduction
A decade has passed since the global 
anthropogenic flow of phosphorus (P) was 
assessed as having crossed the planetary 
boundary (Carpenter and Bennett, 2011) - a 
level of human interference in the global P 
cycle that results in significant environmental 
damage. The current societal burden of 
unsustainable P use is high and getting higher. 
Nevertheless, as described in the preceding 
chapters of this report, there are abundant 
opportunities to transition towards more 
sustainable P use. Taken collectively, these 
solutions unlock multiple environmental and 
societal benefits. Global-scale transition to a 
sustainable P cycle is essential and possible. 
By taking the necessary action, humanity 
can safeguard freshwater ecosystems through 
emissions reductions and the development 
of resilient food systems, both of which are 
fundamental to socio-economic development.

In 2013, the opportunity was highlighted for a 
20% improvement in nutrient (P and nitrogen 
(N)) use efficiency by 2020 across the full chain 
of food and waste systems (Sutton et al., 2013). 
Since this time, several nutrient sustainability 
goals have been proposed. The United Nations 
Environment Programme (UNEP) Colombo 
Declaration (UNEP, 2019a) calls for the 
halving of N waste by 2030, understood as the 
sum of all N losses (including denitrification 
of reactive N to N2). The working group of the 
Post-2020 Global Biodiversity Framework 
has proposed to reduce pollution from 
excess nutrients by 50% by 2030 (CBD, 
2020). Similarly, the Farm to Fork strategy 
underpinning the European Green Deal calls 
for actions to reduce nutrient losses by at least 
50% and fertiliser use by at least 20% by 2030 
(European Commission, 2020). It is important 
to consider the key barriers to such goals. 

As is recognised by the preceding chapters, 
progress on P is not hindered by a lack of 
scientific evidence on solutions, but instead by 
a lack of policy and public awareness, a lack of 
operationalisation of policies, fragmentation of 
policies, and the absence of intergovernmental 
coordination. 

Signs of progress toward sustainable nutrient 
use are beginning to appear. The momentum 
for action on N pollution, for example, is 
building, with the first United Nations 
Environment Assembly (UNEA) resolution 
on Sustainable Nitrogen Management agreed 
in 2019 (UNEA, 2019a). The Our Phosphorus 
Future (OPF) project aims to catalyse similar 
progress for phosphorus. Indeed, the preceding 
chapters demonstrate that many solutions are 
within reach for P and would provide multiple 
benefits across sectors and scales. For example, 
optimising fertiliser application rates on farms 
and increasing P recycling reduces losses 
to fresh waters, which reduces the costs of 
responding to water quality degradation while 
supporting green economic growth. Building 
upon decades of research and innovation 
across multiple fields, the evidence base is 
now available with which to re-design the 
global anthropogenic P cycle. The challenge 
now is in mobilising governments, industry, 
stakeholder organisations, academics, and the 
public to provide leadership in shaping Our 
Phosphorus Future. 

In this final chapter, we draw on the preceding 
chapters to propose ten key actions towards 
global P sustainability. We provide a perspective 
on the opportunities for converting knowledge 
into international action, noting the lack of 
inter-governmental attention on sustainable P 
use. We then identify high-level ambitions to 
reduce unsustainable P use globally, recognising 
the need for better integration of P across 
sustainability policies. 
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9.2 Ten key actions 
towards global 
phosphorus 
sustainability
We propose ten key actions across sectors 
that are central to improving sustainable 
P management globally. The list below is 
not exhaustive and is framed in a global 
context. It is important to acknowledge 
that priorities on actions will differ among 
regions, where issues may differ as will 
resources and ambitions to implement 
solutions.

1. Increase the use of recycled 
phosphorus in fertiliser and 
other chemical industries, as 
an alternative or supplement to 
phosphate rock.

Economic, legislative and communication 
instruments are required to support the 
mineral fertiliser and chemical industries 
to increase their use of recovered P 
materials as alternatives to P mined from 
phosphate rock (PR) (Hermann et al., 
2019; Kabbe and Rinck-Pfeiffer, 2019; 
Matsubae and Webeck, 2019) (see Chapter 
7). Common features that will make 
recovered P materials commercially viable 
as an industry-compatible raw material 
include homogeneous quality, low levels of 
contaminants, and production levels that 
are high enough to ensure a reliable supply 
(Schipper, 2019). 

2. Optimise phosphorus inputs to 
agricultural soils and maximise crop 
uptake to minimise losses.

Fertiliser use can be optimised, as illustrated 
by the 4R ( Johnston and Bruulsema, 2014; 
The Fertilizer Institute, 2017) and 4R Plus 
(The Nature Conservancy, 2021) approaches, 
described in Chapter 4. However, to achieve 
this, extensive soil P testing is needed. 
Identification of cost-effective, user-friendly 
testing methods is therefore critical. In some 
regions appropriate control limits on P inputs 
may be required, including consideration 
of interactions with other nutrient cycles 
(Masso et al., 2017; Blackwell et al., 2019) 
(see Chapter 4). In regions with soil P 
deficiency, P inputs that exceed crop uptake 
may be required, at least in the short-term 
(Cordell and White, 2014; Nziguheba et al., 
2016) (see Chapters 2, 3 and 4). Soil-crop 
management to improve crop uptake of 
applied and legacy P in the soil may embrace 
integrated soil fertility management, including 
water and weed management (Blackwell et 
al., 2010; Vanlauwe et al., 2010), rhizosphere 
management and the use of P-efficient 
cultivars and biofertilisers (Shenoy and 
Kalagudi, 2005; Stutter et al., 2012; Adhya et 
al., 2015) (see Chapter 4). 
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3. Optimise animal diets and the 
use of supplements to reduce 
phosphorus excretion.

The P content in animal diets can be 
optimised to match animal growth stage 
requirements. As commonly practised in 
most more economically developed countries, 
supplementing the feed of monogastric 
animals with phytase enzymes can improve 
P uptake from grains, thereby reducing 
P excretion (Ferket et al., 2002; Dao and 
Schwartz, 2011; Menezes-Blackburn et al., 
2013; Oster et al., 2018) (see Chapter 4). 
Dietary phytase supplements can also increase 
the bioavailability of P in manures, improving 
crop uptake when manures are applied to 
soils thereby reducing the need for mineral 
P additions (George et al., 2018). However, 
the impacts of dietary phytase on potential P 
mobility in the environment and fluxes from 
soils to waters remain to be explored (see 
Chapter 4).

4. Increase appropriate application 
of manures, other phosphorus-rich 
residues, and recycled fertilisers to 
soils, to complement appropriate 
mineral fertiliser use. 

Assessments have identified that recycling 
P, especially in manures, can support a 
significant reduction in mineral P fertiliser 
requirements (Vaccari et al., 2019; Powers 
et al., 2019), and provide additional 
agronomic benefits, including a source 
of N, micronutrients, organic carbon and 
improved soil water retention (Schröder, 
2005; Lashermes et al., 2009; Diacono 
and Montemurro, 2010; Deeks et al., 
2013; Pawlett et al., 2015). Phosphorus-
rich residues must be appropriately 

processed to enable storage, transport, avoid 
decomposition, ensure sanitary safety and 
supply reliable and consistent agronomic 
characteristics (see Chapter 6).

5. Improve global reporting and 
assessments of phosphorus 
emissions and their impacts on 
freshwater and coastal ecosystems. 

The available evidence on biodiversity loss 
and ecological sensitivity in response to 
nutrient pressures is compelling (Darwall 
et al., 2009; Smith and Schindler, 2009; 
Chen et al., 2009; Paerl and Paul, 2012) 
but incomplete. While phosphorus is 
one of the key drivers of the biodiversity 
loss emergency in freshwater and coastal 
ecosystems, the true scale of the problem 
globally is difficult to estimate as baseline 
data are lacking in many regions. It has 
been predicted that 31% of the global 
landmass contains catchments that may 
exhibit undesirable levels of algal growth; 
76% of which is caused by P-enrichment, 
affecting 1.7 billion people (McDowell et 
al., 2020). Emerging evidence suggests that 
freshwaters may drive globally-significant 
emissions of greenhouse gases as a result of 
nutrient enrichment (Beaulieu et al., 2019). 
Investment in long-term monitoring across 
a wider range of biomes is necessary to 
track and study their response to mitigation 
and nutrient reduction strategies (see 
Chapter 5). These will provide a critical 
link between information, evidence-based 
decision making and policy development 
and should be used to inform adaptive 
management frameworks for reversal or 
halting of biodiversity loss in freshwater and 
coastal ecosystems. 
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6. Implement integrated 
approaches for freshwater and 
coastal ecosystem restoration and 
protection at catchment, national 
and transboundary scales.  

Integrated P management strategies that 
cross scales and work in parallel with efforts 
to reduce other key nutrient stressors will 
be essential in achieving improved water 
quality, tackling biodiversity loss and 
generating significant socio-economic 
co-benefits (see Chapter 5). This will 
require the development of regional 
targets, mandates and incentives, and 
transboundary cooperation frameworks 
to integrate across multiple pillars - from 
governance to technology, monitoring and 
assessment - including effective stakeholder 
engagement (see Chapter 5). Examples of 
the application of such frameworks leading 
to fully-costed ‘business plans’ demonstrate 
that supporting P flux reductions for 
restoration makes financial sense (World 
Bank Group, 2018). However, the 
complexity of achieving these reductions 
across sectors must not be underplayed 
and requires engagement and transparency 
across both public and private sectors (see 
Chapter 5).

7. Implement national to global 
strategies to increase recovery and 
recycling of phosphorus from solid 
and liquid residue streams.

Currently, significant amounts of P are lost 
in ‘waste’ streams representing solid and 
liquid residues requiring disposal (Withers 
et al., 2015a; Vaccari et al., 2019). Multiple 
strategies exist to improve the recycling 
of P in manures, abattoir residues, food 

processing and domestic wastes, sewage 
derived biosolids and wastewaters (Kabbe 
and Rinck-Pfeiffer, 2019), all of which 
represent resources with potential for 
recycling (see Chapter 6). Such losses not 
only represent a waste of valuable P but in 
some cases a significant cause of P pollution 
to waterbodies (Withers et al., 2015a) (see 
Chapter 5). National policies that optimise 
P recycling, and hence reduce reliance on 
mineral P fertilisers, are acknowledged as 
pivotal to drive the transition to greater 
P sustainability (Koppelaar and Weikard, 
2013; Cordell and White, 2014; Reijnders, 
2014; Withers et al., 2015b, 2018; van Dijk 
et al., 2016; Chowdhury et al., 2017; van 
Kernebeek et al., 2018).

8. Ensure sufficient access to 
affordable phosphorus fertilisers 
(mineral, organic and recycled) for 
all farmers.

Improving farmers’ access in 
developing regions to P fertilisers may 
include better access to credit, extension 
services, investment in sustainable 
infrastructure (such as local P recycling 
systems from food waste and sanitation), and 
knowledge exchange to support better P use 
efficiency and recycling (Cordell and White, 
2014) (see Chapter 3). Ensuring that all 
farmers (in particular, small-scale farmers in 
low-income countries) can access sufficient P 
to grow crops and are buffered from fertiliser 
price fluctuations should be developed as a 
global ambition that will require international 
cooperation (Nziguheba et al., 2016; Teah and 
Onuki, 2017) (see Chapters 2 and 3).
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9. Promote a global shift to healthy 
and nutritious diets with low 
phosphorus footprints.

Wider adoption of healthy diets with low to 
moderate amounts of meat and dairy could 
radically reduce demand for mineral P 
fertilisers (Elser and Bennett, 2011; Vaccari 
et al., 2019). The biggest gains can be 
made from reducing meat consumption in 
countries that already consume more than 
recommended (WHO, 1999; Metson et al., 
2012; Kummu et al., 2017) (see Chapter 8). 

10. Reduce the amounts of 
phosphorus lost as food waste 
in food processing, retail, and 
domestic consumption.

Strategies to reduce food waste should be 
supported by clear evidence on the benefits 
of change. Most food waste in low-income 
countries occurs before products reach 
consumers (see Chapter 8). Wealthier 
nations waste more food in retail and 
at home (Kummu et al., 2012). Whilst 
recycling P from food wastes can contribute 
to a more sustainable P system, the focus of 
efforts should be to reduce the production 
of food waste in the first place (and thereby 
cutting the resources used to produce it) 
(Vaccari et al., 2019).

9.3 Supporting 
International 
Cooperation 
The actions listed above must be delivered 
cooperatively, as part of an integrated 
plan across sectors and scales. Whilst 
national framing of nutrient sustainability 
strategies is vital, we highlight several P 
sustainability issues that cannot easily 
be addressed without international 
cooperation. 

9.3.1 Polices, regulations and 
initiatives for phosphorus 
sustainability
Strategies to improve P sustainability 
are conspicuously absent in most regions 
(Gross, 2010; Cordell and White, 2015; 
Rosemarin and Ekane, 2016; Jacobs et al., 
2017). Few policies relating to sustainable 
P management exist at the national scale, 
and none at the global scale (Chowdhury 
et al., 2017; Kanter and Brownlie, 2019). 
Phosphorus was identified a decade ago 
as an emerging issue in the UNEP Year 
Book 2011 (Syers et al., 2011). However, 
relevant international sustainability 
initiatives rarely mention P, including 
the Sustainable Development Goals 
(SDGs) (United Nations Statistical 
Division, 2016), and the Aichi Biodiversity 
Targets (CBD, 2020). This is despite the 
considerable contribution that improving 
P sustainability can make to achieving 
their goals and targets (Kanter and 
Brownlie, 2019). 

Strategies that rely on voluntary uptake 
of P sustainability measures can also be 
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effective. In an assessment of policies 
and actions to decrease water quality 
impairment from P, McDowell et al., 
(2016) showed that a combination of 
measures was necessary to reduce P 
pollution in New Zealand, the UK, and 
the USA. Relevant combinations included 
mandatory and voluntary measures at 
the farm to small catchment scale, in 
combination with policy instruments at 
larger scales. In some less-economically 
developed countries, ambitions for 
increased use of fertilisers to address P 
deficient soils have yet to be fully achieved. 
In Africa, the ‘Abuja Declaration on 
Fertiliser for an African Green Revolution’ 
of 2006 called for the elimination of all 
taxes and tariffs on fertiliser and fertiliser 
raw material to increase fertiliser use 
(African Union Special Summit of the 
African Heads of State and Government, 
2006). By 2018, 47 of the African Union 
states had not yet achieved this, due 
to a lack of harmonisation on policy 
and regulation frameworks, lack of 
tax incentives, trade barriers, and poor 
quality control on fertilisers (African 
Development Bank, 2021). 

Examples of policies, regulations, volunteer 
schemes and subsidies related to P 
sustainability in Australia, Brazil, China, 
the EU, India, Sub-Saharan Africa (SSA), 
and the USA are listed in Table 9.1 (see 
end of chapter), highlighting the high 
degree of fragmentation in government-
supported actions. Experience shows that 

if policies are to optimise P sustainability, 
they must adopt a more joined-up 
approach between water, agricultural and 
urban planning policy sectors (Tong et al., 
2017; Carvalho et al., 2019; Wurtsbaugh et 
al., 2019). A coordinated policy approach 
that aims to reduce P loading to water 
bodies, for example, should be supported 
by measures to increase P sustainability in 
agriculture. These must include improved 
farmer access to recycled P fertilisers, 
which itself should be supported by 
policies to encourage P recovery from 
residue/waste streams and the use of 
recycled P in the production of fertilisers. 
In some cases, better enforcement of 
existing policy measures is also needed, 
as highlighted by Teenstra et al. (2014) 
in their analysis of manure management 
policies in Asia, Africa and Latin America. 
Furthermore, flexibility should be built 
into new and existing policies to allow 
them to adapt to changing conditions, 
brought about, for example, by climate 
change, urbanisation, changes in P 
loading and ecosystem sensitivity to P 
(Chowdhury et al., 2017; Tong et al., 2017; 
Duncan et al., 2019).

Policy development and integration 
are needed across all regions to drive 
innovation and the behavioural changes 
needed to deliver P sustainability. To 
address this, raising government and 
policymaker awareness of the benefits of 
sustainable P use is an obvious but critical 
first step. 
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9.3.2 Raising awareness of 
the world's governments
The United Nations Environment 
Assembly (UNEA) is the world’s highest-
level decision-making body on the 
environment, with universal membership 
of all 193 Member States. A global 
intergovernmental agreement in the form 
of a UNEA resolution provides a key 
opportunity to raise awareness among the 
world’s governments of the importance 
of P sustainability. UNEA resolutions, 
whilst not legally binding, represent the 
joint aspirations of governments, frame 
consensus around actions to be taken, 
and help coordinate development aid and 
technical assistance. 

At the fourth session of UNEA 
(UNEA-4) in 2019, 23 resolutions 
were adopted (UNEA 2019b). These 
included resolutions on Sustainable 
Nitrogen Management (UNEP/EA.4/
Res.14), Innovative Pathways to Achieve 
Sustainable Consumption and Production 
(UNEP/EA.4/Res.1), Mineral Resource 
Governance (UNEP/EA.4/Res.19) and 
Innovations on Biodiversity and Land 
Degradation (UNEP/EA.4/Res.10) (IISD, 
2019). At the fifth session of UNEA 
(UNEA-5.2) in 2022 (UNEA 2022), a 
further resolution for Sustainable Nitrogen 
Management (UNEP/EA.5/Res.2), 
acknowledged the significant impacts of 
excessive levels of both N and P in the 
environment. Additionally, a resolution 
on Sustainable Lake Management 
(UNEP/EA.5/Res.4) called for Member 
States to protect, conserve, and restore, 
as well as sustainably use lakes. All the 
resolutions listed above are highly relevant 
to P sustainability. Development of a 
future UNEA Resolution on Sustainable 

P Management would provide a key 
opportunity to catalyse intergovernmental 
action on the global P challenge (Brownlie 
et al., 2021).

There is also a clear opportunity to raise 
awareness for P through UNEA. For 
example, the UNEA 4/14 resolution led to 
the launch of the UN Global Campaign 
on Sustainable Nitrogen Management, 
resulting in the development and 
adoption of the Colombo Declaration 
on Sustainable Nitrogen Management 
(UNEP, 2019a). 

9.4 Improving 
governance 
models to 
recognise 
the need for 
intergovernmental 
cooperation 
As with the experience from the N cycle, 
policies relevant to P are fragmented 
between component issues, which can 
lead to a lack of action and coherency 
(UNEP 2019d, Sutton et al., 2020; 
Brownlie et al., 2021). There is a need 
for coordinated action on P to support 
governments, existing conventions and 
intergovernmental frameworks, as well as 
stakeholders, to catalyse improvements in 
P sustainability. Possibilities to coordinate 
N policy engagement more effectively 
at the national, regional and global 
levels have been suggested (see Sutton 
et al., 2020, 2021). Based on these, the 
following four corresponding options to 
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coordinate policies across the P cycle can 
be identified: 

1. Phosphorus policy fragmentation across 
policy frameworks (e.g. business as usual). 

2. Phosphorus leadership under one 
existing Multilateral Environmental 
Agreement (MEA).

3. Establish a new intergovernmental 
convention to address P sustainability.

4. Establish an ‘inter-convention P 
coordination mechanism’ to facilitate 
cooperation on P sustainability.

Business as usual is not sufficient to address 
the current P challenge (Carpenter and 
Bennett, 2011). Similarly, it appears that 
the mandates of existing MEAs are not 
broad enough to address the P challenge, 
providing a barrier to any one of them 
taking the lead on phosphorus. At present, 
there appears to be little to no foundation 
to establish a new intergovernmental 
convention on P in the near future (5-10 
years). Experience with N points to the 
need to draw as far as possible on the work 
of existing bodies. This leads the discussion 
to the fourth option, which can draw on the 
experience related to the ‘Inter-convention 
Nitrogen Coordination Mechanism’ 
(INCOM), which is currently under 
development for N (UNEP, 2019b). 

Building on this progress (see Sutton 
et al., 2020, 2021), we identify the need 
for a complementary ‘Inter-convention 
Phosphorus Coordination Mechanism’ 
(PHOSCOM), where lessons from the 
experience for N can also inform the 
possible relationships (Figure 9.1). For 
example, under the current development 
for INCOM, the International Nitrogen 
Management System (INMS) could be 

embedded as a science support process 
under the overarching inter-governmental 
mandate of INCOM. In the same way, 
an emerging concept for PHOSCOM 
could embed scientific assessments to 
outline risks and identify adaptation and 
mitigation options. 

An obvious question that needs to be 
considered is the relationship between 
the developing concepts for INCOM and 
PHOSCOM. This may be considered 
especially as a matter of timing and 
communication, noting that the issue of 
‘phosphorus hypersensitivity’ can provide 
a barrier to progress on sustainable P 
management (Chapter 2). Care is needed 
to avoid that such specific barriers for P do 
not hold up progress on interconvention 
coordination on nitrogen. However, 
there is a need to further examine where 
policies for N and P can be aligned to 
maximise synergies (Kanter and Brownlie, 
2019). While there are generic lessons, 
substantial differences between issues and 
the component interlinkages for P and N 
exist. For these reasons, it is acknowledged 
that at present there is an operational 
benefit in developing the processes in 
parallel, rather than a simple combination. 
However, it is also obvious that there is 
potential for sharing of lessons learned 
and for cooperation between the P and 
N communities, for example, as part of 
the UNEP Pollution Implementation 
Plan, which also makes links to the 
Basel Rotterdam and Stockholm (BRS) 
Conventions on toxic substances and 
to ongoing actions on plastic pollution 
(UNEP, 2018, 2019c). While recognizing 
the need to further develop such higher-
level cooperation, we focus the following 
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comments on the immediate challenges for 
phosphorus. 

One of the key points to recognise in 
addressing international cooperation 
on P and N is the distinction between 
intergovernmental action and multi-actor 
engagement. In this regard, INCOM 
is developing as an intergovernmental 
process, following up UNEA Resolution 
4/14, as illustrated by the agreement 
of member states under the Colombo 
Declaration (UNEP, 2019a). Conversely, 
UNEP established the Global Partnership 
on Nutrient Management (GPNM) in 
2009, which represents a multi-actor 
partnership linking business, academia, civil 
society and governments among others. 
In the same way, substantial connections 
are relevant with the UNEP Global 
Wastewater Initiative (GW2I), with both 
these bodies established under the Global 
Programme of Action for the Protection 
of the Marine Environment from Land-
based Activities (GPA). These bodies have 
an important role to play in catalysing 
improved understanding between different 
actor groups across society. In this way, the 
parallel establishment of INCOM and 
PHOSCOM provides opportunities to 
increase the focus of intergovernmental 
action on both N and P, which in return 
may strengthen multi-actor engagement 
in both GPNM and GW2I as a basis to 
address barriers and accelerate change. 

Figure 9.1 indicates potential 
intergovernmental contributions in 
delivering a joined-up approach to 
P management. The starting point is 
engagement by UN Member States. 

Knowledge exchange between Member 
States and the various intergovernmental 
bodies highlighted in Figure 9.1 would help 
guide specific actions on P sustainability. 
Such an intergovernmental coordinated 
approach is also necessary to develop 
a shared ambition by governments 
internationally (see Chapter 1). 

Although national scale strategies to 
improve P sustainability are critical, 
a further challenge is that several P 
sustainability issues will be difficult to 
address without international cooperation. 
These include, for example:

• Displacement of ecosystem impacts of 
production (Nesme, 2016; Hamilton et 
al., 2018; Li et al., 2019).

• Phosphorus pollution of transboundary/
shared waters (see Chapter 5; Bohman, 
2017; Jetoo, 2018).

• Trade of contaminants in PR and P 
fertiliser (see Chapters 2 and 7).

• Creation of global markets for 
recycled P materials and products (see 
Chapter 7).

• Ensuring all farmers have sufficient 
access to P to grow crops (see 
Chapter 3).

• Responding to PR/mineral P fertiliser 
price volatility (see Chapter 2).

The breadth of these issues highlights 
the need for cooperation across the 
environment, through the agri-food chain, 
and embracing the development of the 
circular economy and engaging with issues 
of P trade.
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Figure 9.1 There is currently little policy coordination on phosphorus (P) across scales. Building on progress made in the 
nitrogen community (Sutton et al., 2020, 2021; UNEP 2019c), an ‘Inter-convention Phosphorus Coordination Mechanism 
(PHOSCOM) is proposed to link P science-policy support among existing intergovernmental frameworks and other 
initiatives, under the auspices of the United Nations Environment Programme (UNEP). Key bodies with relevant interests 
include UNEP, the Food and Agriculture Organization of the United Nations (FAO), UN-Water (including the UN 
Convention on the Protection and Use of Transboundary Watercourses and International Lakes (UN-WC)), Regional 
Seas Conventions (RSCs) and the UN Convention on the Law of the Sea (UNCLOS)), the UN Regional Economic 
Commissions (which includes the UN Economic Commission for Europe (UNECE) Convention on Access to Information 
(Aarhus Convention), and the UNECE Water Convention (UNECE-WC)), the UN Framework Classification for Resources 
(UNFC), the UN Resource Management System and its regional initiatives, the World Trade Organization (WTO), the UN 
Convention on Biological Diversity (CBD) and the UN Climate Change Convention (UN-Climate Change) and regional/
national processes.
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9.5 An 
aspirational goal 
for phosphorus 
sustainability
Time-bound goals have a critical role to 
play in developing environmental policy, 
serving as a ‘starting gun’ for action, and 
a ‘finishing line’ for delivery. To propose 
a meaningful aspirational goal for P, it 
is therefore useful to identify a potential 
finishing line for global P sustainability. 
In this regard, achieving ‘P security’ may 
be a suitable goal. This has been defined 
by Cordell (2010) as “…all the world’s 
farmers have access to sufficient P in the 
short and long term to grow enough food 
to feed a growing world population, while 
ensuring farmer livelihoods and minimising 
detrimental environmental and social 
impacts”. Achieving such a goal will not 
be possible without significant progress 
towards a ‘closed human P cycle’ (Childers 
et al., 2011). Opportunities to make greater 
progress towards a circular P system have 
been identified in the preceding chapters of 
this report. 

Whilst closing the P cycle does not 
address P access issues directly, it is widely 
acknowledged in the literature as an 
overarching aim of strategies to improve 
P sustainability (Elser and Bennett, 2011; 
Childers et al., 2011; Bateman et al., 
2011; Cordell and White, 2014; Shepherd 
et al., 2016; Scholz and Wellmer, 2018; 
Withers et al., 2018). The question then 
becomes, what goal will help make progress 
towards closing the global P cycle and is it 
appropriate across all regions?

A goal to reduce the rate of P mining or 
the use of mineral P in fertiliser production 
does not directly address P losses that 
cause pollution (e.g. those from inefficient 
agricultural management or sanitation). 
Furthermore, without the supporting 
policies and infrastructure in place to deliver 
large scale P recycling, food security could 
be compromised. This highlights the need 
to focus on mobilising increased P recycling, 
for which a goal for P-containing fertiliser 
products to contain a minimum fraction of 
20% recycled P by 2030 was identified in 
Chapter 2. 

A goal for improving P use efficiency is 
appropriate for all regions, recognising that 
this may not translate into improved yield 
in some places. Sutton et al. (2013) provide 
a strong argument for improvement to 
nutrient use efficiency (NUE) across the 
food-value chain (i.e. a 20% improvement 
in full chain NUE, by 2020, from 2008 
levels) as a shared goal. However, whilst this 
may apply to N, in regions such as Sub-
Saharan Africa where soils are P depleted, 
low agricultural PUE may be arguably 
desirable, provided excess P is stored in the 
soil, rather than exported from soil to water 
(Langhans et al., 2021). Such a long-term 
accumulation of P in P deficient agricultural 
soils could be considered an investment 
in the future (Syers et al., 2008; Menezes-
Blackburn et al., 2018). Furthermore, using 
a relative improvement for use efficiency 
(i.e. 20% of NUE) implies those countries 
with the highest efficiency would need 
to improve more than those with low 
efficiency. 

A high-level goal that directly addresses 
the reduction in P pollution and supports 
an increase in P recycling may therefore 
be most appropriate. Such a goal should 
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be applicable to all countries, covering all 
sectors, and not adversely impact access to 
P fertilisers. Bearing in mind the necessity 
of sufficient time to mobilise change, we, 
therefore, propose an aspirational goal of a 
50% reduction in global P pollution and a 
50% increase in the recycling of P lost in 
residues/wastes, by 2050. We term this the 
‘50:50:50’ aspirational goal. 

9.5.1 Unpacking the 
50:50:50 goal 
Achieving the 50:50:50 goal would 
reduce impacts to P polluted ecosystems 
(as outlined in Chapter 5), whilst still 
delivering enhanced resilience to the 
global food system (as outlined in 
Chapter 3) with far-reaching benefits 
across the seven OPF pillars (Figure 
9.2). Whilst the strategies to achieve 
this goal may differ widely among 
nations, its overarching aims, to reduce 
P pollution and increase food system 
resilience, remain universally relevant.

Based on current estimates of global 
anthropogenic P loading to water 
bodies, a 50% reduction in global P 
pollution will require a reduction in 
anthropogenic P loading to water 
bodies by 3.1–7.0 Mt P year-1 (Chen 
and Graedel, 2016; Beusen et al., 
2016). A 50% reduction in total 
annual P loading to surface waters is 
proportionately equivalent to 2.5–6.2 
Mt P year-1 from agriculture alone 
(Chen and Graedel, 2016; Beusen et 
al., 2016). Opportunities to reduce P 
losses to water from agriculture are 

i Data 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. Based on the cost of DAP in Sept 2021 (US$643 t-1), 4.98 t of DAP would contain 1.0 t 
of P, and would cost USD$3203. 
ii Costs are calculated by multiplying the estimated range of P pollution by interventions costs (see Chapter 5). A 50% reduction in global 
P pollution will require a reduction in anthropogenic P loading to water bodies by 3.1–7.0 Mt P year-1, whilst adaptation interventions are 
estimated at US$46 kg-1 P intercepted (see Chapter 5). 

highlighted in Chapter 4. Assuming 
losses of P from agricultural systems are 
subsequently replaced with inputs of 
mineral P fertiliser, a 50% reduction in 
P pollution from agriculture could save 
the global farming community between 
$US8.0–19.8 billion year-1 in mineral 
fertiliser costs. This is based on a cost 
of P in diammonium phosphate (DAP) 
of US$3.2 P kg-1 (for September 2021)i, 
and assumes all losses are replaced by 
DAP. With substantial fluctuations in 
DAP price (e.g. ranging from US$280-
643 DAP t-1 between 2010 and 2021) 
this value varies greatly. Based on the 
average DAP price between 2010 to 
2021 the annual global value of the 
saving would be US$5.7-14.1 billion.

A 50% reduction in P pollution would 
have a significant impact on the costs 
associated with the management of P 
loading to water bodies. As discussed in 
Chapter 5, the most effective and least 
expensive strategy is to stop P pollution 
at its source (e.g. improving fertiliser 
management, improving sanitation). 
The second is to implement adaptation 
interventions in the landscape to 
intercept P flows from reaching water 
bodies (e.g. buffer strips, erosion 
control). The median estimated cost for 
P pollution adaptation interventions 
is US$46 kg-1 of P intercepted (see 
Chapter 5). A 50% reduction in P 
pollution could therefore reduce the 
requirement for annual adaptation 
costsii by between US$143–322 billion. 
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Where the preceding steps cannot be 
achieved, measures to capture the P within 
the waters can be implemented. A 50% 
reduction in pollution would slow the 
increase in global P stockpiles retained in 
freshwater ecosystems, currently increasing 
by 5 Mt year-1 (Beusen et al., 2016). 
Geoengineering techniques as described in 
Spears et al. (2013), to control the additional 
P being loaded into these stockpiles (e.g. 
make it not bioavailable) would cost 
US$122–220 billion year-1 (see Chapter 5). A 
50% reduction in P pollution could therefore 
reduce the requirement for additional 
geoengineering costs by US$61–110 billion 
year-1. Whilst such estimates are difficult to 
make with accuracy, recovery of waterbodies 
at this scale is unlikely to be implemented 
due to high costs and, instead, the cost of 
damaged ecosystems are paid by society in 
terms of losses in ecosystem service. 

A 50% reduction in P pollution would 
have a significant impact on the economic 
losses associated with eutrophication 
impacts. As examined in Chapter 5, 
quantitative data on these costs is lacking 
in the literature. Of the few studies 
published, the costs of eutrophication of 
fresh waters in the US was estimated at 
US$2.2 billion annually (covering losses 
to industry, real estate, and management 
for conservation of endangered species 
and drinking water supply) (Dodds et al., 
2009). Similarly, for England and Wales in 
the UK, losses as a result of eutrophication 
of fresh waters were estimated at £75–114 
million year-1 (US$104–158 million year-

1) (covering damages and management 
interventions), with an additional 
£55 million year-1 to cover the policy 

i This is composed of a 50% increase in the recycling of crop residues by 1.3 Mt P year-1, animal manures by 2.2 Mt P year-1, food processing 
wastes by 1.6 Mt P year-1, human excreta and other human wastes by 3.5 Mt P year-1, based on the analysis of global P flows in 2013, as 
presented in Chen and Graedel (2016). 

response (Pretty et al., 2003). A similar 
assessment updates this figure, estimating 
eutrophication in the UK in 2018, to cost 
£173 million (US$220 million) ( Jones 
et al., 2020). We note, for some polluted 
lakes, a 50% reduction in P pollution 
may not be sufficient for ecological 
recovery, whilst for pristine lakes, a 50% 
reduction may not be required. Targeting 
of action to reduce P pollution should be 
implemented through national strategies, 
to identify where reductions will make the 
most impact.

In addition to the direct costs of P driven 
water pollution, recent reports indicate 
that P-enriched waterbodies are also 
an important source of greenhouse gas 
emissions (Beaulieu et al., 2019). Downing 
et al. (2021) estimate the global social 
cost of eutrophication-driven methane 
emissions from lakes between 2015 
and 2050 to be $7.5–$81 trillion. These 
values warrant further investigation and 
critical analysis, given the very large 
estimated costs. 

A 50% increase in the recycling of P lost 
in organic waste streams represents an 
increase in 8.5 Mt P returned to food 
production annually (based on data 
presented in Chen and Graedel, 2016).i 
This could offset US$27 billion year-1 as 
spent by farmers on mineral P fertilisers 
(based on a DAP price in September 2021 
of US$643 t-1 - see footnote on page 362). 
By increasing the conversion of P-rich 
organic wastes into value-added products 
(e.g. fertilisers), waste-producing industries 
may also avoid/offset waste disposal costs 
(Peccia and Westerhoff, 2015). 
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Overall, considering these potential savings, 
a global total of US$150-369 billion year-1 
of resource-saving would be provided by 
the 50:50:50 goal,i which could stimulate 
the circular economy for sustainable P 
management. This does not include savings 
made through reductions in economic losses 
associated with eutrophication impacts or 
eutrophication-driven methane emissions. 
The financial value of these benefits provides 
the opportunity to mobilise action on 
processing, storing, and transporting P-rich 
organic materials, where financial synergies 
may be found in simultaneously mobilising 
recovery of N and other elements. 

Besides the agronomical benefits of recycling 
organic residues (see Chapter 6), short-
term benefits may also include a potential 
reduction of P losses to waterbodies 
(assuming P-rich organic materials are 
sustainably managed) (see Chapter 5), and 
reduction in the externalities associated 
with mining PR and the manufacture of 
mineral P fertilisers (see Chapter 2; World 
Bank, 2007; U.S. Environmental Protection 
Agency, 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).

There are also benefits for food system 
resilience. A recent study by Vaccari et al. 
(2019) demonstrated if global P losses from 
agricultural land, manure use, and food 
waste were reduced by 50%, and recycling 
of P from food and human wastes were 
simultaneously increased (by factors of 5.5 
and 3.3, respectively), then enough P would 
be provided to sustain over four times the 
current population. Additionally, if the 
i This figure combines estimated costs benefits of a reduction in 50% losses from agriculture which would be subsequently replaced with 
inputs of mineral P fertiliser (up to 19.8 billion year-1), the increase of 8.5 Mt P returned to agriculture through a 50% increase in recycling, 
which could offset US$27 billion spent by farmers on mineral P fertilisers, and a reduction in the requirement for eutrophication adaptation 
costs of up to 322 billion year-1. 

consumption of animal products was also 
reduced by 50%, almost six times the global 
population could be sustained (Vaccari et 
al., 2019). 

The ‘50:50:50’ goal aligns with several 
aspirational goals that have also called for 
reductions in nutrient losses in recent years. 
In 2018, the INI announced its commitment 
to halve N waste by 2030, at the Our Ocean 
Conference in Bali (https://ourocean2018.
org/). This was adopted as an ambition 
by a group of UN Member States in the 
Colombo Declaration in 2020 (UNEP, 
2019a). As mentioned above this concept has 
also been embraced by the EU Farm to Fork 
strategy (European Commission, 2020) and 
in proposals from the working group of the 
Post-2020 Global Biodiversity Framework 
to reduce pollution from excess nutrients by 
50% by 2030 (CBD, 2020). Whilst it can be 
argued these messages carry a high degree 
of subjectivity (e.g. the definition of loss and 
pollution), the priority of these messages is to 
be easily understood and to provide direction 
(i.e. pollution reduction, recycling increase). 
Importantly, all these goals identify that 
those that cause the greatest pollution/losses 
have the most work to do. 

The ‘50:50:50’ goal aligns with existing 
international initiatives, such as the targets 
of the SDGs, which may help to initialise 
the coordinated actions that will be needed. 
The goals mentioned above call for action 
by 2030. The ‘50:50:50’ goal can thus be 
considered as a starting point for discussion 
by governments and stakeholders across 
society concerning both the ambition level 
and urgency in relation to dates for other 
international goals. 
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Figure 9.2 Key benefits to the environment and society of delivering a 50% reduction in global phosphorus (P) pollution and 
a 50% increase in the recycling of P lost in wastes, by 2050 (as outlined by the OPF 50:50:50 goal). Benefits are observed 
across all seven of the OPF pillars. 
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For example, governments might wish to 
align with a more urgent ambition for 2030, 
which would be technically feasible and 
consistent with other initiatives (e.g. UNEP, 
2019c; CBD, 2020; European Commission, 
2020). Conversely, it is recognised that 
there are substantial barriers to change 
for P, including barriers associated with 
P hypersensitivity (Chapter 2), while 
timescales of restoration of lakes laden with 
excess P can take decades (Chapter 5). For 
these reasons, we here focus the goal on 
2050, not only because there is also still 
significant work to do to get to the starting 
line but also because policymaker and 
public awareness of P issues (in comparison 
to N) are generally low, and work is needed 
to catch up. 

Finally, this goal is not designed to 
supersede existing legislation on meeting 
environmental quality standards for P in 
water bodies, as covered in the assessment 
of SDG 6.3.2 (UNEP, 2021). Instead 
encourage actions towards meeting such 
targets, or implementing them, where they 
do not already exist. 

We note, in addressing this goal, there are 
considerable opportunities to align with 
the ambitions for other nutrient cycles, 
especially N (Sutton et al., 2013; Kanter 
and Brownlie, 2019). There is also a need to 
do so to avoid pollutant swapping between 
nutrient forms and environmental domains. 
Whilst the global cost of nutrient pollution 
has not yet been comprehensively assessed 
and will inevitably be subject to many 
uncertainties and debate, global annual 
societal costs of N pollution have been 
estimated at between US$ 200-2000 billion 
(Sutton et al., 2013).  

9.6 The next steps 
for delivering 
a sustainable 
phosphorus future 
Ten years have passed since UNEP 
acknowledged a critical need to identify a 
route-map for sustainable P management, 
built on consensus among stakeholders at 
national to global scales (Syers et al., 2011). 
Here we propose the next steps to build 
on the efforts of past and existing projects, 
platforms, conferences, and publications 
that have developed the field of global P 
sustainability (Figure 9.3). We expect that 
the next steps will require a simultaneous 
top-down and bottom-up approach. 

The top-down approach aims to see 
governments agreeing that addressing 
P sustainability is a critical issue 
and ultimately agreeing to goals for 
improvement. A major part in the success 
of this step will be to capitalise on the 
momentum already established by past 
efforts and to ensure the publication 
of this report and its associated media 
continues to raise public and policymaker 
awareness of the opportunities to improve 
P sustainability. As noted, this could 
be recognised in the form of a UNEA 
resolution.

The bottom-up approach aims to establish 
a framework to exchange and consolidate 
the evidence from within the P community 
to develop the strategies to deliver on-the-
ground improvements to deliver the goals. 

Building on such actions, work will be 
needed to convert the aspirational 50:50:50 
goal into more specific targets to be 
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achieved. This would set the opportunity to 
inform national legislative actions by each 
country/government, which would account 
for the highly diverse and regional context 
of nutrient issues and can be supported by 
the mobilisation of evidence and awareness 
through the proposed PHOSCOM 
approach (Figure 9.1). 

The steps proposed here have been 
informed by the progress made by the 
international N community over the last 
decade (see UNEP 2019d, Sutton et al., 
2020, 2021). This includes the development 
of a joined-up approach to N management 
through the integration of international 
knowledge facilitated by the ‘Towards 
an International Nitrogen Management 
System project’ (INMS) (www.inms.
international/), with current work looking 
to embed this within the intergovernmental 
INCOM approach. Such a science-based 
approach is also needed for phosphorus. 
For example, developing aspirational goals 
for a UNEA resolution on P will greatly 
benefit from data outputs of a project to 
establish an International Framework for 
Phosphorus, the development of which can 
be informed by lessons learned from INMS. 
A science-based international framework 

i In 2019 over 500 scientists signed ‘The Helsinki Declaration’ calling for transformation across food, agriculture, waste and other sectors to 
deliver much-needed improvements to global P sustainability - mobilised through intergovernmental action. The Helsinki Declaration is 
available at www.opfglobal.com 

for P could play an instrumental role in 
establishing a PHOSCOM, as many of the 
bodies involved in a potential PHOSCOM 
may work together as partners within such 
a framework. For example, further analysis 
will be needed to respond to concerns over 
slow progress made to date, as highlighted 
in the Helsinki Declaration.i What is 
abundantly evident is the present lack 
of coordinated intergovernmental action 
on P urgently needs to be addressed. The 
ideas expressed here should be seen as a 
starting point to mobilise actions by UN 
Member States, and actors across society, 
all of whom stand to gain from sustainable 
P management for multiple environmental, 
health, climate and economic benefits.

Action is needed now to ensure the global 
50:50:50 goal can be reached. Unlike 
actions to address carbon emissions, the 
benefits of implementing measures to 
improve P sustainability will be observed 
mostly at local to national scales. Whilst 
some countries may not be able to take 
immediate action, any delay will only accrue 
further impacts and societal costs. 
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Figure 9.3 Steps proposed to consolidate the knowledge, identify opportunities, and catalyse the political support needed to 
achieve significant improvements in phosphorus sustainability over the next decade. 
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Our Phosphorus Future
The challenges and solutions to improving phosphorus sustainability

Prepared by the Our Phosphorus Future network with support from the NERC International 
Opportunities Fund, the United Nations Environment Programme and the Global 
Environment Facility through the  'International Nitrogen Management System', and the 
European Sustainable Phosphorus Platform.

This report draws attention to the multiple benefits and threats of human phosphorus use. It highlights 
the critical role phosphorus plays in food security and bioenergy needs, as an essential component of 
fertiliser. Whilst geological depletion of phosphate rock reserves is not an immediate threat, geopolitical, 
institutional, economic, and managerial factors may impact phosphorus access. It demonstrates 
phosphorus emissions to water bodies are a key driver of the biodiversity loss emergency in aquatic 
ecosystems. Impacts include toxic algal blooms, mass fish kills, greenhouse gas emissions, and the loss of 
economic, societal, and cultural value associated with high-quality ecosystems. 

Ten key actions are identified that would help maximise the benefits of phosphorus use for humanity, 
whilst minimising environmental threats. The actions listed should be delivered cooperatively, as part of 
an integrated plan across sectors and scales. Whilst national framing of nutrient sustainability strategies 
is vital, several phosphorus sustainability issues cannot easily be addressed without international 
cooperation. Examples of current national and regional phosphorus policies are illustrated, revealing 
green shoots of success in the transition to phosphorus sustainability. However, coordinated action on 
phosphorus to support governments, existing conventions, and intergovernmental frameworks, as well as 
stakeholders, to catalyse improvements in phosphorus sustainability is urgently required. 

The report highlights there is a need for an inter-conventional coordination mechanism to address 
fragmented phosphorus policy. A blueprint for such an initiative is outlined, considering institutional 
options. The potential for economic benefits of improving phosphorus sustainability is illustrated by 
estimating the consequences of meeting a global aspirational goal to make a 50% reduction in global 
phosphorus pollution and a 50% increase in the recycling of phosphorus lost in residues/wastes, by 
2050. The ideas expressed in this report should be seen as a starting point to mobilise actions by UN 
Member States, and actors across society, all of whom stand to gain from sustainable phosphorus 
management for multiple environmental, health, climate, and economic benefits.


