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Towards phosphorus sustainability in North 
America: a model for transformational change 

1 Abstract: 

Global food production and security rely heavily on finite reserves of newly mined phosphate for 
fertilizers. However, systemic inefficiencies result in the deposition in aquatic ecosystems of much of 
the phosphorus mined for food production causing costly eutrophication problems that damage 
aquatic ecosystems and human health. The Sustainable Phosphorus Alliance (SPA, formerly named 
North American Partnership for Phosphorus Sustainability)  was created to implement sustainable 
phosphorus solutions through active engagement of stakeholders in both the private and public 
sectors. This paper describes a conceptual model of transformative change to a sustainable 
phosphorus system for the North American region. The model emerged from discussions at a series 
of formal and informal meetings held in conjunction with a ‘Future of Phosphorus’ event (National 
Science Foundation’s Phosphorus Sustainability Research Coordination Network) and an inaugural 
SPA Board meeting.  Model development drew on the multi-level perspective of socio-technical 
transitions to develop a series of pathways to a transformed phosphorus system. The uses of the 
model and transition pathways are discussed in terms of their potential to form an important first step 
towards the development of a regional vision for improved P sustainability. The process provides an 
example of how research in sustainability science can contribute to action on environmental 
improvement. 

2 Introduction 

2.1 Background 

The world’s food production has relied heavily on finite reserves of phosphate for fertilizers for over 
half a century. In 1979, a Report to the US Congress called for action on long-term phosphorus 
security in the United States, recommending that “the highest level of government begin promptly an 
assessment of access impediments to phosphate minerals and review the Nation’s long-range 
phosphate position regarding future availability, including legislative changes as may be needed to 
ensure supply” (US GAO, 1979). Although little action has taken place in the 37 year since then, there 
have been several discrete events in recent years that have raised widespread consciousness of the 
phosphorus challenge. For example, in 2008, a global price spike in phosphorus triggered by rising 
biofuel demand and high agricultural commodity prices resulted in phosphate fertilizer demand 
temporarily exceeding supply, leading to farmer riots and suicides, and creating a sudden increased 
awareness in the longer-term vulnerability of our food systems to phosphorus scarcity (Cordell et al, 
2015; de Ridder et al 2012). While the Great Lakes of North America have experienced persistent 
summer algal blooms, in 2014, a severe algal bloom caused in part by agricultural phosphorus runoff 
threatened drinking water for a town of 400,000 people (Brooks et al. 2016; Pick 2016). 
Environmental problems associated with phosphorus persist, despite ongoing changes in agri-
environmental policy consistent with ecological modernisation in US agriculture that include 
incorporation of environmental protection technologies into agricultural production practices and a 
greater focus on local governance, (Reimer 2015).  

In 2011 the U.S. National Science Foundation funded the Phosphorus Sustainability Research 
Coordination Network (P RCN) to identify solutions for phosphorus sustainability by catalysing an 
interdisciplinary synthesis of data, perspectives, and understanding about phosphorus. The 
phosphorus RCN has three principal aims

1
: 

1. Coordinate and integrate disconnected geological, agronomic, biogeochemical, economic, and 
sociological data and perspectives related to phosphorus sustainability;  

2. Design and assess institutional, commercial, technological, and psychological solutions in 
conservation, recycling, and equitable distribution to establish phosphorus sustainability; 

                                                      
1
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3. Engage policy makers to bridge the gap between understanding and enacting solutions. 

In early 2014, participants at the P RCN proposed to create the North American Partnership for 
Phosphorus Sustainability (subsequently renamed the Sustainable Phosphorus Alliance) in order to 
implement sustainable phosphorus solutions. The goal of SPA is to actively engage stakeholders (e.g. 
national and local policy makers, planners and officials, representatives of agriculture, and industry) to 
promote and foster the implementation of sustainable phosphorus solutions in both the private and 
public sectors. This paper describes the development of a collective vision and high-level strategy for 
a transformed sustainable phosphorus system in North America. We believe that a strategic approach 
to phosphorus sustainability involving multiple actors, sectors and disciplines, is an essential enabling 
capacity for supporting practical implementation of local management action over the extended 
timeframes and in the dynamic contexts (Patterson et al 2013) that will be required to achieve system-
wide change. 

2.2 The phosphorus challenge: a wicked problem 

The achievement of sustainable use of phosphorus can be classified as a wicked problem, that is the 
issue is complex, open-ended, intractable, and contested (Head 2008). Such problems are 
characterized by high levels of uncertainty as to the nature and extent of the risks involved for 
individuals and society as a whole and typically sit at the interface of social and natural systems (van 
Buren et al 2003). Solutions to such problems are thought to lie in collective action by multiple 
stakeholders and are therefore heavily reliant on the construction and maintenance of social capital 
(Stoll et al 2015), which in turn requires new process responses, such as coordinated government, 
cross-sectoral collaboration, mediation and conflict reduction processes (Head 2008). The 
establishment of SPA can be viewed as an attempt to create the social capital (Adler and Kwon 2002) 
needed to address phosphorus sustainability at a regional scale.  

Agricultural demand over the last 75 years has increased global phosphorus mobilization four-fold 
(Falkowski et al. 2000; Villalba et al. 2008). This timeframe corresponds to the much-touted “Green 
Revolution” that enabled a doubling in global human population. Much of the phosphorus we have 
mined for food production, however, has ended up in aquatic ecosystems, causing costly 
eutrophication problems (Bennett et al. 2001; Smith and Schindler 2009, Sharpley et al. 2013). The 
fundamental problem is that inefficiencies and large losses of phosphorus occur at all points in food 
production (Withers et al. 2014) These losses are so great that only one-fifth of the phosphorus mined 
specifically for food production is incorporated into the food consumed by the global population 
(Cordell et al 2009). This linear flow means lost phosphorus often enters the environment and is 
replaced with newly mined material rather than being recovered and recycled. In contrast, most 
natural ecosystems cycle phosphorus tightly and conservatively (Ref). The world’s dependence on 
mined phosphate for food production creates a serious threat to food security because concentrated 
sources of phosphate are finite. Estimates of demand exceeding the supply of high-grade reserves 
range from 20-70 years (Cordell and White 2011; Mohr & Evans, 2013; Ward 2008). While attention 
was focused on ‘physical scarcity’ during the phosphorus price spikes of 2008, the economic, social, 
institutional, and political challenges associated with global phosphorus supplies will likely begin well 
before mineral phosphorus reserves “run out” (Vaccari 2011; Cordell & White, 2014; Elser and 
Bennett 2011). These challenges will be unprecedented because unlike other scarce minerals and 
metals, there is no technological or biological substitute for phosphorus

2
.  

The Food and Agriculture Organization (FAO) defines food security as the condition in which “all 
people, all the time, have access to sufficient, safe, and nutritious food to meet their dietary needs for 
an active and healthy life” (FAO 2006). The economic challenges of expensive phosphorus will 
disproportionately affect food production in countries that are heavily reliant on phosphorus fertilizer 
imports; are politically conflicted with mineral phosphorus exporters; and/or are relatively less affluent 
with low capacity to adapt (Cordell and Neset, 2014; HCSS, 2012). In developed countries where 
most phosphorus consumption takes place only about 20% of grocery-store food costs are actual 
“farm costs” (including fertilizer) (Childers et al. 2011). As a result, the market signals of phosphorus 
scarcity will be weaker and traditional market forces (e.g., food prices) will be slow to drive 

                                                      
2
 Phosphorus, nitrogen and potassium are all essential macro-nutrients for food production, however nitrogen can 

be fixed from the atmosphere by plants, and potassium resources (mined potash) are not as scarce as mined 
phosphate.   
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phosphorus conservation. Phosphorus commodity prices declined rapidly after the 2008 price spike 
but have subsequently begun to escalate: phosphate rock prices are currently two- to three-times 
higher than they were in 2007 (Mew 2016). While the 2008 crisis was a temporary supply shortage, it 
demonstrates the serious consequences of even a short-term supply disruption and attendant price 
fluctuations (Cordell & White 2014). 

The stocks, flows and governance of phosphorus in North America can be conceptualised as a 
complex, dynamic system that evolves (Mittlelton-Kelly 2003) in response to a range of internal and 
external drivers (Frantzeskaki and de Haan 2009). Achieving sustainability in such systems requires 
multiple often inter-related transitions in technology, markets, human behaviour, policy and culture 
(Geels 2004). Much of the discourse around phosphorus sustainability has taken place in the social-
ecological resilience literature because it has centred on the environmental impacts, particularly in 
aquatic ecosystems, of the management of phosphorus (e.g. Bennett et al 2001, Carpenter et al 
1998, Carpenter 2005, Folke et al 2004, Gunderson 2003, Sharpley et al 1994, Walker et al 2004; 
Millennium Ecosystem Assessment, 2005). However, because improved phosphorus management is 
dependent on technical innovations in the extraction, processing, formulation and application of P, the 
socio-technical transitions literature also provides a framework for examining the complexity of such 
multi-dimensional change (Geels 2010). There is considerable overlap, and some tension, between 
socio-technical and social-ecological approaches (Smith and Stirling 2008). The tension occurs 
because technological change does not necessarily enhance social-ecological resilience (Smith and 
Stirling 2010). For example, increased intensification of agriculture if not carefully managed can lead 
to greater productivity benefits, but also increased environmental pollution as a consequence. 
However, in seeking technical transitions to improved phosphorus sustainability, we contend that it is 
essential such solutions contribute to, or at worst do not further erode, social-ecological resilience. 

3 A model for transformative change 

The model presented in this paper draws on theories of transition management (Geels 2002) and the 
economics of increasing returns (Arthur 1989). The multi-level perspective of socio-technical 
transitions views systems as consisting of niches, regimes and landscapes (Smith et al 2010). Figure 
1 illustrates these components of socio-technical systems as a conceptual model used later in our 
workshop process. Landscapes form the context or environment within which the social system co-
evolves with technology with (Frantzeskaki and de Haan 2009):  

 Business-as-usual: represented as the regime or the dominant functioning of the system (or in 
this case, the current state of phosphorus sustainability in North America).  

 Drivers: the relative strengths of multiple drivers (or forces) determine the extent and direction 
of change within the system. Drivers of change that lead to the emergence of niches (or 
‘pockets’ of innovation) offer transition pathways to a ‘planned’ transformation. 

 Transition Pathways: result through individual actors (niches) that adopt innovative 
technologies and practices considered to deviate from the norm. Transitions involve gradual, 
continuous processes of change along a range of possible development paths at varying 
scales and speeds, and can be described as a set of connected changes. These pathways 
may reinforce each other but take place in diverse areas, such as technology, the economy, 
institutions, human behaviour and beliefs, culture, and ecology (Rotmans 2011).  

 Barriers and Enablers: Systems may be caught in lock-in traps (Xu et al 2015) when existing 
regimes are resistant to change, reinforcing business-as-usual (Unruh 2000). Triggering 
forces (crises, exogenous events) can lead to systemic failure, or in social-ecological terms, a 
breakdown of system resilience and potential system transformation into an undesirable 
configuration (Walker and Salt 2006). Conversely a ‘successful’ pathway is enabled through 
path constitution, the interplay of innovative technology, human agency and mindful decision 
making (Meyer and Schubert 2007), leading to ‘sticky’ change (positive path dependency) 
that cannot easily be undone (Levin et al 2012). 

 Transformed system: transformation will ultimately emerge through knowledge sharing of 
success and self-organisation of the social system (Mittlelton-Kelly 2003).  
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Figure 1: Conceptual model of transformative change (adapted from Jacobs 2016). 

Socio-technical transition processes often feature articulation of a ‘guiding vision’ that can translate 
abstract anticipation of the future into an agenda for stakeholder action (Spath and Rohracher 2010, 
Polli 2012), which can assist in strategic planning for transformation (e.g. Jacobs et al 2016). 

4 Method 

To develop a collective vision for a sustainable phosphorus system in North America we adapted a 
change modelling process previously used to identify pathways to reduce the vulnerability of 
government services for climate adaptation in Australia (Jacobs et al 2016).  

Over the course of two days in Washington D.C, May 2015, we gathered perspectives on the future of 
phosphorus sustainability from participants at an inaugural SPA Board meeting (Table 1, 25 
participants) and the joint meeting of the SPA – P RCN ‘Future of Phosphorus’ Event (Table 1, 68 
participants). These conjoint meetings represented a unique opportunity to allow participants (public 
and private) to articulate their perceptions and contribute their tacit knowledge of the need for 
collective action to achieve a sustainable phosphorus system. The goal for this project was to 
synthesize these into a model of change (guiding vision) to contribute to more expansive stakeholder 
engagement on transition management of phosphorus sustainability for North America.   

Participants in the process included a broad spectrum of stakeholders ranging from government 
agencies, non-profit organizations, to industry associations and fertilizer companies (Table 1) from 
sectors ranging from wastewater management to fertilizer production, farming and environmental 
protection. Engagement of this broad range of stakeholders was seen as critical to the process of 
change modelling to ensure the robustness of knowledge, broaden the spectrum of issues addressed, 
and create ‘ownership’ of the process (Kunseler et al 2015). 

Table 1. Stakeholder categories and numbers at a) the SPA Board of Directors meeting, and b) 
the ‘Future of Phosphorus’ stakeholder event. 

a)  SPA Board of Directors meeting 

Affiliation Category 
Number of participants 

North America Outside N.A. 



 
 

 
 INTERNAL USE Page 5 

Non profit agriculture industry 
research and education 

1 
 

Environmental consultant (water) 1 
 

Agricultural consultant 1 
 

Industry association agriculture  1 
 

Phosphorus recycling company 2 
 

Fertilizer company 2 
 

Non profit environment 2 
 

Government agency (environment, 
agriculture) 

3 2 

Academic 11 
 

Non profit phosphorus stakeholder 
coordination network  

1 

 

b) SPA/P-RCN ‘Future of Phosphorus’ stakeholder event 

Affiliation Category 
Number of participants 

North America Outside N.A. 

Non profit agriculture industry 
research and education 

1 
 

Elected official, state 1 
 

Environmental consultant (water) 1 
 

Industry association, agriculture 1 
 

Phosphorus recycling company 1 
 

Non profit environment 4 
 

Fertilizer company 5 2 

Government agency (environment, 
agriculture) 

9 2 

Academic 22 12 

Non profit phosphorus stakeholder 
coordination network  

1 

Water and gas purification biotech 
 

1 

 

The ‘Future of Phosphorus’ event provided three discrete opportunities for the collection of 
information (listed below). A draft model was developed from the first meeting and then further 
developed and reviewed at each subsequent event. 

1. SPA Board meeting: a facilitated session with the SPA board members to explain the 
process and outcomes of the research followed by a short survey (paper-based). The survey 
asked participants to describe their perspectives as actors in the phosphorus system each of 
its components (actual survey questions in italics below): 

 Business-as-usual: Describe current phosphorus practice (or business-as-usual) 
from your perspective. What is driving change away from current practice, why is it 
uncomfortable to stay (drivers may be economic, social, regulatory, environmental, 
political)? What emerging threats and opportunities are on the horizon?  

 Transformed system: Describe your vision of a transformed system. In 25 years 
from your perspective what should a sustainable phosphorus system look like? (This 
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may already be encapsulated in organization’s objectives). If a description of a 
transformed system was encapsulated in existing organisational objectives, 
participants were encouraged to document that information. It was hoped that 
synthesis of this information would allow some analysis of the compatibility (or 
otherwise) of a range organisational goals.  

 Transition pathways: Describe any new practices/changes/trends to business as 
usual that are emerging now or you expect to emerge soon. Particularly those 
relevant to supporting the transition to a sustainable future.  These changes will be in 
response to the drivers you identified above (so they could be emerging changes in 
the economy, society, the environment, politics, etc.). In asking these questions we 
were particularly interested in the niches that might support transition to a sustainable 
phosphorus future. These changes will be in response to the drivers acting on 
business-as-usual identified above.  

 Barriers and enablers: For at least one of the transition pathways you identified in 
above that are needed to support desirable change identify: three barriers to change, 
three enablers of change, the most important actors (who do they need to work with), 
and any aligned processes (e.g. policies that may not directly address phosphorus 
sustainability but could be used for that purpose). 

2. P RCN meeting: an initial facilitated session with P RCN members to explain the process and 
present version one of the draft change model based on the SPA Board input to stimulate 
participant reflection. This was followed by discussion in small break-out groups with 
participants asked to annotate copies of the draft model with respect to: any drivers of change 
not already identified, any gaps in the desirable future that should be included and any 
additional transition pathways. Individual contributions were collated within these small groups 
and submitted for synthesis by the authors into a more comprehensive second draft of the 
change model.  

3. Joint P-RCN-SPA-stakeholder workshop: this involved two separate processes of data 
collection.  

 During a facilitated series of presentations by invited speakers (Table 2), a panel 
discussion on the presentation and an audience Q&A session, the authors continuously 
annotated version two of the change model adding as required new drivers, transition 
pathways or descriptors of business-as-usual or of the transformed system.  

 In facilitated small group discussions with workshop ‘audience’ stakeholders, participants 
were asked to reflect on the presentations, panel and Q&A discussions then annotate 
copies of version 2 of the draft change model with their perspectives on phosphorus 
sustainability. 

Once these data from all collection processes were collated they formed a rich picture of the 
North American phosphorus system from which a final version of the change model was 
synthesised. In practice, however, because we (the authors) were embedded in the ‘Future of 
Phosphorus’ event, every interaction with stakeholders, formal and informal, was an additional 
opportunity to augment our understanding of the phosphorus system and add information to the 
model. Synthesis involved removal of redundancy and analysis of key themes within each 
component of the model (see Supplementary Material). Themes were encapsulated into a series 
of ‘tag-lines’ or descriptors that attempted to balance both the common and diverse views 
expressed by participants. 

Table 2: Invited speakers and the topics of presentations made at the joint P-RCN-SPA-
stakeholder workshop

3
 

Talks and panels topics Speakers/panellists Affiliation 

Why Farmers and Fishers 
Think Differently about 
Phosphorus (and Nitrogen) 

Nancy Rabalais Louisiana Universities Marine 
Consortium http://lumcon.edu/  

                                                      
3
 Excluding lead author xxxxxxxx who also spoke about the framework described in this paper. 

http://lumcon.edu/
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Solutions for Phosphorus 
Sustainability 
 

Chris Thornton European Sustainable Phosphorus 
Platform http://phosphorusplatform.eu  

Vision for North America, 
The North American 
Partnership for 
Phosphorus Sustainability 

Jim Elser 
 

Arizona State University 
https://sustainablep.asu.edu   

Phosphorus management 
and water quality (panel 
discussion) 

Andrew Sharpley 
G. Melodie Naja  
Doug Myers  
Joe Bartenfelder 
Mark Walbridge 
Helen Jarvie 
 

University of Arkansas 
Everglades Foundation 
Chesapeake Bay Foundation 
Maryland Department of Agriculture 
USDA Agricultural Research Service 
Center for Ecology & Hydrology, UK 
 

Phosphorus recycling 
(panel discussion) 

Bruce Rittmann 
Chris Haug 
Chris Cassidy  
Ariel Szogi 
Brooke Mayer  
 

Arizona State University  
TRIEA Technologies, LLC  
US Department of Agriculture  
USDA Agricultural Research Service  
Marquette University 

Phosphorus sustainability 
in food production (panel 
discussion) 

Rimjhim Aggarwal 
Tom Bruulsema 
Eileen McClellan 
Galen Mooso 
Steve Slater 
Joe Nester 
Ying Wang 
 

Arizona State University  
International Plant Nutrient Institute 
Environmental Defense Fund 
J. R. Simplot  
Mid-western BioAg 
Nester Agricultural 
Innovation Center for U.S. Dairy 

 

5 Results: The North American Phosphorus Sustainability Change 
Model 

The model of change that emerged through synthesis of the information collected in the process is 
shown in Figure 1. Each section of the model is described below keeping close to the intent and 
meaning of original participant input. Specific details and comments of individual participants from the 
phosphorus RCN/SPA Workshop are preserved in Supplementary Material. 

http://phosphorusplatform.eu/
https://sustainablep.asu.edu/
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Figure 2. North American Phosphorus Sustainability Model for Change, resulting from this 
research 

5.1  Business as usual 

Participants identified a wide range of attributes of the current system as unsustainable with respect 
to phosphorus: linearity, inefficiency, a management culture of risk aversion, policy silos, market 
failures and declining environmental health. Mineable phosphate resources are being depleted at a 
rapid rate, and current management practices are leading to the inefficient use of phosphorus with 
little recycling. Limited market incentives and policies create few drivers for phosphorus recycling from 
wastes or on-farm efficiency. On farm practices are still not optimal for either productivity or water 
pollution outcomes. While Nutrient Management Plans exist, farmers are not necessarily using them, 
as they are written by consultants and often not implemented. 

Further, a silo mentality within government departments, coupled with a lack of awareness about 
phosphorus scarcity & pollution, means phosphorus flows are poorly understood and their importance 
is underestimated, which leads to little concern about the linear phosphorus economy. Some 
participants noted the risk averse culture of wastewater utilities, which makes them reactive to 
regulation rather than proactive.  For example, participants explained that wastewater utilities adhere 
to National Pollutant Discharge Elimination System (NPDES)

4
, rather than embracing new 

technologies to recycle phosphorus that would exceed the regulation limits. As a result natural 
phosphorus resources are being rapidly consumed, and used phosphorus is often disposed of in 
ways not amenable to later recovery and which cause environmental damage through discharge of P-
rich wastewater to the ocean and biodiversity loss. In time, this inefficient use of a critical resource 
could lead to expensive or even insufficient resources for agricultural and industrial production 
coupled with growing environmental damage from phosphorus pollution. 

                                                      
4
 http://www.epa.gov/npdes/npdes-permit-limits  

http://www.epa.gov/npdes/npdes-permit-limits
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5.2 Drivers of change 

Drivers of change are the pressures on a current system that promote change. A transition from a 
phosphorus-inefficient to a phosphorus-conserving society will not take place unless significant 
motivations exist to discourage waste and encourage recycling.  Individual citizens who experience a 
decline in social wellbeing through environmental damage and increased prices of commodities due 
to increasing and unstable phosphorus costs will demand voluntary or legislative change to maintain 
their quality of life. Commercial organisations, mindful of the risk to long-term phosphorus supplies, of 
potential punitive regulation and of the ability of phosphorus pollution events to impact on their 
businesses, will also seek to mitigate the problems caused by a linear phosphorus economy.  
Participants used the 2014 Lake Erie bloom that resulted in a temporary closure of the town of 
Toledo’s water supply as an example of an environmental impact they considered was ‘a game 
changer’ that caused loss of fisheries and reduced amenities. This event led to changes in policy, 
funding for research and implementation, and outreach and increased awareness. For example a new 
Senate Bill

5
 in Ohio banning farmers from spreading manure or fertilizer on frozen ground sought to 

reduce phosphorus runoff into Lake Erie. As a result of the bloom, federal funding has also increased 
(i.e. the Regional Conservation Partnership Program

6
) to incentivise improved farming practices. A 

popular website also emerged following the Toldeo crisis to keep the public up-to-date on the severity 
of toxin levels in the Lake allowing the community to link these to other events potentially affecting 
lake quality.  

An increased awareness of the limited remaining phosphorus resources, unequal geographical 
distribution of phosphorus reserves and damage caused by inefficient use will push governments to 
pass legislation requiring better phosphorus management to secure both a more stable economic 
outlook and the wellbeing of their citizens. For example, participants noted that the closure of the only 
phosphate mine in Canada increases North American dependence on overseas imports. A 
combination of these factors will drive society to move from "business as usual" where phosphorus is 
wasted and resources are declining to a more sustainable system where phosphorus is valued as a 
resource, conserved, and recycled where possible, and where phosphorus supplies are secure for the 
foreseeable future. 

5.3 Transformed system 

The future envisioned by participants in 2040 is a circular phosphorus economy where impediments 
to nutrient recovery from all sources, have been removed and products based on recycled P have 
become viable revenue streams. A better understanding of soil health has reduced the amount of 
phosphorus required for agriculture. Stakeholders are informed and incentivised: wastewater utilities 
are resource ‘factories’ selling high value phosphorus in conjunction with other recovered 
commodities; farmers are nutrient literate about their soils and regularly access nutrient management 
tools (e.g cell phone apps). This transformed system employs evidence-based policy and market 
incentives for phosphorus removal/recycling and disincentives for the inefficient use or environmental 
discharge of phosphorus. As a consequence of these new practices, the rate of phosphate rock 
consumption declines significantly, maintaining this critical resource for future generations. These 
changes reduce environmental damage from phosphorus pollution, phosphorus supplies for 
consuming industries and agriculture are more secure and the public more aware of the role of 
phosphorus in human society and the natural world. 

5.4 Transition pathways 

A range of factors including technological developments, education, social awareness, policy 
alterations and economic (dis)incentives will be required to move society from where it is now 
(business as usual) to where it should be (an agreed transformed future). The major use of mined 
rock phosphate is for agricultural fertilisers, which require development of a better understanding of 
soil health and nutrition. The application of this understanding will lead to improved agricultural 
practices such as when and how these fertilisers should be applied, resulting in more efficient 
application, reduced wastage and improved environmental health. This knowledge may also enable 
adoption of non-fertiliser solutions to soil P fertility such as techniques to improve microbial 
                                                      
5
 http://aglaw.osu.edu/blog/mon-07062015-722pm/ohios-new-fertilizer-and-manure-application-restrictions-are-

effect  
6
 http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/farmbill/rcpp/ 

http://aglaw.osu.edu/blog/mon-07062015-722pm/ohios-new-fertilizer-and-manure-application-restrictions-are-effect
http://aglaw.osu.edu/blog/mon-07062015-722pm/ohios-new-fertilizer-and-manure-application-restrictions-are-effect
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mobilisation of soil P, reduce sequestration of phosphorus in soils and reduce runoff from agricultural 
land. Technological innovation will lead to new processes for phosphorus recycling and reduce the 
costs of deploying these systems. The combination of better public understanding of the importance 
of phosphorus and viable technologies for recycling will demonstrate that a closed-loop phosphorus 
economy is both highly desirable and practical, providing support for policy changes to encourage and 
require better stewardship of phosphorus.  

Importantly, participants identified progress already being made along these transition pathways 
including: 

 “Improved knowledge of soil health” (Figure 2, pathway 1), many organizations have been 
furthering research in this area; a prime example being the research conducted by members 
of the NSF funded Phosphorus Sustainability Research Coordination Network

7
. The P RCN 

members have made contributions in diverse areas including legacy phosphorus 
management and policy (e.g. Doody et al. 2014, Haygarth et al. 2014, Rowe et al. 2015), 
research and education on the responsible management of plant nutrition through the 
International Plant Nutrition Institute (IPNI), and the development of science-based best 
management recommendations to reduce field landscape nutrient losses by researchers 

associated with Southern Extension and Research Activity (SERA – 17)
8
 ..  

  “Technology innovation and adoption” (Figure 2, pathway 3) Investment of millions of US 
dollars by WERF (Water Environment Research Foundation) among others in research and 
development because of subscribers (e.g. wastewater utilities) demand for innovative 
technologies.  

  “Community-policy-science networks” (Figure 2, pathway 5)  The recent founding of the 
Sustainable Phosphorus Alliance (SPA)

9
 whose goal is to actively engage stakeholders to 

promote and foster the implementation of sustainable P solutions in both the private and 
public sectors. 

 “Behaviour change” (Figure 2, pathway 5). Farmer adoption of the 4 R’s
10

, developed by IPNI, 
is evidence of progress along this pathway., In addition The proposed adoption of new 
behaviour change strategies by urban municipalities in Minnesota to manage phosphorus-rich 
leaf litter was triggered by studies demonstrating the cost-effectiveness of this as a means to 
reduce urban phosphorus loading on waterways (Hobbie et al. 2014).  

5.5 Barriers 

A successful transformation of the P system requires regulatory, social, economic and technological 
barriers to transition pathways to be overcome. For example, participants suggested that increased 
regulation under the NAFTA treaty can potentially lead to competitive disadvantage in North America 
(e.g. related to phosphorus waste management costs). A failure of policy to recognise both the 
importance and also the potentially at-risk nature of the phosphorus supply fails to disincentivise 
inefficient use and wasteful discharging of phosphorus streams, while also limiting incentives for 
phosphorus recycling or conservation. As a consequence there is a lack of financial support for 
developing phosphorus recycling technologies, and coupled with current low prices for phosphate 
rock there is little monetary reason for organisations to consider how they use and dispose of 
phosphorus.  

Participants suggested that many phosphorus reuse technologies are not yet financially sustainable 
or technologically viable, which can deter phosphorus recycling. Other technology limitations identified 
by participants included cost, availability, scale and difficulties of co-recovery of phosphorus and 
nitrogen

11
. While a lack of awareness in the general public of the important yet potentially at-risk 

                                                      
 

8
 http://sera17.org/about/ 

9
 https://sustainablep.asu.edu/about  

10
 http://www.ipni.net/4R  

11
 Another important technology barrier raised at a later P-RCN forum was the strong disincentive for 

the main phosphate fertilizer companies to develop new methods of fertilizer production. Unlike other 
 

https://sustainablep.asu.edu/about
http://www.ipni.net/4R
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nature of the phosphorus supply means that little pressure from the community for policy change is 
applied to local or national government. 

5.6 Enablers  

Participants viewed the transition to a sustainable P system as enabled by a number of changes to 
society’s approach to this resource. Food security, already a concern due to the expected increase in 
the human population in the coming century, could be further stressed by fluctuations in the 
phosphorus supply for fertiliser and give governments strong motivation to take action against the 
waste of P. The resulting regulatory threats and the possibility of higher phosphorus prices will likely 
encourage greater development and adoption of phosphorus recycling technologies and more cost-
effective and efficient practices on-farm. The 800% price spike of rock phosphate in 2008 was a 
driving force in the recent progress along transition pathways. The demand for proven technologies to 
circularise the phosphorus economy will require the development of a greater scientific understanding 
of phosphorus both in the environment and in human society, enabling a better systems-level 
approach to be developed for this resource. The overall concern about the effects of a potential P-
shortage and the demand for new research into phosphorus and for new phosphorus recycling 
technologies will lead to better education of the general public about the roles of phosphorus in 
modern society. 

  

                                                                                                                                                                     
industry sectors, these methods have not changed in over fifty years. However others argued that 
there has been some innovation in the fertilizer industry. 
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6 Discussion 

The establishment of SPA and the associated ‘Future of Phosphorus’ event afforded a unique 
opportunity to research P sustainability at the boundary of communities of diverse stakeholders that 
included experts and decision makers from public and private domains. The process we employed 
attempts to mobilise science and technology through the emergence of an agreed vision for change in 
a forum specifically created for open discourse among participants and in the context of a common 
conceptual framing of purpose (Collins and Ison 2010), that being the transformation of the North 
American P system.  

We view the resulting change model as an important first step towards the development of a regional 
vision for improved P sustainability for which there are multiple uses. The potential roles of visions in 
the process of innovation have been identified (Schot and Geels, 2008) and have attracted some 
criticism. Much of the criticism centres on the ability to manage conflict among stakeholders in the 
envisioning process that can be inherently political and contested (Berkhout 2006). Here we draw on 
the five functions of visions described by Smith et al (2005) to discuss the ways in which the change 
model developed in this paper may be used.  

Identification of plausible alternatives. We believe the transformed system in our change model 
depicts an alternative future that is not only desirable but also plausible for two reasons. Firstly, it 
draws upon the tacit knowledge of a broad range of P system actors that collectively have a deep 
understanding of change that is technically achievable. Secondly, the transformation evolves from 
progress along the suite of transition pathways, which are themselves extensions of innovative 
practices emerging from business as usual. Stakeholders identified the need for either fiscal or 
regulatory instruments (policy, negotiated agreements, environmental taxation) or intervention in the 
innovation system (research and development, environmental management systems, capital grants), 
as ways to promote progression along the transition pathways. These actions already are routinely 
used to effect change in environmental management (Smith et al 2005). 
 
Problem-definition. We characterised the transition to P sustainability in North America as a classic 
wicked problem (Head 2008). Our change modelling process confirmed that improvements to P 
sustainability while undoubtedly complex, open-ended, intractable and contested are not unsolvable. 
Rather, the P sustainability change model allowed the complexity of the attainment of P sustainability 
to be depicted as a series of inter-related transition pathways, which in turn need to be ‘unpacked’ at 
local scale to develop appropriate solutions. In some disciplines, such as improved understanding of 
soil biology, a greater international research effort is required to support P sustainability. However, in 
many instances the application of existing knowledge would be sufficient to provide technical 
solutions to reduce P losses to the environment and improve P use efficiency. Such solutions require 
a better articulation of the case for change to local communities and the formulation of appropriate 
policy and economic instruments to support transition to a circular P economy. In addition to defining 
the problem of P sustainability, because the constraints to transformation lie primarily in the social 
system, our model defines a principle role for SPA as a powerful institutional advocate for change. 
 
Target setting and monitoring. Progress in scientific research is generally regarded as occurring 
through an expression of aggregated individual interest (Tarko 2015). The science required to support 
progress towards P sustainability is both multi- and trans-disciplinary drawing on fields as diverse as 
diffusion of innovation, economics and soil chemistry. Our change model provides a collective agenda 
for scientists with an interest in researching P sustainability to situate, link and collaborate within and 
across transition pathways that are at different stages of progress. For example, considerable effort 
has gone into promoting improved nutrient stewardship among North American farmers through the 
‘4R’s’ program (right source, right rate, right time, right place), which facilitates progress along the 
behaviour change pathway of the model. Monitoring future progress might consist of assessing the 
reach of the program to priority farm sectors in targeted locations and the extent of best practice 
adoption. In contrast, in a recent review Rowe et al (2015) identified legacy phosphorus (P that has 
accumulated in soils from past inputs of fertilizers and manures) as a large secondary global source of 
P that could substitute for manufactured fertilizers. However, they indicated that exploitation of legacy 
P requires a transition to a more holistic system approach to nutrient management based on 
technological advances in precision farming, plant breeding and microbial engineering together with a 
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greater reliance on recovered and recycled P. Legacy P exploitation is at an early phase of innovation 
and requires targeted intervention along multiple transition pathways (improved knowledge of soils, 
systems research and technology development) in a number of disciplines before it could effectively 
enter routine agricultural practice.  
 
Network building.  At the regional scale there appeared to be agreement among stakeholders that 
improvement in P sustainability was desirable, suggesting that there may be considerable top-down 
normative pressure for change (Elzen et al 2011). However, while consensus among policy makers, 
institutions and scientists forms a powerful coalition of ‘prime movers’ (Smith et al 2005), conflict is 
most likely to emerge at local scale where transformation may be perceived as challenging local 
beliefs or threatening commercial viability (Gillard et al 2016). Stakeholder collaboration in a 
polycentric governance system (a management system with multiple rather than a single centre of 
power) theoretically would allow improved management of the geographical scope of P sustainability 
issues at different scales and facilitate social learning among participants (Huitema et al 2009). 
However, Gillard et al (2016) suggests that local ‘micro-politics’ (stemming from entrenched world 
views of local actors) may limit the extent of transformational change that is possible. Considerable 
top-down incentives for change would likely be required to overcome this and to offset the additional 
transaction costs (through more extensive stakeholder engagement in decision making) that 
polycentric governance systems entail. 

Targeting and attracting resources. Transition pathways can be used as starting points for the 
identification of key research priorities to inform a comprehensive research agenda to guide scientific 
effort and funding programs. Formulation of comprehensive research agenda are commonly used to 
attract and target scare resources to environmental sustainability issues (e.g. Future Earth 2014) The 
stakeholder-led, participatory processes used in the development of these transition pathways ensure 
a strong emphasis on integration among scientific disciplines and should improve the balance 
between the supply- and demand-sides of science (Sarewitz and Peikle 2007) to produce knowledge 
that is of value to decision-makers and generates solutions that improve P sustainability. The 
transition pathways can also assist with the direction of both human and fiscal resources towards 
promoting the implementation of technological innovation and adaption, and to campaigning for the 
policy and regulatory changes which may be necessary to allow the transition to P sustainability to 
take place. 

7 Conclusion 

Miller et al (2014) identified four ways that research in sustainability science can strengthen its 
contributions to action on environmental improvement. These included a greater focus on the role of 
values in science and decision-making for sustainability; exploring the ways communities at various 
scales envision and pursue sustainable futures; improving understanding of how socio-technical 
change can be fostered at multiple scales; and through the promotion of social and institutional 
learning for sustainable development. We believe that the process used to develop a transitional 
change model, the model itself and the potential utilization of the model by SPA represent practical 
examples of this strengthening. However, further progress will be contingent upon the ability of SPA, 
as a nascent organization formed specifically to address P-sustainability, to develop beyond simply a 
loose network of stakeholders into an institution able to support and promote efforts in research, 
development and adoption of new technology, and to drive concerted action towards P-sustainability 
in North America (Harangozo and Zilahy 2015). Furthermore, we hope that the change model 
developed in our study may evolve from a guiding vision to the depiction of new social norms for 
regional P sustainability (Spath and Rohracher 2010). 
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SUPPLEMENTARY TABLE A 

 

Business as usual  

Policy 

 Silo mentality in government departments, with water/food/energy separated 

 Stakeholder tension 

 Expectations of results from interventions too high (e.g. popular phosphorus source-control 
efforts implemented have not shown desired results) 

 Inconsistent recommendations on phosphorus vs N 

 Lack of phosphorus awareness among policy leaders (e.g. phosphorus recovery not seen as 
a priority) 

 No national focus on phosphorus 

 Too much bureaucracy 

 One-size-fits-all policy 

 Poor translation of research into policy/action 

 Competitive agendas, no joined-up thinking 

 Corn subsidies encourage unsustainable agriculture 

 Current focus on regulating inputs, not outcomes 

 Incomplete understanding of system leads to poor decision making 

 Regulation – tension between trust in regulation as the answer to get things done and distrust 
and that it stifles creative solutions by farmers 
 

Linear economy 

 One way conveyor belt (from mine to field to animals to water pollution) 

 phosphorus lost in waste – not valued as a resource 

 phosphorus seen as a cost centre for utilities/food processors/industry 

 Language ‘waste water treatment plant’ – defines function (phosphorus removal to limit 
discharges, instead of phosphorus recovery for reuse) 

 phosphorus systems not integrated (i.e. agriculture, water management, industries and farms 
not coordinated) - segmented value chain 

  

Agriculture 

 field (and potentially field subsection) scale nutrient management: 
o nutrient management plans, incorporate 4R 
o nutrient management plan goals – is the goal water quality or maximizing yield for 

nutrient management plan? 
o farmers do not use them, a consultant writes them and they sit on a shelf 

 

 Farmer behaviour doesn’t generally support phosphorus sustainability, farmers are creatures 
of habit; Farmers driven by profit/ consumer demand 

 Aging farm population 

 Over use of nutrients (e.g. spreading manure/biosolids even if soils are saturated):  
o is manure a resource or pollutant 
o landowners/farmers in most cases are looking for N requirements not phosphorus 

(resulting in excess phosphorus application) 

 ‘soil seen as a substrate’ 

 Lack of systems thinking (lack of big picture) 

 Legacy P, what to do about it 

 Physical separation of sources (recycled P) and sinks (phosphorus users) (G2) 

 Recycled nutrient forms and equipment may not fit existing farming systems 
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Market failure 

 Externalised impacts of phosphorus pollution 

 phosphorus environmental metrics not relevant to farmers 

 Consumers not connected to environmental degradation 

 Short term mentality which focusses on profits and not environmental the "big picture".    

 P-resource production is regionally dominated. 

Declining environmental health 

 Poor water quality e.g. excess nutrient inputs into waterways 

 Loss of biodiversity  

 Declining amenity 

 Increasing footprints and number of footprints (C/N/P/water etc.) 

 Short term economic focus 

  

Utilities & urban systems 

 Conservative/risk averse utilities – e.g. the risk of being disincentivised for making changes 
on their own technology adoption; or making sure new practices are well-tested before 
implementing at their own treatment plant 

 Reactive to regulation by utilities rather than pro-active (e.g. meeting NPDES
12

 effluent limits 
because ‘government says so’) 

 Poor understanding of phosphorus dynamics in urban systems  

 Poor public perception of human waste 

 phosphorus removal mantra not phosphorus recycling (e.g. chemical precipitation produces 
unsuitable phosphorus material due to heavy metal contamination and solubility)  

 Sludge from wastewater treatment is disposed of to landfill instead of recycled  

 Wastewater and recycling information fragmented 

  

Inadequate monitoring – variability among watersheds is large (e.g. before/after implementing 
innovation or changed practices) 

 

Drivers 

 Decline in social well-being (e.g. impact of livelihoods, culture, and health; especially to 
underserved and low-income individuals living downstream of where phosphorus inputs 
occur) 

 Public is becoming more aware of safety issues with water and starting to demand change, 
even resulting in legal action 

 Environmental degradation (eutrophication and hypoxia) – impaired drinking water e.g. the 
2014 Lake Erie bloom that caused Toledo’s water supply to shut down for 2 weeks was a 
game changer; and loss of fisheries and reduced amenity 

 phosphorus – an essential nutrient (agronomic production, human health) 

 Threat of regulation (e.g new precedent re RCRA legal case ruling manure over application 
as pollution threat under Clean Water Act) e.g. drives phosphorus recovery as high-quality 
fertilizers (e.g. struvite)  

 Reframing waste management as an opportunity (i.e valuable resource instead of a cost) 

                                                      
12

 National Pollution Discharge Elimination System; http://www.epa.gov/npdes  

http://www.epa.gov/npdes
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 Uncertainty about future of phosphorus resource (availability, geopolitics, cost of 
extraction/processing, risk to business) 

 No local phosphorus supply (e.g. dependence on phosphorus imports) 

 Increased and/or erratic price of phosphorus  

 Ethic of sustainability (ie. concern for future generations) 

 Security of crop yields (ie. yield gap) 

 Business risks to those in the phosphorus supply chain 

 Closure of only phosphorus mine in Canada 

 Population beyond limits (Impact = Population x Affluence x Technology)  

 Need for change from reactive to proactive policy, tackling issues pre-emptively 

 

Barriers 

 Lack of government support and incentives (i.e for new technology, supply chains) 

 Best Management Practices can be costly or lacking/absent 

 Political inertia coupled with interests in the status quo 

 Inflexible regulatory framework (e.g. water quality targets, recovered phosphorus products 
often considered as wastes leading to restricted application, uncertainty in outcomes of 
interventions, integration between energy-food-water nexus) 

 Regulation can vary between Federal, State and local governments  

 Increased regulation under the NAFTA Treaty (North American Free Trade Agreement) can 
potentially lead to competitive disadvantage in North America (e.g. related to phosphorus 
waste management costs) 

 Non-evidence based decision making e.g. use of science in policy making is often lacking, 
e.g. lack of evidence of actual sources of phosphorus pollution 

 Lack of labour/time resources 

 Low cost of mined P/ fertiliser 

 Lack of market connectivity e.g. livestock – tillage; urban –rural. 

 Lack of stakeholder awareness 

 Technology limitations (cost, availability, scale, difficulties of co-recovery of phosphorus and 
N, uptake) despite stringent nutrient limits on the horizon (e.g. with respect to infrastructure 
change of wastewater treatment plants) 

 Information overload:  we don't necessarily need more models, but we do need to use the 
models which have more efficiently. 

 Behavioural inflexibility; to change paradigm is scary, unthinkable and potentially expensive 
for many sectors e.g. while other technologies might be available they are being ignored in 
favour of single source technology like Anaerobic Digestion, e.g. in Vermont where regulation 
mandating specific solutions which closes the door to innovation  

 Legacy of past practices (soil, sediment, hydrology) 

 Lag times and spatial disconnection between when/where the problem occurs and 
when/where the consequences are felt 

 Funding to address the challenges is limited; Equity investments are low and slow (most 
commercial capital required for phosphorus innovations is going to IT/digital sector (Silicon 
Valley)  

 Lack of value-chain dialogue between different sectors and stakeholders to enable market 
uptake 

 Litigation among different sectors is creating roadblocks to progress  

 Traditional practice  
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Enablers 

 Importance of food security 
 Increased phosphorus efficiency can lead to better profit margin in agriculture  
 Regulatory threats 
 New technology 
 Policy is following improvements in technology  
 Some recognition of economic opportunities for technology to remove P 
 Higher cost of mined P 
 Scientific understanding and knowledge 
 Education and awareness (e.g. close relationship between society and academia 

(Universidad Nacional Autónoma de México (UNAM)) 
 A high regard for better land/water stewardship practices can lead to higher adoption (of 

sustainable phosphorus use practices) 
 Organic health food drivers 
 Systems thinking approach 
 Sustainability metric 
 Learning from previous successes in P management (e.g. the removal of phosphates from 

detergents in the US/Europe). 
  

 

Transition Pathways 

P1: Improved knowledge of soil health 

 Understand the rhizosphere and role of soil microbes in nutrient efficient agriculture 
 

P2:  Changes policy and regulation 

 Fixing operational/regulatory holes in management 

 Science grounded recommendations/policies 

 Ease the use and movement of phosphorus through the economy 

 Change of subsidies away from P-inefficient farming towards soil health research 

 Introduce risk to poor phosphorus management 

 Create enabling policy environment to encourage local government to adopt nutrient recycling 

 Regulation/litigation (led by EPA), e.g. strict levels for phosphorus discharge (from effluent) to 
drive phosphorus recovery 

 E.g. restrictions on phosphorus use; implementation of Nutrient Management Act
13

 

 Start with lowest hanging fruit 

 Follow pollution prevention hierarchy – consider source reduction first, then reuse/recycling, 
then treatment, and disposal last 

 US could developed a model similar to the EU26 REFERTIL
14

 (Reducing mineral fertilisers 
and chemical use in agriculture by recycling treated organic waste as compost and bio-char 
products) program 
 

P3: Technology innovation and adoption 
 

 Reduction of barriers via research 

 Recognise limits and acknowledge bounds 

 Support (including funding) of translational research (e.g. translating scientific knowledge to 
users, including from pilot stage to widespread adoption) NOTE: put in text: WERF already 
investing millions of dollars of research because their subscribers (i.e. wastewater utilities) are 
asking for this type of research 

                                                      
13

 http://www.omafra.gov.on.ca/english/nm/nm-act.htm  
14

 http://refertil.info  

http://www.omafra.gov.on.ca/english/nm/nm-act.htm
http://refertil.info/
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 Solve non-point phosphorus pollution – finding ways to convert non-point sources into point 
sources, learning from net zero water and energy facilities to design/operate net zero nutrient 
agriculture watersheds 
 

P4: Economics and markets 
 

 Alternative funding systems (e.g. subsidies for phosphorus recovery, or tax incentives), 
decentralised in urban areas 

 Incubate and support start-ups to deliver eco-restoration services 

 Generate local jobs in nutrient recycling and recovery 

 Good value proposition, e.g. bioenergy and alternative energy as levers for phosphorus 
recovery 

P5: Community-policy-science networks 

 Encourage proactive collaboration including public/private collaboration (e.g. SPA, ESPP, etc) 

 Engage USEPA, USGS, USDA to inform and get buy in on new practices for resource 
recovery 

 Inclusion of households and small communities (not just for large urban waste managers) 

 Incentivise open information sharing 

 Citizen science and participatory science 

P6: systems research towards integrated approaches  

 Develop urban farming with closed-loop waste works 

 Ensure local needs assessment and solutions 

 Embed sustainability aspects in research objectives  
 

P7: Behaviour change (e.g. need to know what motivates farmers behaviour – the new face of 
farmers are vastly different) 
 

 Progressively improved nutrient management (e.g. to reduce phosphorus inputs to nearly all 
freshwater and some marine ecosystems) 

 Immersive circular economy education for children 

 Innovation champions for practices 

 Shift dietary choices away from P-intensive food (e.g. reduce beef, increase chicken) 

 Increase university focus on food, economics and social science 

 Change relationship with farmers, increase trust 

 Change from pointing fingers to developing solutions 

 Residential understanding of impact that current lawn practices have on the environment  

 

IN 25 YEARS, A TRANSFORMED phosphorus SYSTEM IS:  

(numbers refer to repeats from small groups numbered by tables) 

INTEGRATED: 

 Both biophysical and socio-institutional  
 Managing P, N, C etc together in a balanced way and for multiple benefits (including 

environment, human health, energy provision, water provision)  
 Integrated agricultural systems, landscapes & catchments (e.g. optimized land use for 

phosphorus for different scales) 
 Communication, coordination, collaboration, new partnerships and trust between farmers, 

scientists, industry, others  
 No silver bullets, rather a suite of innovative sustainability solutions 
 Integrated commercial systems that are affordable and reliable 

INFORMED: 
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 Farmers are nutrient literate about their soils (quantity, availability, flow, budget) 
 Community/residents/consumers are aware of phosphorus sustainability and the real cost of 

food 
 Appropriate sustainable phosphorus metrics (e.g. water quality) inform and incentivize 

efficient phosphorus use 
 User-specific appropriate tools (e.g. farmer nutrient management info on mobile phones) 

CIRCULAR ECONOMY:  

 Cradle-to-cradle approach: nearly 100% of phosphorus is recovered and reused, from all 
sources (manures, excreta, food waste, ash, runoff, etc) 

 Wastewater utilities are resource stewards or resource ‘factories’ selling phosphorus (e.g 
Class A biosolids

15
) and other recovered commodities (energy/carbon, water, nutrients) 

 Recovered phosphorus is a substitute for chemical fertilizers and has achieved significant 
market penetration (i.e. there is a strong market for recycled phosphorus e.g. struvite) 

 Consider alternative sources/technologies, e.g. ecological sanitation, anaerobic bioreactors, 
or Ostara’s cost recovery model of struvite generation from wastewater 

 Renewable phosphorus fertilizers are affordable and economically profitable (e.g. high quality 
products with added value on a stable market without effects on the environment)  

 Phosphorus moves with ease through the economy (no impediments to transport, markets, 
labelling/classification)   

 Local farm recycling (where appropriate), e.g. manure and other animal wastes more closely 
coupled to the agricultural nutrient cycle 

EFFICIENT: 

 4Rs – Right time, right place, right source, right rate  
 “brown revolution”, precision application 
 optimising the supply chain: inputs aligned with outputs and minimise losses throughout the 

food supply and consumption chain (e.g. minimal losses from the field) 
 e.g. soil phosphorus is optimised by overcoming phosphorus saturation in soils and extracting 

nutrients from difficult available phosphorus soil pools and use of new high-quality fertilizers 

NUTRITIONALLY SECURE: 

 food security for all: consumers have healthy, sustainable diets with low phosphorus footprints 
 agriculture is more economically viable – more resilient to economic and environmental 

stressors 

EQUITABLE: 

 resource security: equitable per capita phosphorus use 

 Align resource consumption/distribution with population (to meet needs/demand) 

 Phosphorus is used in way that doesn’t contribute to decline of aquatic ecosystems, water 

quality and social wellbeing  

EFFECTIVELY GOVERNED: 

 monitoring and tracking of phosphorus through the supply and consumption chain 
(phosphorus footprints, e.g. through interactive GIS sources and used P) 

 certified renewable phosphorus fertilizers (e.g. standards); certified nutrient systems 
 all farms have nutrient management plans linked to fertilizer use which are actively 

implemented 
 policy supports sustainable phosphorus practices and technologies to incentivize industry to 

recovery phosphorus (e.g. subsidies, phosphorus trading)  
 phosphorus is a strategic resource (e.g. phosphorus in manure can offset some 

imports/mining) 

                                                      
15

 http://www.epa.gov/biosolids/frequently-asked-questions-about-biosolids  

http://www.epa.gov/biosolids/frequently-asked-questions-about-biosolids
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RESPONSIBLE: 

 ‘upstream’ stakeholders ensure no reduction of social/economic value downstream (e.g. 
water quality is not compromised) 

 public sector sharing costs of phosphorus sustainability  
 industry is proactive – e.g. supply chain actors ‘upstream’ are responsible for downstream 

impacts  
 environmental and social costs are internalised 
 entrepreneurs responsible for ensuring phosphorus gets from where it is now (e.g. manure) to 

where it is needed 

 ‘NEXT-GENERATION’ P/ENVIRONMENTAL STEWARDS:  

 tech-savvy farmers 
 engaged pro-active students (future managers)   

 

 


