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Summary
A major challenge of the 21st century is the rational management of natural resources for
sustainable growth and human development. Societies around the world are concerned with
how to best transition towards resource use and reuse schemes that are ecologically safe,
economically sound, and socially just. This thesis examines phosphorus (P), a non-substitutable
and essential element required for soil fertility and food production, and its major economic
source, mined phosphate rock, a non–renewable resource. Concerns about depleting resource
stocks, equal access, and losses resulting in eutrophication are causing many to question the
current use and governance practices. The thesis aims to contribute to the transition to
sustainable phosphorus management and stewardship by taking an explorative approach. Five
contributions, with a focus on scarcity, pollution, and their relationship, provide new insights
into sustainable pathways. They are characterized via their systemic perspective, as well as
their inter- and transdisciplinary research approaches.
The first contribution explores the integration of emerging global phosphate rock scarcity
concerns with the goal of reversing the eutrophication of Lake Winnipeg in Canada. The main
focus of this contribution is to examine the value and validity of such a coupling. Applied action
research demonstrates mutual learning among stakeholders and shifts the problem perception
from single-symptom framing to a systemic perspective. Thus, it allows for a more inclusive
mapping of the nature and dimensions of the challenge, expanding the pollutant-driven
management frame.
The second contribution assesses the prospects of uranium (U) recovery from phosphoric acid.
U in phosphate rock is burdened by a dichotomy: It may be a problem due to its radiological and
toxic risks to human health and the environment, and it may be an opportunity due to its value
as a by-product that can be used in the nuclear fuel cycle. We can show that the extraction of
uranium could considerably increase the U resource pool and contribute to energy security. This
would reduce the social and environmental risks that arise from conventional U mining and
milling, as well as from the redistribution of U in the environment via fertilizer products.
The third contribution reviews past experiences with phosphate rock declension and
phosphorus scarcity concerns. The findings overturn the conventional wisdom that phosphate
rock depletion is a new topic for food security. In fact, it is not. We can show that discourses and
research have existed in the past, but remain largely unnoticed in today’s sustainability debate.
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Several lessons emerge from integrating past results with future management design options.
We argue for knowledge anchoring and improved historic literacy, pleading that the
humanities be more strongly integrated into today’s sustainability and global change research.
The fourth contribution attempts to encompass the totality of what may constitute the
phosphorus problem and the related challenges, framing them along the phosphorus supplydemand chain. It addresses the need for a global and holistic perspective, for actionable
research, and for improved cooperation between science and practice. A transdisciplinary
process with the key stakeholders within the phosphorus domain is developed and
implemented on the global level. The aims of this contribution, inter alia, are to contribute to a
constructive, informed phosphorus sustainability dialogue.
The fifth contribution demonstrates that the modern phosphorus sustainability movement
emerged around 2007. It was triggered by concerns about phosphate rock depletion (“peak
phosphorus”). Since then, a proliferation of research interest in phosphorus has been observed.
We argue that continued dwelling on phosphate rock reserve and resource numbers, as well as
imminent depletion, may lead to a misunderstanding of the causes of the underlying crisis and
threaten the possibility of real solutions. We suggest additional directions of change.
Jointly, these contributions provide new insights into processes and knowledge that can
support the management and stewardship of P more sustainably. We find that both inter- and
transdisciplinarity are important and argue that a global and systemic perspective is important
but that we are only at the beginning of understanding the complexities involved, as well as
how participatory learning processes work on the global scale. Many challenges remain in
terms of generating improved understanding, as well as implementing already existing
knowledge. The following orientations arise from this thesis:

•

Inter-and transdisciplinarity should be more widely accepted by all parts of society. This
requires a larger degree of tolerance and openness on the part of established
disciplines, the scientific publication system, but also wider stakeholder cooperation.

•

Future research should
o
o
o

include the evaluation of transdisciplinary processes “on the go”,
improve overall data availability,
generate a sophisticated understanding of the past and of historic scarcity
cases,
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o
•

take account of the processes and causes underlying current unsustainable
practices.

The phosphorus story makes a strong case for integrating environmental history into
sustainability or global chance science, and, in more general terms, the humanities.

•

A comprehensive phosphate rock resources appraisal should be made to resolve the
geological cornucopian vs. scarcity debate.

•

Past and present resource knowledge should be anchored and stewarded into the
future.

•

Past scarcity concerns, discourse, and research should be more strongly considered in
the current phosphorus security debate.

•

To generate an informed and rational debate, the phosphate rock industry should
communicate more actively, and the scientific community more cautiously.
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Zusammenfassung
Eine der großen Herausforderungen des 21. Jahrhunderts besteht in der nachhaltigen Nutzung
natürlicher und vor allem nicht-erneuerbarer Ressourcen. Unter Nachhaltigkeit wird ein
Umgang verstanden, der umweltverträglich, wirtschaftlich vernünftig und gesellschaftlich
gerecht ist. Im Mittelpunkt der vorliegenden Doktorarbeit steht die Ressource Phosphor (P).
Phosphor ist ein essentieller, nicht substituierbarer Nährstoff für Bodenfruchtbarkeit und
Pflanzenwachstum. Er wird aus dem nicht erneuerbaren, endlichen mineralischen Rohstoff
Rohphosphat gewonnen, welches unverzichtbar ist für die Herstellung phosphathaltiger
Düngemittel, die zur Nahrungssicherstellung weltweit beitragen. Die starke Rohstoffnachfrage,
die Sorge um die Endlichkeit der globalen Phosphatreserven und der verschwenderische
Eintrag des Nährstoffes in Gewässer sind nur einige der Gründe, warum von einem
Ressourcenproblem die Rede ist. Diese Arbeit leistet einen Beitrag zur nachhaltigen und
verantwortungsvolleren

Phosphornutzung.

Im

Mittelpunkt

steht

die

Frage,

welche

Lernprozesse und welches Wissen dafür notwendig sind. Fünf Beiträge zur Verknappungs- und
Umweltproblematik sowie deren Schnittstellen tragen neue Erkenntnisse für nachhaltige
Lösungen bei. Der gewählte inter- und transdisziplinäre Forschungsansatz nimmt eine
systemperspektivische Sicht ein.
Der erste Beitrag verbindet die globale Verknappungstheorie “peak phosphorus” mit der
Eutrophierungsproblematik am Beispiel von Lake Winnipeg in Kanada. Es wird anhand von
Partizipationsforschung (action research) untersucht, ob und wie das Zusammenspiel beider
Konzepte in einem Lernprozess mit lokalen Interessensvertretern zur Umkehr der
Eutrophierung beitragen kann. Resultate sprechen für eine Verschiebung der singulären
Nährstoffbelastungsproblematik hin zu einer systemischen Perspektive, in der die
Wechselwirkungen zwischen Mensch und Umwelt stärker im Mittelpunkt stehen.
Der zweite Beitrag beurteilt die Chancen, Uran aus Rohphosphaten bzw. aus Phosphorsäure zu
gewinnen. Uran birgt aufgrund seiner radiologischen und toxischen Wirkung ein gewisses
Umwelt-und

Gesundheitsrisiko

bei

der

Herstellung

und

Nutzung

phosphathaltiger

Düngemittel. Gleichzeitig handelt es sich um eine essentielle Ressource zur Herstellung von
Kernenergie. Die Nebenproduktion aus Phosphorsäure kann somit einen wichtigen Beitrag zur
nachhaltigen Ressourcennutzung sowie zur Resourcenbewahrung darstellen. Unsere Resultate
zeigen, dass Uran aus Phosphorsäure einen beträchtlichen Beitrag zur nuklearen
Energiesicherung

leisten

kann.

Mehr

als

5.7

Millionen

Tonnen

Uran

werden

in
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Rohphosphatreserven vermutet. Für 2010 wurde eine theoretisch mögliche Extraktion in Höhe
von 11.000 Tonnen errechnet. Eine profitable Nebenproduktion könnte somit soziale und
umweltrelevante Risiken verringern, die durch konventionellen Uranabbau und den Einsatz von
mineralischen Phosphatdüngern entsteht.
Der dritte Beitrag überprüft historische Erfahrungen mit der Sorge um Phosphorknappheit.
Entgegen weitläufiger Meinungen kann gezeigt werden, dass die Angst um die Endlichkeit der
Ressource Rohphosphat nicht neu ist. Gesellschaftlicher, politischer, und wissenschaftlicher
Diskurs hat in der Vergangenheit wiederholt stattgefunden. Die wichtigen Ergebnisse finden
allerdings in der gegenwärtigen Nachhaltigkeitsdebatte keine nennenswerte Erwähnung. Wir
zeigen die Notwendigkeit auf, vergangenes Wissen stärker in den heutigen Diskurs
einzubinden. Des Weiteren werden Maßnahmen erörtert, die den wiederholten Wissensverlust
unterbinden könnten. Wir plädieren für eine stärkere Integration der Geisteswissenschaften in
die moderne Nachhaltigkeitsforschung.
Der vierte Teil leistet einen Beitrag, den anthropogenen Phosphatkreislauf in seiner globalen
Gesamtheit zu erfassen. Dabei wird die Versorgungskette als Strukturkonzept gewählt, um die
Phosphorproblematik umfassend darzustellen und anhand eines globalen transdisziplinären
Prozesses zwischen Hauptakteuren aus Wissenschaft und Praxis zu erforschen. Wichtige Ziele
sind, einen konstruktiven und informierten Nachhaltigkeitsdialog zu gestalten, sowie neues
Wissen

zum

besseren

Problemverständnis

als

auch

mögliche

Technologie-

und

Handlungsoptionen für die Ressourcenpolitik zu erarbeiten.
Der fünfte Beitrag zeigt auf, dass die moderne P-Nachhaltigkeitsbewegung um 2007 begründet
und von der Sorge über die Verknappung von Rohphosphat (“peak phosphorus”) ausgelöst
wurde. Seitdem hat sich das wissenschaftliche, öffentliche und politische Interesse an der
Phosphorproblematik vervielfacht. Wir legen dar, warum das Festhalten an der “peak”-Theorie
zu einem falschen Verständnis von den Problemen führt, die heutigen Mangelerscheinungen
und Umweltproblemen eigentlich zugrunde liegen, und warum dadurch Chancen für effektive
Lösungen stark einschränkt werden.
Die Beiträge zeigen in ihrer Gesamtheit, dass inter-und transdisziplinäre Forschungsansätze
wichtig sind, um ein fundierteres, systemumfassendes Verständnis der Phosphorproblematik
zu erlangen und nachhaltige Handlungsoptionen zu erarbeiten. Die folgenden Orientierungen
resultieren aus der vorliegenden Arbeit:
V

•

Inter-und transdisziplinäre Forschungsansätze sollten breitere gesellschaftliche
Akzeptanz finden. Dies bedarf allerdings größerer Toleranz und Offenheit, insbesondere
auf

Seiten

etablierter

wissenschaftlicher

Disziplinen,

dem

wissenschaftlichen

Publikationssystem, aber auch verstärkter Zusammenarbeit der unterschiedlichen
Akteure.
•

Zukünftige Forschung sollte
o
o
o
o

die Evaluierung von transdisziplinären Prozessen in Betracht ziehen,
generell darauf abzielen, die Datenverfügbarkeit zu erhöhen,
ein besseres Verständnis vergangener Knappheitsdiskurse und ihrer Ergebnisse
zu schaffen,
und verstärkt der Frage nachgehen, welche Prozesse und Gründe den
gegenwärtig wenig effektiven Nutzungspraktiken aus Produzenten- und
Konsumentensicht zugrunde liegen.

•

Die gegenwärtige Phosphor-Nachhaltigkeitsforschung zeigt auf, wie wichtig es ist,
Umweltgeschichte, und allgemeiner, die Geisteswissenschaften verstärkt in die
Forschung über nachhaltige Entwicklung und globalen Wandel zu integrieren.

•

Eine umfassende Neubewertung der weltweiten Rohphosphate sollte initiiert werden,
um die Verknappungsdebatte zu beruhigen.

•

Vergangenes und gegenwärtiges Wissen um Phosphor-Ressourcen sollte langfristig
und öffentlich leicht zugänglich gespeichert als auch in regelmäßigen Abständen
erneuert werden.

•

Vergangenes Wissen um Knappheit und Lösungsansätze sollten verstärkt in den
gegenwärtigen Diskurs um Phosphatsicherheit eingebunden werden.

•

Um eine informierte und rationale Debatte über nachhaltiges Phosphor-Management
führen zu können, sollten Akteure der Phosphatindustrie aktiver und Wissenschaftler
vorsichtiger argumentieren, insbesondere im Bezug auf “ peak phosphorus”.
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Prefatory remarks
This is a cumulative thesis composed of four published papers and three unpublished
contributions. For this thesis, the figure numbering, table numbering, and reference style of the
published versions of these papers were adjusted. A complete list of references is given at the
end of the thesis.
To maintain consistency with the main body of the thesis, the pronoun “we” is also used in
those parts that I authored alone: the introduction and conclusion.
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I am Phosphorus.
Charged as fickle … difficult to control
… hated by pacifists … unseen by millions.
Pictured, a fiery torch of the devil, rising
from the skeletons of a billion dead sea urchins.
I am all this.
And yet, the ancestors of my accusers
Who aimlessly existed by brawn and less
brain … wandered … fought and rose
because of my power.
I was ancient when man was created …
here when the earth was a gaseous nebulae …
here to nourish and strengthen
… mother his apelike mind and body.
Man fumbled for light … stumbled on
the blessings and curses of fire … hands
added crude tools … but held on to
weapons.
Agriculture without me is nothing …
The Greeks used bones, not knowing my
presence. Farm, plant, home and life are
… because I am present.
I was under man’s feet … building up
for the day when he should awaken …
He was mine … I was his.
Out of the alchemist’s fires I came …
strange … light bearing … unwanted.
The staff of life … the metal of manufacture
… the fabric of garments. My
children catalyze, synthesize …
hopefully civilize life.
Like the Phoenix of old, my ashes go on
in a cycle of use and disuse.
Matches, machines, man … all need
my talents. From the heat of are fires I
flow in rivers of industry to the hearthstone of man.
White plumed am I … acidic at times
… neutral or caustic at others…but
a servant of man when properly handled.
I am on to new things.
I am Phosphorus.
Monsanto (1950)
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1. Introduction
Phosphorus (P) is a remarkable element, the “staff of life”, as Monsanto’s (1950) poetic selfportrayal puts it. The element’s nutritional indispensability and its resulting importance for
food security have been recognized since the first half of the 19th century, more than a hundred
and fifty years after its discovery in 1669 by German alchemist Henning Brand. The observation
that “agriculture, without me [P], is nothing” (Monsanto, 1950) brought about great demand
for suitable resource stocks that could be used as fertilizers. The bulk quantities needed to
provide for phosphorus-starved soils around the world were found in phosphate rock, which
became “one of the essential raw materials of agriculture, and one without which this
fundamental industry […] could no longer keep pace with population demands.” (Waggaman,
1939: 391). Thus unfolded the almost uninterrupted rise of a crucial global resource whose use
supported unprecedented agricultural crop production and population development (Tilman et
al., 2002).
Today, indications exist around the world that human phosphorus use either exceeds
sustainability levels or falls below them. Growing pollution in the form of eutrophication is just
one sign of human-induced stress on the global phosphorus cycle. In contrast, many soils
remain undersupplied with phosphate, hampering their productivity (MacDonald et al., 2011). In
2007, concerns emerged about a potential “peak phosphorus” (Déry and Anderson, 2007), the
depletion of global phosphate rock reserves. With this threat to global food security came the
recognition that both the anthropogenic and natural phosphorus cycles, and particularly their
interfaces, must be better understood and managed to alleviate any potential supply crisis and
reduce environmental externalities.
Phosphorus’s importance to global food security is beyond dispute. The question of how to
manage P more sustainably is relevant to food security and also from environmental
externality and social equity perspectives. The failure to improve phosphorus management is a
socially relevant problem that has become of broad interest to scientists, policy-makers, and
resource managers alike. In light of the field’s history and vastness, as well as the knowledge
fragmented among the various disciplines and societal actors, much is already known, but
similarly, much knowledge is lacking. While deficiencies prevail in the understanding of the
biophysical challenges of attaining long-term use that is ecologically safe, economically sound,
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and socially just, even larger gaps exist in understanding the related cultural, social, and
governance structures and how they interact and impact the cycle.
This thesis explores and discusses sustainable phosphorus management and stewardship with
the goal of moving from phosphorus scarcity to sustainable abundance. A scarcity - pollution
frame is thus applied that integrates both of these poles under a human-environment systems
frame and the common normative framework of sustainable development and global change.
As the title suggests, we propose “peak phosphorus” as an opportunity in the making and
suggest that inherent social, environmental and economic concerns offer a chance for
reflection on current phosphorus management and stewardship practices and their
improvements. This notion is similar to Meadows et al.’s (1992) statement that “a warning
about the future should not be taken as a prediction of doom, but rather as a mandate to
follow a different path” (paraphrased by Herring and Fantel, 1993: 227).
The thesis addresses the following general guiding questions:
•

What kinds of processes are meaningful when responding to the challenge of rendering
phosphorus use more efficient, effective, and sufficient while at the same time
reducing social and environmental externalities? How can appropriate inquiry
processes be defined, and how can these processes be structured?

•

What knowledge and insights are necessary to help in obtaining a better
understanding of the problems and the related challenges to inform decision-making?

Five sub-topics will be explored to improve our understanding of the guiding questions. First,
we examine the coupling potential between peak phosphorus and eutrophication on a
conceptual and methodological level. Second, we explore the potential of uranium recovery
from phosphoric acid and its impact on energy and environmental security. Third, we explore
lessons learned from past scarcity concerns. Fourth, we inquire into how a mutual learning
process on the global level may be structured and implemented. Lastly, we analyze the
opportunities and challenges inherent in the current discourse and research approaches. These
topics require us not only to draw on various disciplines and methods but also on knowledge
from various societal actors. We consider the need for inter- and transdisciplinary research a
prerequisite when addressing the topics above. As in any real-world study addressing an illdefined problem, this study also takes a pragmatic approach by a) looking at the parts of the
whole and b) framing the whole. Thus, we emphasize those issues that seem of essential
importance to us to and highlight aspects that contribute to answering our guiding questions.
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To lay the groundwork for the inquiries of this research project, we first show how sustainable
resource management and stewardship is understood in the context of this thesis in Section 1.1.
A brief background of the two ends of phosphorus problem spectrum is given in Section 1.2,
along with conceptual considerations of the phosphorus crisis, challenges, and opportunities,
as well as an overview of the research field. Because some of the concepts on which this thesis
is based may differ from others, we have included explanations of terminology in this
introductory chapter. Goals and methodologies applied will be clarified in Section 1.3. The last
section presents an overview of the five scientific research contributions. They are being
presented in full detail in Chapters 2 through 6. In Chapter 7, we discuss a selected number of
key issues that appear to be of importance to us, including future research and practice needs.

1.1

Sustainable resources management and stewardship: Implications for
science

We have stated that there is a need to manage phosphorus more sustainably and that this
requires inter-and transdisciplinarity. In this section, we review the concepts of natural
resources management, stewardship, and sustainability in a general form and address
increasing calls for a systems (i.e. holistic) and integrative science.
On the occasion of the United Nations Scientific Conference on the Conservation and
Utilization of Resources in New York in 1949, the following statement was given:
“It may be remarked here that the earth’s resources are unimportant in themselves.
The question is how they are used, and how they are distributed. ... In other words,
resources are merely the agents or media by which human society may reach social
and ethical maturity.” (UN, 1951: 12)
Considering this function-based statement, natural resource management is concerned with
how to best use resources to the largest total benefit of man. How many resources do we have?
How, when, and where would we best use them? What externalities arise from their use?
These are just some of the questions that have always surrounded the relationship between
man and the environment. Within this spectrum, questions regarding quantifications and
magnitudes take a particularly prominent place. Clearly, knowledge about resource stocks and
flows is crucial because if one does not know how much of a given resource there is, one
cannot measure it, and if one cannot measure it, one cannot manage it or draw conclusions
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regarding use performance. In view of the importance of those questions and their reasoning,
they have been debated within and amongst a myriad of disciplines, ranging e.g. from
philosophy, science, and technology to governance and law (Barnett and Morse, 1963), but also
beyond.
As more people use more and more natural resources, societies around the world struggle to
cope with overuse, misuse, and conflicts arising over these topics. Some of the most
pronounced problems in resource management are related to understanding and accounting
for a systemic view of the interrelationships and dynamics involved, with the goal of providing
guidance on how best to cope with a particular resource and alleviate the associated problems
(e.g., in the form of environmental impact).
This implies accounting for uncertainties and risks involved in resource use, knowing which
risks are tolerable and which not, reducing vulnerabilities and generating resilience systems via
adaptation mechanisms, and finding mechanisms that can be used to transition from a current
state perceived as problematic to a preferred future state. Accordingly, some of the more
general goals of natural resource management are supply security, waste reduction, quality
provision, use efficiency, economic feasibility, social and cultural acceptability, the balance
between short-term goals (often in the form of profit) and long-term goals (often related to
survival or system stability). In addition, natural resource management includes measuring and
accounting for the use benefits to the various users. If the system shows signs of inefficiency
and intransparency, it is a goal of natural resource management to clarify and optimize it.
Runge-Metzger (1995: 31) stated that “Given current management practices, it is doubtful
whether P resources are managed efficiently and whether these practices will be sustainable in
the long run.” In this context, unsustainable agricultural practices, soil erosion, pollution
problems, and the availability of and access to fertilizers were seen as major constraints. In
contrast, today, a larger systems perspective is taken that translates into sustainable P
management and stewardship that is concerned with developing greater functional P use on
all scales while reducing environmental externalities and taking social equity considerations
into account.
As outlined above (cf. Ulrich et al., 2009), phosphorus management must be systemic and
integrative, allowing us to understand the complete anthropogenic metabolism from cradle to
cradle (McDonough and Braungart, 2002). One aspect is to direct flows in such a way as to
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increase use efficiency and effectiveness (functional approach) while at the same time
reducing losses and seeking to balance demands among various users according to their
requirements. In addition, management also means developing coping and mitigating
strategies in order to decrease system or agent vulnerabilities. Moreover, as Williams (2011) put
it, management requires adaptiveness because what is being implemented and monitored will
bring about change and restructure the management approach based on what has been
learned.
These management issues are also closely linked with the stewardship concept. Stewardship
refers to “careful and responsible management of something entrusted to one’s care”
(Merriam Webster Online Dictionary). It thus encompasses, e.g., cradle-to-cradle product
stewardship which is safe use and handling at all stages of the lifecycle. This is closely linked to
the precautionary principle, i.e., the need to take caution in advance and apply proactive
measures if sufficient risk evidence suggests a need to do so (EEA, 2002). Moreover,
stewardship demands governance and regulation. Carefully and responsibly managing
phosphorus thus requires a clear understanding of the stakeholder landscape, as well as the
roles and responsibilities of key actors. It must also show who can be held accountable for
externalities and who has the mandate to do so. However, as Bittner (2001) illustrated, such an
analysis becomes very difficult on a global level. He used the case of world hunger to
demonstrate two major constraints involved when addressing malnutrition. One is the
geographical distance between those who have enough food and those who are
undernourished (the emotional distance from the suffering), and the other is that the
responsibility of tackling the issue cannot clearly be attributed to one single actor (the
institutional divide). This points to the need for increasing cooperation and communication
between various actors to increase competence and the capacity to tackle sustainable
management issues (Shiroyama et al., 2012).
When expanding the concept of natural resource management to include sustainable
management, we do not refer to “sustainability” as a meaningless term representing all that is
good and desirable in the world. “Sustainability” has a specific meaning. Ekardt (2011) argues
that the meaning of sustainability goes beyond the somewhat-reductionist triple bottom line
(i.e., the social, economic, and environmental dimensions) by more concretely incorporating
interests and concerns across time and space. Thus, “sustainability” refers to the promotion of
globally expandable and maintainable lifestyles as the reference frame shifts to include global
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and long-term considerations. This inherently links the concept to questions of justice, equity,
and fairness. Moreover, in line with Brundtland (1987) and the UN’s comprehensive action plan
Agenda 21 (1992), participation from a variety of stakeholders on various levels and scales has
been considered to be the necessary approach within sustainable development strategies.
Therefore, we apply the following sustainability definition, based on Laws et al. (2004), to this
thesis approach: Sustainability is a form of ongoing inquiry in system limit management in the
frame of intra-and intergenerational justice.
Because of this approach, the thesis also places itself within the field of sustainability science. It
has been argued that sustainability science has no disciplinary upbringing. It is “use-inspired”,
i.e., it is defined by the problem it is dealing with (Clark et al., 2004; Kates et al., 2001). This
implies the need to integrate methods and theories from various scientific fields (e.g., the
natural sciences, engineering, the social sciences, and the humanities). Thus, two of the more
obvious challenges are meaningful knowledge production and knowledge integration both
among academia and between academia and society. To account for the complexity of the
information needed to tackle ill-defined real-world problems, it has become practice to not only
conduct disciplinary or interdisciplinary research but also to include the experience and ways of
knowing from society (i.e., industry, business, and administration) via participatory or
transdisciplinary (science-practice) approaches.
Sustainability science has been proposed as a “new interdisciplinary synthesis across fields” by
Bettencourt and Kaur (2011) and has been proposed to operate across societal actors (Wiek et
al., 2012). Moreover, sustainability science deals with “interactions between the natural and
social systems and with how those interactions affect the challenge of sustainability” (Kates,
2011). In this context, transdisicplinarity (science-practice interactions) is being increasingly
considered as a key approach in sustainability and global change science (Mauser et al., 2013;
Pahl-Wostl et al., 2012). However, thus far, it lacks clear and consistent methodologies (Brandt
et al., 2013). A workable definition of “transdisciplinarity” in the context of this thesis is given by
Lang et al. (2012):
“Transdisciplinarity is a reflexive, integrative, method-driven scientific principle aiming
at the solution or transition of societal problems and concurrently of related scientific
problems by differentiating and integrating knowledge from various scientific and
societal bodies of knowledge.”
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To summarize, sustainable resource management regimes exist and work on many levels and
across various scales in relation to a wide variety of environmental, economic, social, political,
and cultural setups. Hence, their main features are complexity and interdependence. Therefore,
it is argued that deliberate approaches are possible and meaningful for research that engages
with questions of sustainable management because the field is unexplored in many ways and
many knowledge gaps exist.

1.2

The case of phosphorus

This section has three goals. First, it briefly elaborates on the problem frame and background.
Second, it introduces some key terminology that will be used in the context of this thesis. The
following terms are found to be essential in understanding some of the assumptions this
thesis makes: phosphorus crisis, phosphorus challenge, and derived opportunities in the
making. Because no singular or readily available definition exists and a general conceptual
understanding is not necessarily agreed upon, brief explanations of our understanding of these
terms are provided here. Third, this section provides a brief overview of the research field.
Table 1. Characterization of Phosphorus
Characterizing Statements on Phosphorus

Reference

"life’s bottleneck"
"elemental paradox"
"There are few other earth materials which combine such
fundamental scientific significance with great socio-economic
importance."
"capacity for evil"
"For a growing human population, there is an incontrovertible and
ubiquitious requirement for increasing amounts of phosphatic
feritlizers used to produce food [...]"
"requirement for phosphorus is universal and profound for all
organisms"
"unique element"
"from noxious to precious"
the phosphorus cycle as planetary boundary
"... importance of phosphorus not only to agriculture and soil
conservation but also to the physical health and economic security of
the people of the Nation."
"key to the survival of the hungry"

"Asimov (in: Lougheed, 2011)"
Blakey (1979: 3)
Cook and Shergold (1986: xiv)

1.2.1

Emsley (2000:1)
Herring and Fantel(1993: 227)
Herring and Fantel(1993: 227)
Oelkers and Valsami-Jones (2008: 83)
Pelletier (2010)
Rockström (2009)
Roosevelt (1938)
Sauchelli (1951: 692)

Problem background: A life-cycle perspective

Phosphorus fulfills many crucial nutritional, chemical, and biological functions for life on earth,
and it is, for these very reasons, non-substitutable. It is essential to soil fertility and plant
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growth and therefore to food security. Table 1 presents a number of statements that have
attempted to explain the major characteristics of this element.
In the past, phosphorus for fertilization was derived from many sources, such as organic waste,
manures, bone meal, and guano, as well as mined phosphate rock, a non-renewable resource.
Today, phosphate rock represents the single largest source of phosphorus for chemically
synthesized P fertilizers. Figure 1 depicts the growth of phosphate rock production since largescale mining operations first began. In 1850, 5,000 tonnes were mined, 3 million tonnes were
mined in 1900, 23 million tonnes were mined in 1950, 130 million tonnes were mined in 2000,
and 210 million tonnes were mined in 2012. Sauchelli (1953: 33) explains the stark increase after
1950 as follows: “ … we are witness to a new concept of fertilizer use: fertilizer is regarded no
longer as a quick stimulant for bigger yields; but rather as a bulwark of permanent soil building
and an indispensable tool in reducing the crop unit cost of production on modern, mechanized
farms.”
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Figure 1. Global phosphate rock production: 1850-2012

The majority of mined phosphate rock is used in the chemical manufacturing of phosphate
fertilizer via an intermediate product, phosphoric acid. In 2012, only 12% of phosphoric acid was
put to industrial use (i.e., feed and technical applications, e.g., food additives or detergents;
Prud’homme, pers. comm). This growth in the mining and manufacturing of chemical fertilizer
8

from phosphate rock, along with many other developments characterizing the Green
Revolution, have helped to increase agricultural production and, consequently, human
development throughout the world (Gaud, 1968).

Figure 2. The global phosphorus cycle (adapted from Bennett and Carpenter, 2002)

However, increases in phosphate rock production have also triggered large-scale changes in the
global phosphorus cycle. Smil (1990: 430) states that “The importance of human intervention in
phosphorus flows is unmistakable, and the single largest interference is moving the nutrient
from phosphate rocks to farm soils.” This human interference, as other literature resources
document, has increased the phosphorus cycle several-fold. Bolin et al. (1983) and Smil (1990)
estimate a doubling or tripling of natural background levels; Rockström (2009) suggests an 8fold increase of flows to the oceans. Figure 2 shows a simplified version of the global
phosphorus cycle, which is composed of land-water and marine cycles. Both are interconnected
because “the losses of the one cycle become the gains of the other.” (Sauchelli, 1965: 3). The
time-scale between the marine and land cycles, millions of years, makes phosphorites, i.e.,
sedimentary phosphate rock deposits, de facto non-renewable resources. Sedimentary
phosphate rock accounts for approximately 85% of global production, the remainder being
mainly derived from igneous rock (Van Kauwenbergh, 1997).
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A key consequence of the increasing phosphorus fluxes is subsequent growth in losses,
resulting in unintended environmental degradation and potential health hazards as excessive
nutrients and trace elements dissipate into the aquatic and terrestrial environments. According
to Van Kauwenbergh (1997), both igneous and sedimentary phosphate rock are known to
contain 16 elements that may become toxic for humans when they are dissipated into the
environment via fertilizers. Among the more frequently listed elements are arsenic, cadmium,
lead, mercury, and uranium. Apart from their accumulation in soils and entry into the human
food chain, there are increasing signs around the world that human phosphorus use exceeds
sustainable levels. These “too much” manifestations include eutrophic and hypoxic water
bodies. They also represent the element’s paradoxical face (see Table 1; (Blakey, 1973) in that it is
both precious and noxious (Pelletier, 2010).
The eutrophication of water bodies (coastal areas, rivers, lakes) is caused via their overenrichment with nutrients, usually N (nitrate) and P. Over-enrichment may result in algae
blooms, decreases in oxygen levels (hypoxia), and biodiversity losses, which all impair
ecosystem function (Diaz et al., 2011). The major driving forces behind the increased magnitude
and speed of nutrient flows are human activities, largely increasing fertilizer use,
intensification of agricultural and livestock production, population and economic growth,
urbanization, land use, and climate changes. Due to its pervasiveness, human-induced
eutrophication is considered a “leading threat to water quality around the world” by the World
Resources Institute (2013). The institute lists 762 coastal areas that are affected by
eutrophication and/or hypoxia (WRI, 2013). Some of the more well-known of these are located
in the Baltic Sea and the Gulf of Mexico. Their numbers have been growing since the
phenomenon was first recognized in Europe and North America in the middle of the last
century.
Both natural and cultural eutrophication is a well-known process and problem (Schindler, 1974;
Vollenweider, 1968, 1981), yet it is not necessarily well-understood or manageable, due to the
complexity of the interrelations and dynamics involved. However, in cases in which particular
point sources, such as municipal or industrial sources, were associated with excess P loadings
in, e.g., lakes, eutrophication reversal could be achieved. A prominent example from the 1960s
is Lake Erie, where the banning of P-rich detergents and the control of municipal point sources
led to successful reductions (McGucken, 2000). This proves that better knowledge of root
causes and improved management can lead to reduced levels of pollution.
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Given these indisputable indications of growing human-induced stress on the two vital natural
cycles, the phosphorus and water cycles, we frame the phosphorus problem as a metabolistic
input-output problem. At both spectrums, human activity has led to major increases in flows,
particularly since the 1950s. Given this frame, we must examine the interrelations between the
human and natural environments on a global scale, which make P an inherently
interdisciplinary subject of global interest. The thesis thus focuses on sustainable P
management as it relates primarily to scarcity and pollution.

1.2.2

Phosphorus: Crisis, challenge, and opportunity

Phosphorus crisis
One of the first authors to apply the term crisis to phosphorus in the modern context was
Abelson (1999), who used it to point to future P availability problems. Ten years later, Vaccari
(2009) discussed P as a “looming crisis,” referring to the danger of depleting readily available
phosphate rock supplies by the end of this century. He further considered two sub-dimensions,
price volatility and production concentration, in only a few countries. In contrast, Cordell and
White (2010: 2) characterized the “emerging phosphorus crisis” as a matrix composed of the
following factors: the nutrient’s essentiality in food production, expected demand increase of
50-100% within the next fifty years, agriculture’s dependence on non-renewable phosphate
rock, potential reserve depletion within the next 50-100 years, lower rock quality, increasing
costs, the concentration of reserves in only a small number of countries, and the threat of
eutrophication. These three versions of the “crisis” show some degree of inconsistency in how
the term is used. It is thus suggested, in the context of this thesis, to understand the “crisis” as
phosphate rock depletion/scarcity and/or availability concerns.
The scarcity concern (re-)emerged (cf. Chapter 4) in 2007, presumably sparked by a seven-fold
price increase for phosphate rock (Fertilizer International, 2012c) and a number of global crises
that were unfolding during that time: the food crisis, large increases in commodity prices, and
the economic crisis. Déry and Anderson (2007) coined the term “peak phosphorus,” which they
applied based on a mathematical analysis of phosphate rock reserves and their supply, using
the methodology that defines peak oil (Hubbert, 1949). Similarly, Cordell et al. (2009a) applied
the Hubbert model to phosphate rock, postulating a potential peak in production around 2030.
This depletion or scarcity prospect became of great concern and was compared to “peak oil.”
However, unlike the situation of oil, P cannot be substituted for. Also unlike oil, phosphorus is
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not destroyed when used. While we can never “run out” of P (Gilbert, 2009), once P is dissipated
from the land into the oceans, it is not returned to mineral forms that can be mined for millions
of years, as illustrated in Figure 2. Therefore, the presumed crisis is understood to mark a
possible turning point for improved resource management.
Phosphorus challenge
The phosphorus challenge refers to a number of challenges related to the question of how to
use P more effectively (“do the right thing”) and efficiently (“do it in the right way”) while
minimizing impacts on the environment and providing for sufficiency (the call to do “more
with less”) and equity (“justice and fairness”) considerations. These can be subdivided into the
following:
•

environmental challenges, which are related to a better understanding of and response
to the negative externalities that arise from losses and wastes along the P lifecycle;

•

economic challenges, which are related to providing sufficient, high-quality P fertilizer
at acceptable costs to farmers so that they can adequately respond to agricultural
needs;

•

social challenges, which are related to raising awareness about this essential element
“unseen by millions” (Monsanto, 1950), thus reframing the appreciation of its various
essential functions and supporting behavior that promotes sustainable use;

•

systemic challenges, which are related to better understanding global and regional P
metabolisms, their dynamics and interactions with other resource cycles, and
interrelationships between stakeholders (e.g., the phosphate rock and fertilizer
industries, farmers, households, and governing bodies);

•

operational challenges, which are related to processes capable of generating an
improved understanding of the anthropogenic P cycle, as well as its pools and fluxes;
monitoring global and regional flows in food, feed, and other products; and effectively
recycling human and animal waste back to the land. The UNEP Global Partnership on
Nutrient Management (UNEP, 2013) calls this the “nutrient management challenge,”
referring to the “apparent divide between society`s need for food and energy and a
complex web of adverse environmental impacts which damage the natural resource
base,” as well as the need to bridge this gap.

Clearly, how pronounced the challenges are differs from place to place. Moreover, they depend
on a number of factors that span various societal sectors and include political, economic, and
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cultural dimensions. We consider these challenges central. They must be faced within a
sustainable P management paradigm.
Opportunity
Every crisis holds an opportunity for reflection and possibly for redirection or change. In this
thesis, we choose examine peak phosphorus not as threat but as an opportunity in the making
(see earlier Ulrich et al., 2009). It can encourage cooperation, improved policies and practices,
and “actionable research that puts people and governments ahead of the challenge” (Ulrich,
2009). This recognition also stems from the observation that there are opportunities to better
control, manage, and recycle P stored in soils, crops, foods, composts, biomasses, and
wastewater, rather than having it be lost to the oceans.
In one of the earliest accounts of phosphate rock availability anxiety, President Roosevelt, in his
Message to Congress on Phosphates for Soil Fertility, judged the situation as follows:
“The situation [dispositioning of phosphate deposits] appears to offer an opportunity
for this nation to exercise foresight in the use of a resource heretofore almost
unknown in the plan for the future development of the country” (NYT, 1938).
A similar thought is echoed in today’s sustainability debate. In the closing statement of the first
European Sustainable Phosphorus Conference (Brussels, March 2013), the Minister-President of
Flanders said the following:
“Together we can truly make a difference. We can find solutions, overcome this
challenge and grasp the opportunities that arise. So that one day, we can look back
and realize that our generation took its responsibility and solved once and for all the
Phosphorus Challenge” (Peeters, 2013).
These problem fields – foresight, responsibility, and new orientations - have penetrated widely
in the scientific and practice communities during the last years. Figure 4 illustrates a number of
related key activities and publications that have occurred since the emergence of the “peak P”
topic in 2007. Moreover, the issue is mirrored in media and political discussions (Arte, 2013;
Cummins, 2009; Elser and White, 2010; European Commission, 2013; Schmundt, 2010). Thus,
concerns about availability and accessibility have triggered wider interest in a diligent and
balanced assessment of the system’s current state, its dynamics, and constructive discussions
about the development of preferred future states. How this will all play out remains to be seen.
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1.2.3

Research field overview

Sustainable phosphorus management, as a research field, is situated at the nexus of various
research fields and disciplines (see Section 1.1). Traditionally, it has drawn on knowledge
production and insights that have already been established, particularly in the agricultural and
environmental sciences, such as the soil, plant, and aquatic sciences. Figure 3 illustrates the
amount and growth of research papers found in Scopus concerning phosphorus and the
related sub-topics of management, pollution, eutrophication, hypoxia, sustainability, food
security, and peak phosphorus. Assuming that the number of documents published indicates a
topic’s importance at a given time, we can derive the following conclusions from this chart.
First, some issues have been subjected to scientific inquiry for a longer time period than others,
e.g., pollution, hypoxia, eutrophication, management, and phosphate rock. Second,
management (often in the context of agricultural management and biogeochemical cycles)
and pollution/eutrophication receive the widest attention of all chosen sub-topics given the
numbers of documents published. Third, all of the related subtopics denote a clear increase in
interest from the 1990s onward, when sustainability became an issue. Fourth, research related
to phosphorus being paired with food security has only been reported from 2000 onward.
Lastly, peak phosphorus has only been a subject of scientific research since around 2009.
Clearly, the number of research documents addressing these topics are only indicators of the
magnitude of interest. They do not include books or any other relevant literature that may
point to a vivid discussion or rigorous scientific inquiry in a different format or within a
different (i.e., other than scientific) community. The results of Chapter 4 highlight this situation
in a very pronounced way because we can show that phosphate rock depletion fears have, in
contrast to what the Scopus findings suggest, a long history and large body of literature to
draw from. However, at that time, most of the relevant literature was in the form of reports or
industry publications, which do not find their way into citation compilation databases such as

Scopus or Web of Knowledge. Nevertheless, we deem it appropriate to supply this chart for
illustration purposes because it does indicate the trends of scientific interest over time.
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Figure 3. Scopus search results illustrating the growth of major phosphorus research themes from
1962 to 2012 (in “Title-Abstract-Keywords”; number of documents)

During the last eight years, interest in phosphorus has grown, particularly within systems
sciences (e.g., sustainability science, industrial ecology, and global change research). This may
have been triggered by concerns about phosphate rock availability (Déry and Anderson, 2007)
and by the linkage of potential phosphate rock scarcity with global food security and
sustainability considerations (Cordell, 2010; Cordell et al., 2009a). Moreover, sustainable
phosphorus use has also become of interest to governing bodies, such as the EU and the United
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Nations (EC, 2013; European Commission, 2013; Syers et al., 2011; UNEP, 2012). Thus, phosphorus
security1 and sustainable phosphorus management may be interpreted to be growing into a
serious research field. This development is further demonstrated in the foundation of various
initiatives promoting improved use and recycling, a growing number of professional meetings
concerned with the topic, and a growing body of literature. Figure 4 depicts a timeline of
relevant events and publications since peak phosphorus concerns first emerged, which mirrors
the field’s development. Chapter 6.1 gives a detailed outline of the important developments
that have occurred since 2008, both in terms of inter- and transdisciplinary work conducted at
various institutions.
Improving knowledge regarding the amounts and lifetime of phosphate rock reserves and
resources remains a major focus, although evidence has been presented that they are
sufficiently large to provide for the foreseeable future (Koppelaar and Weikard, 2013; Van
Kauwenbergh et al., 2013). With the exception of Van Kauwenbergh (2010), the majority of
these studies take a contemporary perspective in evaluating reserves and their lifetime
(Edixhofen et al., 2013; Mohr and Evans, 2013; Van Vuuren et al., 2010). Therefore, insights into
past knowledge on the issue would be of considerable benefit. Moreover, many efforts are
dedicated to improving the understanding of the major stocks and flows of the anthropogenic
phosphorus cycle, as well as those of the natural cycle. A large number of material flow and
lifecycle studies are conducted on the national (Binder et al., 2009; Cooper and CarliellMarquet, 2013; Cordell et al., 2013; Suh and Yee, 2011), regional (Ott and Rechberger, 2012), and
global levels (Dumas et al., 2011; Liu et al., 2008; Scholz et al., 2014). Also, recycling strategies
have become a major focus. For example, Mihelcic et al. (2011) estimate that one-fifth of global
demand in 2009 could have been supplied by recovered phosphorus from human urine and
feces. Similarly, it has been shown that the recycling of phosphorus from the sizable organic
waste pool (including manure, food waste, and sewage) could supply a considerable amount of
the phosphorus required for agricultural production (Frossard et al., 2009; Koppelaar and
Weikard, 2013; Malley et al., 2009; Smil, 2000; Van Vuuren et al., 2010; Yarime et al., 2014). Less
information is currently available on new regulatory approaches and governance perspectives
(Shiroyama et al., 2012). Of particular interest in this field are the dietary changes that occur as

1

As a key output of the 3 Phosphorus Summit, held in Australia in 2012, phosphorus security was defined as
“ensuring that all farmers have sufficient access to phosphorus to produce enough food to feed the global
population”. (Anonymous, 2013).
rd
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global meat consumption increases. These changes have been found to pose a particular
challenge to sustainable phosphorus management (Metson et al., 2012). Fertilizer quality
considerations that are related to heavy metal content and its redistribution into the
environment are another field of growing interest (De Kok and Schnug, 2008; Kratz et al., 2011;
Schnug and Lottermoser, 2013). Particularly, cadmium (Batarseh and El-Hasan, 2009) and
uranium stand out in terms of interest due to their toxicity and risks to human health (Schnug
and Haneklaus, 2008). However, this interest is also related to by-product recovery. Uranium
and rare earth are just two examples of elements that may be recovered from phosphate rock
(Altschuler, 1980b; Lounamaa et al., 1980; Merkel and Schipek, 2012).
For the most part, the research efforts named here are approached via systemic,
interdisciplinary inquiry formats. Some do include participatory approaches between science
and practice in differing degrees (cf. Chapter 6.1). However, a growing body of research
demonstrates the need for transdisciplinary work, but little to no practical experience exists for
mutual sustainability learning processes on a supranational level or outside of developed
nations. On the local and regional scales, transdisciplinary research has proven merit in
approaching ill-defined real-word problems, for example, in Switzerland (Scholz, 2006;
Stauffacher et al., 2008; Stauffacher et al., 2006; Walter et al., 2007), implementation on the
global scale has been lacking thus far. Given the recent development of the field, it is clear that
many aspects of these sub-fields remain unexplored. However, we deem them critical for the
development of more sustainable approaches to phosphorus management, particularly
because substantial environmental, social, and economic benefits can be expected from their
investigation.
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Figure 4. A timeline of selected literature and major events accompanying the sustainable phosphorus movement: 2000-2017

1.3

Research strategy, frame, and scope

At the core of the thesis are concerns about phosphorus accessibility and environmental
quality. The research rationale stems from the idea that a systemic inquiry, integrative views,
global focus and participatory research among science and practice stakeholders combined
may translate into the improved use, reuse, and recycling of phosphorus. This is increasingly
recognized by growing international efforts in the field (cf. Chapter 6.1). To investigate what
inquiry formats and knowledge are necessary to sustainably manage phosphorus requires an
exploratory design. We include descriptive, observational, review, and meta-analytical
approaches. Also, because of the ill-defined nature of the challenges related to sustainable
phosphorus use, no single discipline or group can provide the diversity or inclusiveness
necessary to approach it. Therefore, this thesis takes an exploratory, inter-, and
transdisciplinary approach, drawing from the natural sciences, the social sciences, and the
humanities.
The following three thoughts guide this research because they inform and support some of the
synthesis formed in Chapter 7. They are thus conceived of as the research frame.
• First, human activities have largely altered the environment and many earth system
functions (Steffen et al., 2011). Crutzen and Stroemer (2000) popularized the term
“Antrophocene” to refer to the last 200 years, during which humans are considered to
have become a geologic force. This implies that “a daunting task lies ahead for scientists
and engineers to guide society towards environmentally sustainable management
during the era of the Antrophocene” (Crutzen, 2002: 23). To create what Crutzen calls
“appropriate human behavior” remains one of the main questions of our time.
• Second, Wilson (2002) proposes that we have entered the Century of the Environment, in
which science, technology, foresight, and moral courage will decide whether humanity
will wreck or conserve the planet. Wilson postulates the question of the century as
follows: “How best can we shift to a culture of permanence, both for ourselves and for
the biosphere that sustains us?”
• Third, according to Lubchenco (1998), sciences need a new social contract. This requires a
science that tackles socially relevant problems by generating a better understanding of
the world and our interactions with it. Moreover, it requires that knowledge is being
generated that informs decision-making towards those goals and developments that
societies deem desirable.
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To uncover the complexities inherent in sustainable phosphorus management, we employ a
form of multi-dimensional sustainability assessment that is partially derived from Ekardt (2011).
Of the following five dimensions, which serve to conceptualize the concept in more detail, we
utilize four in more depth. The second dimension stated is part of a paper that is not included
in the thesis but has been co-authored within its scope.
•

Terminology dimension: What does sustainability imply in regard to phosphorus?

•

Normative and regulatory dimension: Why should sustainability be a goal, and which
regulatory tools exist to implement it?

•

Causation dimension: What are the motivations for and barriers to sustainable
phosphorus use?

•

Procedural dimension: How can sustainability be achieved, and what inquiry processes
are meaningful?

•

Epistemological/ontological dimension (nature of knowledge/system structure and
hierarchies): What is the nature of knowledge? What is known, and how fickle,
dynamic, fragmented, monopolized, or privileged is it? How valid is it? What are its
limits? What are the system’s structure and its hierarchies?

This thesis is as much about human resource use as about environmental quality
considerations. The two topics are highly coupled in their concern for human development and
environmental degradation. Although it has been argued that these two issues present a noncompatible dichotomy, we find that they are highly linked, one forming the basis of the other. If
we, as individuals, communities, or societies, destroy the very basis we depend, our
environment, there will be no development. The past has shown that it is not completely
impossible to find informed approaches to management regimes and steward resources
intelligibly. They can develop their functions to the largest degree in order to respond to
societal requirements in the present and also in the future (the sustainability perspective). To
illustrate the scope of this thesis, we have allocated the scientific contributions along the
phosphorus supply chain in Figure 5.
• Contribution 1 is located in Dissipation and Recycling and focuses on a major aspect of
pollution, eutrophication.
• Contribution 2, while located mainly in Processing, touches on wider issues embedded in
Exploration, Mining, and Use. It focuses on uranium as both a potentially hazardous
element and a valuable by-product.
• Contribution 3 focuses on scarcity history, a Cross-Cutting Issue.
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• Contribution 4 embraces the entire supply-demand chain from a methodological and
conceptual perspective because it focuses on the design and implementation of a global
transdisciplinary process of sustainable phosphorus management.
• Contribution 5, as another Cross-Cutting Issue, focuses on chances for and impediments
to sustainable transformations.

Figure 5. Research contributions along the phosphorus supply-demand chain

1.4

Goals and methods

To inform our two guiding questions and consequently improve our knowledge of how to
manage phosphorus sustainably, the following sub-questions are assessed:
1)

Can concerns over future P availability and accessibility provide stimuli for shifting
the eutrophication management paradigm from pollution mitigation to resource
conservation? Which research approaches may be meaningful in doing so? Who
needs to be involved?

2) What are the prospects of uranium recovery from phosphate rock, and how could
this affect food security, environmental security, and energy security?
3) Are phosphorus scarcity concerns new, and what insights can be gained from past
discourse and research?
4) What are the possible participatory pathways for sustainable phosphorus
management, and how can they be effectively framed and structured on a global
scale?
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5) What triggered the modern sustainability movement, what are its opportunities
and challenges, and how can current impediments to improved cooperation and
possible action be overcome?
These are important questions because answers will help us to better understand the problem
and the related challenges of planning and implementing improvement measures.
Accordingly, the goals of the thesis are as follows:
1)

to study and initiate change, to transform Lake Winnipeg from a symbol of water
pollution to a barometer of improved P retention, and to jointly define synergies
between declining phosphate rock reserves and eutrophication.

2) to identify the relevance of U extraction from phosphate rock by estimating the
amounts of uranium in phosphate rock
3) to identify past cases of phosphorus scarcity concerns and research, to elicit lessons
learned, and to provide evidence for the value of history in global change and
sustainability research
4) to design and implement a global transdisciplinary research process that facilitates
learning between key agents from science and practice on a global scale in order to
enhance joint problem understanding and decision-making capacity
5) to trace research and action development over the last six years and reflect upon
possible impediments to sustainable development.

In more general terms, the thesis’s aims are as follows:
• to better understand the natural and anthropogenic phosphorus cycles, including their
complexity and interdependence
• to anticipate changes or disruptions to phosphorus availability
• to discuss the limitations of current approaches
• to better understand the meaning of sustainable phosphorus management
• to transform the discussion of scarcity into a vision of sustainable abundance

Accordingly, the following methodological approaches were used:
1)

Action research (Lewin, 1946) is a mutual learning and transition management
approach that values the perspectives of both researches and practitioners as they
jointly address a new management dimension. We ran two exploratory action research
cycles that were composed of repeated cycles of planning, acting, observing, and
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reflecting. Literature reviews, website surveys, stakeholder interviews, and surveys were
conducted to discuss potential phosphate rock availability concerns and jointly define
coupling options that would help reverse eutrophication and empower stakeholders.
2) System analysis took the form of a desk study, talks with experts to identify system
components, and contemporary resource appraisal.
3) Historic discourse and research analysis
4) Transdisciplinarity is understood as an approach intended to organize processes of
mutual learning between science and society (i.e., business, industry, administration,
education, media, etc.) and integrate various ways of knowing (Scholz, 2011).
Transdisciplinarity is regarded as a meaningful approach for transformative,
sustainable development. At ETH-NSSI, transdisciplinarity has been applied in a strict
sense, which refers to joint (i.e., science-practice) leadership, problem definition, and
responsibility throughout the process. The goals of a transdisciplinary process are, inter
alia, to improve problem understanding and generate robust orientations for policy and
business while promoting capacity building, consensus building, and the legitimization
of actions.

1.5

Research contributions and outline

The scope of this thesis spans the phosphorus lifecycle, from scarcity (the input perspective) to
pollution (the output perspective). All contributions illuminate one phosphorus management
and stewardship aspect from an interdisciplinary angle, either from an input or output
perspective or both combined. Two contributions apply participatory approaches that strive to
achieve mutual learning among key actors. The contributions jointly provide new insights that
inform management and stewardship practices.

1.5.1

Contribution overview

Contribution 1 (Chapter 2)
Too little (for crops) – too much (in water): Stakeholder discourse on redesigning
phosphorus in eutrophication
Contribution 2 (Chapter 3)
Uranium endowments in phosphate rock
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Contribution 3 (Chapter 4)
Been there, done that: A short history of phosphate adequacy research and discourse
Contribution 4 (Chapter 5)
Scholz, R. W., Ulrich, A. E., Eilittä, M., and Roy, A. (2013) Sustainable use of phosphorus: A
finite resource. Science of the Total Environment; 461-462: 799-803
Contribution 5 (paper collection; Chapter 6)
On the modern P sustainability movement and discourse - with a focus on opportunities
and challenges
5.1 Ulrich, A.E. and Schnug, E. The modern phosphorus sustainability movement: A profiling
experiment. Sustainability, 5, 4523-4545.
5.2 Ulrich, A.E., Stauffacher, M., Krütli, P., Schnug, E., and Frossard, F. (2013). Tackling the
phosphorus challenge: Time for reflection on three key limitations. Environmental

Development, 8, 137-144.
5.3 Ulrich, A.E., Stauffacher, M., Krütli, P., Schnug, E., and Frossard, F. (2013). Response to the
comments on “Tackling the phosphorus challenge: Time for reflection on three key
limitations”. Environmental Development, 8, 149-151.

1.6

Additional conceptual and empirical data

Additional conceptual and empirical data on sustainable phosphorus management and
stewardship, excluded from Chapters 2-6, are provided in the publications illustrated in Figure
6. These works have been produced partly within the scope and frame of this thesis. They
include a) insights into and early results of the global transdisciplinary process (Global TraPs)
and b) legal and normative perspectives on phosphorus use in Germany and Europe.
Global TraPs: A Global Transdisciplinary Process for Sustainable Phosphorus Management
• The Global TraPs Project brochure (Eilittä et al., 2011): Joint contribution by the Chair of
the NSSI and the IFDC (International Fertilizer Development Center) outlining the
rationale for the transdisciplinary process, as well as its setup.
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• The Global TraPs Workshop III booklet (Scholz et al., 2011): Joint contribution by the Chair
of the NSSI and IFDC outlining critical questions for sustainable action along the P supply
chain and possible case studies.
• The multi-author book “Sustainable Phosphorus Management: A Global Transdisciplinary
Roadmap” (Scholz et al., 2014), which presents early results generated during the 2-year
transdisciplinary process.
Contribution 4 complements these works.

Figure 6. Cover pages of additional conceptual and empirical work produced partly in the context
of this thesis
25

Phosphorus, Land Use and Absolute Quantity Reductions as Legal Problem (Ekardt, F., Holzapfel,
N., Ulrich, A.E., 2010, Journal of European Environmental and Planning Law, 7, 267-286)2
This study focuses on sustainable phosphorus use from a law and governance perspective. It
analyses existing regulatory tools in Germany, as well as drawing on relevant European
regulations. Results show that 1) laws and regulations written from an environmental policy
perspective exist within soil protection law, water regulations, fertilizer law, and closed
substance cycle and material waste law. However, they remain insular and detached from one
another. This study demands the harmonization of phosphorus regulation. Moreover, laws
often lack concreteness and genuine enforcement in that 2) phosphorus as a resource lacks
regulation and 3) no strict norms or obligations for P (re-)cycling are in place. It is argued that
command and control approaches are not sufficient to solve the resource problem, largely
because of enforcement problems, relocation and rebound effects, and the risk of case-based
exceptions. One major regulatory challenge is deciding how to translate long-term and largescale goals, such as food security, into national law. This is because of the general notion that
the “here and now” is more important than the “there and tomorrow” and because resource
and environmental challenges are strongly related to global market and natural nutrient cycle
dynamics. Several alternatives have been considered, including more concrete enforceable
command and control approaches, integrating P and the Nitrate Directive, developing a new
concept of the “code of good practice”, creating stronger support for organic farming, creating
thresholds for potentially hazardous elements in phosphate fertilizers (e.g., Cd, U – see
Contribution 2), etc. Finally, application reductions cannot be achieved with “efficiency
increases per plant” if overall use increases or remains high. For this very reason, global
quantity reductions according to regional soil and crop requirements may be required.
Suggested measures include a certificate system, the shifting of agricultural subventions to
environmental services, or a cap-and-trade system.

2

Original version in German: Ekardt et al. (2010), Umwelt- und Planungsrecht.
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1.6.1

Outline and relevance

The following provides a brief overview of the contributions in terms of a) research focus and
design and b) major contribution to science and practice.
Contribution 1: Too little (for crops) – too much (in water): Stakeholder discourse on redesigning
phosphorus in eutrophication
Focus and design
The first contribution is situated at the interface between resource use and environmental
quality, focusing on the pollution of aquatic ecosystems. The study links emerging global
phosphate rock scarcity concerns (too little P) to the goal of reversing the eutrophication of
Lake Winnipeg in Canada (too much P). The main focus of this contribution is to examine the
value and validity of such a coupling approach in terms of new insights gained and meaningful
methodological co-learning approaches. We propose an alternative perspective to
eutrophication by shifting the problem perception and management paradigm from that of a
noxious pollutant to that of a precious element and resource. Based on two action research
cycles containing repeated interviews and surveys with key stakeholders, we aimed to assess
responses to declining phosphate rock reserves and synergies with the goal of reversing
eutrophication.
Relevance
The study adds to the literature because it couples a well-known concern with an emerging
concern. The chosen approach demonstrates mutual learning on all sides. Moreover, it shifts
the problem perception from a single symptom to a more systemic framing. As such, it allows
for a more inclusive mapping of the nature and dimensions of the challenge, expanding the
management frame. We suggest continuing research with a transdisciplinary format.
Contribution 2: The prospects of uranium production from phosphate rock
Focus and design
The second contribution assesses the prospects of uranium (U) recovery from phosphoric acid.
U in phosphate rock is burdened by a dichotomy: it may be a problem due to its radiological
and toxic risks to human health and the environment, as well as an opportunity due to its value
as a by-product that is largely used in the nuclear fuel cycle. A systemic approach is taken. The
assessment includes i) reviewing past recovery experience and lessons learned; ii) identifying
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the factors that determine recovery via expert interviews; and iii) establishing a contemporary
evaluation of U endowments in phosphate rock reserves, as well as the available and
recoverable amounts from phosphate rock and phosphoric acid production.
Relevance
Uranium in phosphate rock is a naturally occurring radioactive material (NORM) that may
become a hazard for environmental and human health during fertilizer processing and use. Byproduct recovery can reduce the U amounts in phosphate fertilizers and thus their
redistribution within the environment. Therefore, recovery is a means of increasing food
security and securing environmental quality. Moreover, a considerable benefit can be expected
for energy security because we found recoverable amounts sufficiently large to fill the current
demand-supply gap. Recovery can thus also be considered a resource conservation measure,
reducing the mining and milling of conventional U resources and their social and
environmental risks. Nevertheless, we conclude that recovery, at this time, remains improbable
as long as profitability cannot be assured.
Contribution 3: Been there, done that: A short history of phosphate adequacy research and
discourse
Focus and design
While the first two papers are situated at the nexus of pollution and resource use, the third
contribution takes a singular focus: phosphorus scarcity. It aims to clarify i) whether
phosphorus scarcity concerns are new and ii) what useful insights can be gained from past
phosphorus adequacy research and discourse. By means of reviewing historic knowledge and
past human experiences with the subject, several lessons emerge. A large body of literature is
employed that spans from 1800, when the role of P in soil fertility and agricultural production
started to become known, to 2002, before contemporary concerns about depletion emerged.
We 1) present early accounts of the P scarcity concept, 2) discuss the results of three in-depth
depletion discourses in the U.S., 3) revisit the “resources of the future” concept, 4) review past
evaluations of phosphate rock reserves and lifetime estimates, and 5) review supply modeling
and knowledge depository attempts.
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Relevance
We show that past discourses and research have largely passed unnoticed in the modern P
sustainability research and little critical reflection is given to assumptions about the originality
of today’s debate. The study fills this knowledge gap because it considers past findings,
formulated recommendations, and alternative methods of resource use or conservation. This is
important because when ranking alternatives among sustainable phosphorus management
practices, decision makers today must be sure that all available information is brought to bear
on this politically charged problem.
The clarity of the unexpected results suggests that today’s declension anxiety is not new. Our
findings can overturn conventional wisdom, i.e., framing phosphate rock depletion as new topic
regarding food security when, in fact, it is not. Further, the repetitiveness of these concerns
appears to imply that the problem is more one of failure to implement existing knowledge
than one of missing information. Findings highlight that a) the ability to judge the
opportunities and limits of today’s debate can only be greatly enhanced by integrating past
results into future management design options, b) environmental history and, to a larger
extent, the humanities have a role to play in today’s sustainability and global change research,
and c) there is a clear need for knowledge anchoring and improved historical literacy.
Contribution 4: Sustainable use of phosphorus: A finite resource
Focus and design
The fourth contribution attempts to encompass the totality of what constitutes the
phosphorus problem and related challenges. Derived from the element’s pollution potential
and criticality for food security, it addresses three needs: a) the need for a global perspective to
better understand the natural and anthropogenic phosphorus cycles, as well as their
interrelations, b) the need for improved knowledge sharing between science and practice to
sustainably manage phosphorus, and c) the need for actionable research, i.e., meaningful
inquiries and interventions, in order to achieve this goal. A transdisciplinary (i.e., sciencepractice) process with key stakeholders from the phosphorus domain is developed and
implemented on the global level along the phosphorus supply-demand chain (see Figure 5). The
five-year research project Global TraPs (Global Transdisciplinary Processes for Sustainable

Phosphorus Management; 2010-2015) investigates what new knowledge, technologies, and
policy options are needed to ensure that future phosphorus use is sustainable, improves food
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security, secures environmental quality, and provides access to the poor. Case-study research in
various world regions elaborates on sub-guiding questions in the fields of exploration, mining,
processing, use, dissipation and recycling, further cross-cutting issues (e.g., trade and finance).
Relevance
With Global TraPs, we aim to contribute to a constructive, informed phosphorus sustainability
dialogue. The project offers a transition format that allows movement towards more efficient,
effective, and sufficient phosphorus use. Its outcomes are thought to be capable of improving
our joint understanding of global biogeochemical cycling by using phosphorus as a proxy,
closing fertilizer loops, and organizing sustainability learning on a global scale. This represents
a novel attempt at social learning. Also, the supply-chain approach provides a new form of
problem representation and cooperative framework. The conclusions drawn from the various
case studies are meant to inform policy-makers about sustainable use and reuse options.
Contribution 5: On the modern P sustainability movement and discourse - with a focus on
opportunities and challenges
Focus and design
The fifth contribution is composed of three sub-contributions that again, span the entire
phosphorus supply-demand chain. They are meant to be thought-provoking and foster debate
about what we consider to be key issues: cooperation, communication, problem framing, and
the human factor.
The first sub-contribution profiles the modern phosphorus sustainability movement along
three lines of inquiry: Why did it emerge and where are its origins, what does the geographic
landscape look like, and what are its major opportunities and challenges?
Its purpose is to provide for orientation within an increasingly complex global movement by i)
reviewing major initiatives, including their key activities, key events, and publications, ii)
discussing the major opportunities and challenges of these approaches, and iii) suggesting
additional directions of change. The second and third sub-contributions are meant to stimulate
a dialogue within the scientific and practice communities about the boundaries of the current
cooperative approaches, suggesting a reconsideration of problem communication and
cooperation.
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Relevance
We show that the modern phosphorus sustainability movement emerged around 2007 and
was triggered by concerns about phosphate rock depletion (“peak phosphorus”). Since then, a
proliferation of research and interest in phosphorus has been observed. We present an initial
profile of the global P movement and its main actors, including the major platforms, key
characteristics, common denominators, and major opportunities, as well as the remaining
impediments. While the first of the three articles highlights the need for overarching
institutional coordination to improve future planning and priority setting, the other two argue
that continued dwelling on phosphate rock reserve and resource numbers, as well as imminent
depletion, may lead to a misunderstanding of the causes of the crisis and threaten the
possibility of real solutions.
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2. Too little (for crops) – too much (in water): Stakeholder
discourse on redesigning phosphorus in eutrophication
Abstract
The intensifying agricultural production worldwide has altered the phosphorus (P) and water
cycles. In particular, excess loading of P as a result of fertilizer application is a global water
quality concern. The Lake Winnipeg Basin is a major agricultural area exposed to extreme
eutrophication. We jointly examine the eutrophication problem and the emerging global
concern about the future accessibility of phosphate rock reserves for fertilizer production. An
exploratory action research cycles approach is applied to study the applicability of the
phosphate rock resource lens for the complex task of sustainable P management. The multiple
methods, including stakeholder interviews (N2008 =40; N2009 =16) and surveys (N2008 =20; N2009
=13), demonstrate emerging synergies between the goals of reversing eutrophication and food
security. More attention must be paid to system-based management practices, with a stronger
focus on the encompassing complexity and creating shared, holistic problem understanding.
Furthermore, shifting the prevalent pollutant-driven eutrophication management paradigm
toward a systemic approach, integrating global resource challenges, requires a mutual learning
process among stakeholders in the basin to act on and adapt to ecosystem vulnerabilities. It is
suggested to continue aspects of this research in a transdisciplinary format (science with
society) in response to globally expanding needs and concerns.

2.1

Introduction

Since the 1950s, human activities have been altering biogeochemical cycles at an
unprecedented rate, including the vital water and phosphorus cycles (Bennett and Balvanera,
2007; Rockström, 2009; Smil, 2000). These culturally induced changes that continue to grow in
scale and intensity (Hibbard et al., 2007), have intensified agricultural production in many
world regions while increasing stress on ecosystem integrity (Bennett et al., 2001; Bouwman et
al., 2010; Crutzen and Stroemer, 2000; Frossard et al., 2009; MacDonald et al., 2011; Sharpley
and Tunney, 2000; Vitousek et al., 1997). At the intersection between natural resource
management and environmental quality, a dynamic new research field based on systemic
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understanding aims to meet food production demands and ensure ecological system integrity
(Foley et al., 2011; Tilman et al., 2001). Phosphorus (P) is an emerging interface between resource
management and environmental quality. P is often present in soils at concentrations too low
for agricultural production and in waters at concentrations too high for environmental
protection, resulting in a common imperative of keeping P on the land.

2.1.1

The phosphorus-water interface: eutrophication (too much)

High levels of P in inland waters, estuaries and coastal waters that result from agricultural and
other anthropogenic P sources can cause eutrophication and dead zones (Rabalais et al., 2010;
Schindler, 1974; Schindler et al., 2008; Schindler and Vallentyne, 2008; Vollenweider, 1968, 1981).
These high-nutrient zones in water bodies and sediments represent an important temporary
sink in the global biogeochemical P cycle as well as in the global budget of the element. Diaz
and Rosenberg (2008) note that the number of dead zones—areas of nutrient enrichment and
subsequent oxygen depletion—has increased by a factor of 32 since the 1960s, rising to more
than 400 worldwide. Globally, water bodies face other stresses such as climate change, but
cultural over-enrichment of nitrogen (N) and P is a pervasive water quality concern around the
world (Selman et al., 2008; World Resources Institute, 2012). Despite decades of intensive
research and much progress (Schindler, 2006), Smith and Schindler (2009) conclude that many
questions remain, particularly those addressed at understanding nutrient dynamics and
interactions in relation to aquatic ecosystem integrity. Three additional factors present major
resource sustainability challenges: suitable governance approaches such as long-term
monitoring or proactivity (Bleser and Nelson, 2011; Ostrom, 2011; Smit et al., 2009), participation
of a wide group of stakeholders (Asthana, 2010; Oezerol and Newig, 2008; United Nations,
1992; Wright and Jacobsen, 2011) and societal learning via problem reframing and adaptation
(Pahl-Wostl et al., 2007; Pahl-Wostl et al., 2011). Consequently, sustainable3 nutrient and related
water and soil management strategies are often subjected to intense debates about resolve.

3

For the purpose of this paper, sustainable development is understood as an ongoing inquiry into system limit
management in the frame of inter-and intragenerational justice (Laws et al., 2004).
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2.1.2

Phosphate rock adequacy and P sustainability concerns (too little)

By linking the “too much” challenge to global phosphate rock reserve adequacy and sustainable
P management strategies (for the latter, see e.g., European Commission, 2013) this study
provides an alternative perspective on the pollutant-driven P management paradigm and
discourse on eutrophication reversal. As much as P is considered a key driver for aquatic
ecosystem pollution, it is also a key limiting nutrient for plant growth (Gröger, 2010; Liebig,
1840; Sprengel, 1826, 1831) and essential for agricultural production (Steen, 1998). In nature, P
moves into the biosphere through biogeochemical weathering of rocks. Presently, due to P’s
natural low availability in the environment, new supplies are delivered to the modern
agricultural system principally by industrial mineral fertilizer made from phosphate rock
(Carpenter and Bennett, 2011), a non-renewable resource. Since its use started in the mid-1850s,
the world’s food production system has become dependent on artificial phosphorus fertilizer
and has largely contributed to the tripling of the natural P cycle (Smil, 2000). Renewed interest
in the question of how long the world’s phosphate rock reserves will last emerged in 2007
(Gilbert, 2009; Vaccari, 2009). By applying the Hubbert peak logistic model, Cordell et al.
(2009a) postulated a peak in global phosphate rock production around 2030, with severe
implications for food security. These scarcity concerns have led to a growing debate on P
security and, more comprehensively, sustainable P use and management (e.g., GPRI, 2010;
Scholz et al., 2013; Schröder et al., 2010). Recognizing phosphate rock as a critical and finite
resource and phosphorus as a vital nutrient (rather than a pollutant) adds a new perspective to
eutrophication recovery discourses, opening new possibilities for maintenance of ecosystem
stability and secure regional and global food production. This “resources perspective” has
gained recognition in sanitation (Dagerskog and Bonzi, 2010; Udert and Wächter, 2012) and
nutrient recovery from wastewater (Britton et al., 2005). However, few studies have
successfully coupled long-term sustainability of phosphate resources in eutrophication
management with broader societal P considerations. Although research has been mostly
focused on specific biogeochemical features of P land and water dynamics and their
management (Griffith, 1973; Vaccari, 2011b), there have been increasing calls to include legal,
market and social considerations (e.g. Bleser and Nelson, 2011; Pahl-Wostl et al., 2007; Zhang et
al., 2011). Therefore, insights into how to establish such integrated approaches would broaden
the problem definition before suggesting large-scale solutions.
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2.1.3

Aims and research questions

This paper details an exploratory action research case study that addresses phosphate
pollution-resource coupling potential via stakeholder discourse in a major agricultural area
exposed to extreme eutrophication—the Lake Winnipeg Basin (LWB). This investigation aims to
identify and evaluate trade-offs and synergies that result from aligning food security and water
quality considerations as well as investigate the contributions of this approach to
eutrophication mitigation. The following questions guided the research:
• Can concern over future P accessibility allay conflict between agricultural intensification
and improving water quality?
• How can research contribute to this discourse and generate an effective knowledge
management framework that addresses both increasing eutrophication and (economic)
phosphate rock availability concerns?
• What are the potential roles of science, society, and science-practice interactions in
meeting the complex challenges related to sustainable nutrient management and
stewardship in the LWB?

2.2 The study area
2.2.1

Lake Winnipeg and its watershed

Lake Winnipeg is located in the Province of Manitoba, Canada. As the world`s tenth largest
freshwater lake (North America: 7th, Canada: 3rd; Herdendorf, 1990), covering a surface area of
23,75 x 103 km2 (length: 416 km; width North Basin: 100 km), its basin (LWB), which eventually
drains into Hudson Bay, ranks second in watershed size in Canada (Figure 7).
Lake Winnipeg provides one of the most visual and striking global examples of the complex
problems arising from human-induced watershed changes and large P loadings resulting in
extreme eutrophication (Brunskill et al., 1980; Salki et al., 2007). However, despite its large size
and severe eutrophication, it has been little studied (Wassenaar and Rao, 2012).
Numerous regulatory authorities, including international trans-boundary, federal and interprovincial/inter-state entities govern more than 6.5 million people in the LWB, including a
significant Aboriginal population (Statistics Canada, 2006a). Of the sixty-three First Nations in
Manitoba, many reside along the shores of Lake Winnipeg. Eutrophication impairs vital
ecosystem functions upon which the First Nations depend for economic, cultural, and spiritual
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activities. Further, low income and food security are major concerns for Aboriginal people in the
province (Hallett et al., 2006). The ecosystem services of the lake are multiple and significant,
including recreation and commercial fisheries, as well as the world’s third largest hydroelectric
power-generation reservoir with a capacity of 5480 MW (Manitoba Hydro, 2010). Total services
produce an estimated $720 million/year in revenues (Lake Winnipeg Implementation
Committee, 2005). All of these functions affect or are affected by high P levels.

Figure 7. Canada’s second largest watershed, the Lake Winnipeg Basin (Source: Environment
Canada)

More than 70% of the LWB is agricultural land, including a 17 million head livestock industry
(Lake Winnipeg Implementation Committee, 2005) and 29 million hectares of crop land in the
three Prairie provinces alone (Statistics Canada, 2006b). Despite relatively P-rich soils in parts of
the LWB, agriculture-based economy is heavily reliant on supplies of mineral fertilizers. For
Manitoba, Schindler et al. (2012) report an increase in P fertilizer application from
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approximately 70,000 t in 1970 to more than 300,000 t in 2009. The absence of major
phosphate mining operations in Canada4, fertilizer price spikes in 2008 (EurekAlert, 2008) and
uncertainty regarding (economic) access to phosphate rock (Cordell and White, 2011) render the
LWB vulnerable to potential bottlenecks in phosphate rock supply (Grimm, 1997, 1998).

2.2.2 Eutrophication history and drivers
Kling et al. (2011) demonstrated the significant expanse and increase in Lake Winnipeg bluegreen algae since the mid-1990s. In 2009, between 10,000 to 15,000 km2 of Lake Winnipeg was
covered with algae blooms (Figure 8).

Figure 8. Satellite image of Lake Winnipeg in 2009 showing the large expanse of surface algal
blooms (Source: Greg McCullough)

4

The only phosphate mining operation in Canada, located in Kapuskasing, Ontario, which will be closed in 2013. Two
new mining projects are under development: the Arnaud Mine Project and the Lac-a-Paul Phosphate Project, both in
Québec.
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Schindler et al. (2012) have suggested that the blooms mainly result from i) increased P
loadings triggered by rapidly growing agricultural activity, particularly in the Red River Basin,
and ii) from more frequent and intense spring floods. From 1999 to 2007, the estimated
average annual total phosphorus (TP) loading from the lake’s three major tributaries and the
atmosphere was 7655 t (compared to N: 90701 t/year). The Red River is historically the largest
phosphate contributor (Bourne et al., 2002; Stainton et al., 2003) with loadings doubling over
the last 20 years (McCullough et al., 2012) and currently supplying a mean 5380 t/year
(Environment Canada and Manitoba Water Stewardship, 2011). According to Kling et al. (2011),
both the Red and the Winnipeg Rivers have contributed more than 80% of the TP since 1994.
Moreover, cultural land use changes such as reducing wetlands by 70% (Ducks Unlimited
Canada), regulating water levels and changing socio-economics have further increased P loads
during the last century. It has been suggested that this increase has been enhanced by related
agricultural intensification policy decisions made since the 1980s. Bunting et al. (2011) and
McCullough et al. (2012) found that the extensive, rapid and concentrated animal husbandry
and fertilization in the basin, especially from the Red River basin (Yates et al., 2012), accounted
for the majority of the TP in the lake.
In the LWB, most nutrient transport processes are driven by runoff from rainfall and snowmelt
(Salvano et al., 2009; Shrestha et al., 2010), but recent findings indicate the P loading rates have
suddenly increased due to more frequent flooding. Evidence suggests that parts of the LWB are
experiencing a wetter climatic period than usual (Schindler, 2006; Schindler and Donahue,
2006; Schindler and Smol, 2006). Since floodwaters interact with more land area than is
normal for rivers and streams, they transport considerably more P (Brunskill et al., 1980; Clair et
al., 1998; Dai et al., 1998; Stainton et al., 2007). How such climate change affects the hydrology
of the basin undoubtedly adds complexity to understanding and managing P flows to Lake
Winnipeg (Akinremi et al., 1999; Ehsanzadeh et al., 2011; Shook and Pomeroy, 2012). In addition,
the lake’s potential to naturally process inflow of different substances such as P is reduced by a
vast land drainage to surface area ratio of 42:1 (Schindler et al., 2012). Moreover, the lake’s
relative shallowness (mean depth south basin 12 m; north basin 16-17 m) renders it sensitive to
excess P loadings. Best soil management practices such as conservation tillage appear to not
apply well to cold, dry and flat regions where the nutrient dynamics occur mainly during
snowmelt (Stuart et al., 2010; Tiessen et al., 2010). Compared to most other great lakes, Lake
Winnipeg appears to be influenced more by its watershed processes, volume and composition
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of its water and P sources. Managing nutrients in the LWB therefore represents a significantly
greater challenge than most other eutrophication troubled areas.

2.2.3 Recovery potential
The overall potential for P reduction in LWB is affected by complex environmental,
technological and social-cultural variables (Lake Winnipeg Implementation Committee, 2005).
Although there is no quick-fix single solution to the problem, and recovery is likely to take a
long time. To achieve the target of a 50% phosphate reduction (to 50 µg P/L-1), it will be
necessary to slow the flow of P off the land and reduce flooding. Several recent multi-level joint
initiatives aimed at finding solutions to recovery from eutrophication are currently examining
the pollution problem (Wassenaar and Rao, 2012), mainly from an ecology and hydrology
perspective (www.lakewinnipeg.org). However, a resources perspective, which includes the
basin’s vulnerability to import dependence of P-based mineral, has yet to be thoroughly
described.

2.3
2.3.1

Methods and materials
Action research

Investigating highly contextualized, complex issues, such as improved P use efficiency,
pollution mitigation, and sustainable phosphorus management in the LWB, requires distinctive
methods that can build a bridge between scientists and stakeholders from practice (i.e.
government, industry, NGOs) by accommodating and synthesizing different ways of knowing.
Action research, originally developed by Kurt Lewin (1946), aims to improve the understanding
and solution mechanisms of real-world problems, to effect positive change, and to empower
stakeholders. Action research differs from conventional social science methods, as it moves
toward “democratizing the research process” (Bradbury Huang et al., 2011) via repeated cycles
of a multi-step process conducted closely with a wide range of stakeholders (Lewin, 1946).
According to Quigley et al. (1997), such a process includes stages of planning, acting, observing,
and reflecting. Cassell and Johnson (2006) referred to variations of action research. These
variations, not always well defined, differ in regards to the roles that practitioners and
scientists assume while interacting and the outcomes of the collaboration: for example, the
targeted degree of change.
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Our form of action research was exploratory and motivated by concern over the “health” of
Lake Winnipeg and the newly reported critical prognosticated scarcity of global phosphate rock
reserves. The study team (the first three authors) and other researchers were concerned about
the potentially significant adverse effects on the basin’s continued agricultural productivity.

2.3.2 Study design, data acquisition, and selection of participants
Two multiple-step action research cycles in 2008 and 2009 were conducted. Various dialogue
and data-gathering methods were applied to gain a broad perspective on the matrix of the
challenges. Table 2 summarizes these methods and their purpose. The table also reports the
different phases in the action research cycles.

Table 2. Data collection method and purpose of inquiry according to action research cycles in
2008 and 2009
Time period

2008

N

Type of method

May - August

53

Literature review,
website analysis

September October

29

Case agent
interviews

October

11

First Nations / Métis
interviews

• To specify water security issues and
priorities

September November

20

Questionnaire
survey

• To assess the level of resource planning
and awareness

Report (Malley et
al., 2009)

• To summarize findings and share
conclusions with participants

January/April

Purpose
To identify:
• Positions, policies, perspectives, advice,
actions on P regarding food security and/or
water quality
• The role of P in the basin
• The link between agriculture and aquatic
ecosystem integrity
• Any acknowledgement of concern over
declining phosphate rock reserves (peak
P)

Action (phase II)
4.

• To elicit the value of the 2008 inquiry,
evaluate the research, and discuss crosscultural consensus building
Questionnaire
• To elicit impacts of the 2008 inquiry and
May/June
13
survey
evaluate options for future discourse space
Primer (Ulrich et al.,
• To summarize findings and share
December
2009)
conclusions with the wider public
*Phases and steps of action research according to Quigley and Kuhne (1997: 28)
2009

May

16

Case agent
interviews

*AR cycles
Planning (phase I)
1.
Problem definition
(reviews,
implementation)
2.
Conceptualization of
the project design
(e.g., resources)
3.
Intervention
measures (e.g.,
timeline, method)
Implementation and
observing (data
collection, dialogue
over data and
events)

Reflection (phase III)
5.
Process evaluation
6.
Decision on new
direction, future AR
cycle
Repetition of steps 1-3
Step II. 4

Steps III. 5-6

Action research cycle 2008
Following a literature review of the eutrophication of Lake Winnipeg and the emerging peak P
concept, a website analysis (N =53) of key agencies and organizations in the basin was
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conducted, focusing on agricultural and/or aquatic ecosystems and development of an open
access database. The compiled information served as the basis for subsequent inquiries with
representative agencies and organizations, public and private, mainly from Manitoba,
regarding their positions, policies, perspectives, advice, and action on P in relation to food and
water security. Selected qualitative, semi-structured, and open-ended interviews with 29 case
agents from key organizations (27 face-to-face; 2 via telephone) were conducted in Manitoba,
lasting 1 to 2 hours. As part of a two-way information flow in the action phase, the interviews
included disseminating information and drawing conclusions about the level of awareness of
phosphate rock supply concerns, the potential effects on the basin, and reframing the
pollutant-driven discourse. Thirty participants were asked to complete a brief questionnaire on
agricultural and water planning in the LWB (return rate 73%; N =22). Further, six First Nations
representatives, one Métis representative, and four professionals working in the First Nations
health sector were interviewed to learn about their water quality issues and priorities (N =11).
Selection of participants
Table 3 describes in detail the stakeholder groups of both action research cycles. In 2008, case
agents were identified as follows: i) agencies located in the region (identified through website
search) that demonstrated a clear link to agricultural and aquatic ecosystems, ii) those who are
or will be affected directly or indirectly by the problems addressed (Laws, 1999), and iii) those
who, according to Geels and Kemp (2007), should participate due to their capacity to take part
in the process, to contribute to an understanding of the issue, or to influence the process.
Representatives were further selected through personal contacts and snowball sampling, a
technique used to obtain additional key agents to include in the study by referral from
previously identified stakeholders (Vogt and Johnson, 2011). First Nations participants were
identified with the assistance of an elder of the Crane River First Nation. Participants were
clustered in three groups: academic, government, and non-governmental organizations
(NGOs)/non-profit organizations (NPOs) (Table 3). The best practices, policies, technologies,
other advances, and general findings were compiled in a summary report (Malley et al., 2009).
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Table 3. Detailed description of stakeholder groups participating in the questionnaire surveys
Stakeholder
group

N questionnaires (frequency)
2008

2009

Academic

7 (35%)

3 (23.1%)

Brandon University; University of Manitoba ; University of
*
Winnipeg (Biology, Biosystems Engineering, Soil Science)

Government

4 (20%)

4 (30.8%)

Agriculture and Agri-Food Canada; Agri-Environment
*
Services Branch ; City of Winnipeg - Water and Waste
*
*
Department ; Environment Canada; Manitoba Conservation ;
*
Manitoba Agriculture, Food and Rural Initiatives

**

9 (45%)

6 (46.2%)

Beyond Factory Farming ; Friends of the Earth Canada;
*
International Institute for Sustainable Development ;
*
International Water Institute ; Keystone Agricultural
*
Producers ; Lake of the Woods Water Sustainability
Foundation; Lake Winnipeg Research Consortium;
*
*
Manitoba Eco-Network ; Manitoba Water Caucus ;
National Farmers Union; Organic Food Council/Canadian
*
Organic Growers; Red River Basin Commission

NGO/NPO

Participating organizations/institutions
*

*

Total
20 (100%)
13 (100%)
*
Representatives of these organizations/institutions participated in 2009 action research cycle
**
NGO = Non-governmental organization; NPO = Non-profit organization

Action research cycle 2009
Based on the 2008 research and the summary report, a second multi-step process was
conducted in early 2009. The action phase included open-ended qualitative telephone
interviews (N2009 =16) with selected participants from the 2008 study, lasting about 1 hour. The
follow-up emailed questionnaire survey (N2009 =14; 81% return rate) was designed to assess i)
the prospects of implementing earlier findings, ii) the level of interest in cross-cultural
consensus-building as a next-step approach, iii) perceptions of institutional arrangements for
managing P, and iv) the value of the inquiry. Questions were framed to elicit information that
verified and supplemented the interviews.
Data analysis
In the first analytic step, open coding (Berg, 2009; Corbin and Strauss, 2008) was applied to our
qualitative interview data. Central ideas and concepts to conceptualize the challenges in the
LWB and how they are being approached were identified and evaluated. In the following
section, the use of double quotes (“example”) marks the categorical labels that were singled
out. The computed statistical analysis of the questionnaire data with PASW Statistics 18.0
includes t-tests, repeated measures ANOVA, non-parametric tests, and post-hoc tests (multiple
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comparisons).5 In addition, between-subjects and within-subjects effects and contrasts were
tested to indicate significant differences between group means.

2.4 Results
2.4.1 Action research cycle 2008
Website consultancy
The website research (N =53) revealed that agencies and organizations’ interest in the LWB was
largely related to the “eutrophication” of Lake Winnipeg, its “recovery,” and P pollution. “Land
use change” concerns, “food production,” “composting,” “human and ecosystem health,” “soil
fertility,” and “sustainable livestock production” were reoccurring themes. Considerable
importance was attributed to “First Nations,” “farmers,” and “public participation” in “decisionmaking,” “planning,” and “management of natural resources.” The wide range of interest and
activities reported emphasizes the key role P plays in the basin. In addition, the majority of the
agencies focusing on agriculture also considered aquatic ecosystem integrity and vice versa,
reflecting the potential to align these two areas more strongly for keeping P on the land. The
website review did not disclose any acknowledgement of peak P or concerns about impending
phosphate rock scarcity.
Stakeholder interviews
Across and within the stakeholder groups, considerable variety was found in the adaptations,
practices, and technologies suggested by organizations in response to P pollution. In
agriculture, suggestions included “best management practices,” “fertilizer reduction,” and
“increased use efficiency,” “manure composting,” “organic farming,” “P recycling from sewage
water,” application of “biosolids” to farmland, “soil sampling,” “improved nutrient
management,” “monitoring of flows,” “technical farmer support” for adaptation processes, and
“cost-sharing options.” For protecting or restoring ecosystem integrity, suggested activities
included “wetland conservation,” “nutrient monitoring,” “flood damage reduction,” and “public
involvement.” Several participants emphasized that a key challenge remains in “understanding

5

Occasional missing values were replaced by the grand mean of the respective level of the repeated variable.
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P dynamics in soil and water,” related to the naturally relatively high levels of P concentrations
in soil and vegetation and the geographic specifics of the area.
Expected or desirable changes in practices and policies focused on “P discharge decrease,”
“pollution prevention regulation,” “flood protection,” and “stronger inter-provincial and
international cooperation”, especially considering that the U.S. Red River Basin is one of the
main contributors of P loading. Participants pointed out the need to form a “permanent
coalition” that links many interest groups regarding phosphate-related challenges. Although
considerable effort has been undertaken to respond to the recommendations of various
reports, important implementation steps remain. Participants repeatedly attributed this lack of
action to “resource constraints.” Table 4 summarizes a set of meaningful enhancement areas
synthesized by the 2008 interviews. The enhancement areas were widely confirmed in the
2009 action research cycle.

Table 4. A generic set of enhancement areas for developing phosphorus sustainability in the Lake
Winnipeg Basin
Action level*
MB, LWB

Areas of enhancement
1. Stakeholder cooperation: by (a) ensuring a suitable level of various group representations in
relevant forums and meetings (b) establishing a regional round table in cooperation with
existing networks and agencies

LWB, N, G

2. Phosphorus accounting: reservoir/flow data collection and monitoring (volume and rate)

MB, LWB

3. Comprehensive watershed communication plan: to establish regular communication
between all stakeholders and representative commissions, boards and agencies

LWB, N

4. Policy review of phosphorus: with the goal of identifying regulatory approaches for
sustainable use and reuse of P in agriculture and beyond

MB, LWB

5. Integrated watershed management process: to include aspects of water, carbon, land, and
related resources for optimizing social and environmental welfare without compromising
ecosystem functions

MB, LWB

6. Promotion of stewardship and recycling of phosphorus in municipalities, households, and the
agricultural sector led by the Province of Manitoba: by reducing food waste, composting,
avoiding food and organic waste in the landfill, tertiary treatment of municipal wastewater,
recycling of manure in an agronomically-sound manner, and continuing to improve
understanding of P dynamics in soil and the landscape

*

MB = Manitoba, LWB = Lake Winnipeg Basin, N = national, G = global

First Nations/Métis interviews
In the First Nations/Métis survey, participants showed a general reluctance to rank priorities in
water security issues. Rather, participants focused on many important issues, notably,
providing safe and sufficient freshwater and treating wastewater adequately. Engaging First
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Nations and/or Métis cultures and representatives appears to be complicated by two hierarchal
regimens with many of these cultures: advocacy associations fulfilling a political function by
representing First Nation chiefs and councils, and traditional elders who best represent the
relationship heritage between the land and waters of North America and its people. While the
surveys were being conducted, it became increasingly clear that a significant opportunity exists
to engage the traditional leaders of the First Nations in the LWB to help better define the
challenges and opportunities associated with food and water security.
Questionnaire survey
In the questionnaire survey (N2008 =20), participants were asked to evaluate the level of
agricultural and water planning in the LWB in a series of statements (25), clustered in three
categories. On a scale of 1 to 5, 1 represents “strongly disagree,” and 5 represents “strongly
agree.”
Adequate focus of stakeholder activities
Participants were asked to judge the focus of activities in the LWB related to water
conservation, P conservation, and best use of nutrients to maximize crops. Figure 9 illustrates
that respondents rated neither water conservation practices (M =2.1; SD =0.91) nor P
conservation practices (M =2.3; SD =1.37) as adequate. In contrast, respondents were more
satisfied with activities for the best use of nutrients for crop yield (M =3.25; SD =1.33).
The rating differences between these items were highly significant (p <.001). By computing
single contrasts between the activities, a significantly higher need for focus on water
conservation (p =.001) and P conservation (p =.001) than for the best use of nutrients for
maximizing crop production was portrayed. The differences between the three stakeholder
groups were not significant. However, government representatives repeatedly rated the
adequacy of the focus on all three activities somewhat higher than academics and NGO/NPO
representatives. These findings show little divergence in opinion about the relative importance
of focusing more on P and water conservation than the best use of nutrients.
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Figure 9. Comparison of the three stakeholder groups (Academic, Government, NGO/NPO; N =20)
judging the adequacy of the focus on the best use of nutrients for crop production maximization
(yield), water conservation and phosphorus conservation using a repeated measures ANOVA with
the independent variable group cluster (three levels), and repeated measures on the variable
adequate focus of activities (three levels: yield, water conservation, phosphorus conservation).

Perception and awareness levels
Subsequently, participants were asked to judge the awareness level of issues associated with
water and agriculture from five different perception levels: at home, in their organization,
within their community, in the Lake Winnipeg Basin, and within Manitoba (illustrated in Figure
10).
Across all perception levels, considerable diversity was found. The ratings for “home” (M =3.9; p
=.002) and within “own organization” (M =3.7; p =.009) were significantly higher than the
grand mean (M =2.9) of the ratings for all ranges. In contrast, participants found the awareness
level “within the community” (M =2.2; p =.000) and in the “LWB” (M =2.2; p =.002) significantly
lower than the grand mean (Figure 10). With M =2.5, the judgments of the awareness of actors
in the province were only slightly lower than the grand mean (p =.06). Interestingly,
government representatives judged the awareness level quite differently from the others.
These differences were especially evident at home, within the representative’s own
organization, and at the provincial level.
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Figure 10. Comparison of three stakeholder groups (Academic, Government, NGO/NPO) for
awareness levels on issues related to water and agriculture. Illustrated are means for five different
perceptions: a) at home, b) within the own organization, c) within the own community, d) in the
LWB, and e) within the province.

Need for advocacy campaigns
To identify the level of agricultural and water planning in the LWB, participants were asked to
rate the need to link associated agriculture and freshwater ecosystem matters to ascertain
whether advocacy campaigns between or within different groups in the basin were needed to
address this issue. The most substantial need was observed between First Nations and other
stakeholders in the basin (M =4.2). This was followed by a need within the mandates of
municipalities (M =4.0) and in Manitoba (M =4.0). Further, participants agreed that advocacy
development was needed among First Nations (M =3.9), between the private and public sectors
(M =3.8), within the mandates of NGOs (M =3.8), as well as in university extension programs (M
=3.6). Interestingly, within the respondents’ own organizations, only a modest need for such
campaigns was acknowledged (M =2.7). Furthermore, the differences among the three
stakeholder groups were significant regarding the need to develop advocacy campaigns in the
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groups’ own organizations (p =.025). Multiple comparisons revealed that the academic (p =.017)
and government (p =.034) responses were lower than those of the NGO/NPO members, as
illustrated in Figure 11. Generally, the need for advocacy campaigns within Manitoba was
significantly higher (p =.002) than within the groups’ own organization.

Figure 11. Comparison of the three stakeholder groups (Academic, Government, NGO/NPO)
regarding the need to develop advocacy campaigns that deal with issues at the interface of
agriculture and freshwater ecosystems, using mean judgments. Illustrated are multiple
comparisons for such an advocacy need within the groups’ own organizations and within
Manitoba.

2.4.2 Action research cycle 2009
Case agent interviews (N =16) and the questionnaire survey (N =13) focused on four topic areas,
including the i) relevance of the first inquiry and output, ii) interest in cross-cultural consensus
building to manage resources sustainably, iii) views on establishing an organization concerned
with P stewardship, and iv) participants’ evaluation of the overall inquiry process. In addition,
we assessed the constraints and need to move forward with questions about potential P
strategies, the creation of a sustainable P and water management vision for the basin, and
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cooperation with other stakeholders. Highlights of the interview and questionnaire results are
presented together in this section as they support and supplement each other.
Relevance of the first inquiry and output
Participants differed in their vision of how to use the information in the summary report of the
first study cycle (Malley et al., 2009) for development in their organization. Although the
majority of the interviewees found that the generic set of enhancement areas (Table 4) was
directly important to their mandate, the remainder, most of whom were academics, drew a less
direct link.
The majority of participants in the interviews stated that they would use the summary report
as a reference and would raise the issue within their area of influence. According to the
questionnaire, most participants agreed the summary report was valuable as a learning tool ( M
=4.1). This was followed by the report’s value for building contacts with other stakeholders and
experts (M =3.8), promoting motivation for sustainable action (M =3.6), and further developing
methods of incorporating P and water (M =3.4). With a mean value of 3.4, increasing
communication between the respondent and other stakeholders was an important benefit of
the summary report. In the interviews, 77% of the participants (N =10) acknowledged that their
level of awareness about P adequacy concerns and resources had changed or increased during
the process. Academics, however, reported that their level was largely unaltered. These results
suggest a need to develop science-practice engagement strategies that aid in discussing types
of different knowledge and understanding in a democratic process.
Cross-cultural consensus building
There was unambiguous agreement in the interviews that all stakeholders need to be
approached and engaged in the process, including First Nations and Métis, not as attempted
add-ons, but from the outset, as the challenge requires the holistic perspective held
traditionally by indigenous peoples for millennia. Further, all agreed they were generally
interested in participating in a cross-cultural process. Nevertheless, one third limited their level
of potential involvement in any process due to “time,” “workload,” or “resources constraints.”
Participants stressed that problem resolution efforts had to involve everybody’s “capacity to
change or interact.” The traditional knowledge of First Nations seems effectively, albeit
unintentionally, ghettoized outside related decision-making processes. Moreover, integrating
cultural and economic drivers such as aboriginal/non-aboriginal or urban/rural is a challenge in
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itself. In addition, the spatial separation of case agents was stressed as a major “geographical
challenge.” Linked to this, questionnaire respondents strongly agreed across all group clusters
on the need to develop a comprehensive watershed communication plan to establish regular
contact (M =4.7). These findings support an increase in efforts for capacity-building across
different actor groups to engage in and to facilitate joint problem-framing and to build
resolution efforts.
Establishing an organization concerned with P stewardship
Opinions on the question of establishing an organization with a P stewardship mandate, e.g.
fostering collaboration for responsible resource planning, ranged widely. Although all
participants acknowledged that such an institution could provide a “helpful frame” for
managing the issue, the level of support for establishing such an institution was disputed. The
majority of the interviewees (69%; N =9) deemed the international perspective highly
appropriate, yet pointed toward the weak points of such an approach. The main concern raised
was the “inefficiency” of many international bodies such as the United Nations and the
overwhelming “complexity” with which they have to deal.
On a scale from 1 to 4, with 1 =“very important” and 4 =“not important,” respondents judged
the international level for establishing such an organization as the most appropriate (M =1.58),
followed by the national (M =1.75), basin-wide (M =1.67), and provincial (M =2.00) levels. The
difference between these average ratings was not significant (F =1.31, dfHuynh-Feldtεcorrected =1.69, p
=0.29). Two mandates for such an institution were mainly considered in the interviews: i)
increasing “scientific and technical awareness and knowledge” of the challenge and ii)
“extension/outreach”, including communication, linking government, industry, public, and
science. The questionnaire survey further revealed those activities were very important, which
is related to advocating and stimulating improvement in agricultural knowledge and practice
(M =1.33), as well as a supportive policy framework for resource efficiency (M =1.33).
Value of the overall study according to participants
To assess the value of the process, interviewees were asked about its usefulness, advantages,
and disadvantages. All interviewees deemed the action research approach based on the “too
little – too much” perspective valuable, especially regarding the overall aim of improving the
health of Lake Winnipeg. Several noted that the approach had brought a “completely new issue
of importance” to their attention. Moreover, the report’s enhancement areas were “compatible
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with other findings” and ongoing endeavors within the basin. The majority stressed the
“holistic,” “interdisciplinary” character of the inquiry as particularly interesting, bringing up
“new perspectives on a well-known problem.” Many encouraged continuing this “balanced
exploratory” endeavor, especially regarding reaching out to the surrounding community and
distributing findings to decision-makers. This response points toward synergy potential with
other related activities in the basin, such as land use or climate change mediation processes,
and stresses the need to expand efforts to the broader society for mutual learning and
awareness creation.
Constraints and need to move forward
In addition to these results, the questionnaire survey elicited a need expressed by all
stakeholder groups to create synergies between technology innovations and behavioral change
to attain food and water security (M =4.7, on the five-point scale, where 5 represents “strongly
agree”). Moreover, all respondents agreed in the interview that “policy support,” “more
research and information on P, water, and their interface,” and “allocation of new resources
and stronger cooperation” were required to engage in P sustainability issues. This response ties
into and strengthens the work of multi-stakeholder organizations such as SERA-17, concerned
with minimizing agricultural P loss; the Red River Basin Commission, engaged in integrating
natural resources management; and the Manitoba Livestock Manure Management Initiative.
Participants also suggested that a political framework flanking prerequisite P recycling,
increased efficiency in use, integrated nutrient management, and water conservation should
be established (M =4.2). For a successful approach to integrated watershed management,
participants also stressed that P use policies (M =4.1) should be reviewed and “holistic analysis
of LWB characteristics and impacts of human activity” should be performed (M =4.3). A block of
six questions directly addressed whether activities in the water and P domain deserved
improved regulation, leadership, integration, role allocation, coordination, and connectedness.
Averaged over the six items, academics (M =3.9) and representatives of NGO/NPOs (M =3.7)
generally tended to judge the need for such improvements as greater than did the government
representatives (M =2.9). This general difference was not quite statistically significant (df =1; F
=4.02; p =.07), but a specific ANOVA with the independent variable group cluster (only 2 levels:
government vs. academics and NGO/NPOs) revealed a significant difference for the first item,
“increased government regulation and involvement” (df =1; F =7.6; p =.02). Accordingly,
academics (M =4) and NGO/NPOs (M =4) judged the need for increased government regulation
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and involvement for improving sustainability in the food and water sector higher than the
government representatives (M =2.5).

2.5 Discussion
The main research questions steering the study analysis are concerned with i) the level of
awareness of the short- to medium-term accessibility of phosphate rock reserves, ii) the need
for advocacy campaigns, cross-cultural consensus building, as well as possibilities for
phosphate governance, and iii) the value of the chosen approach, including constraints on how
to move forward. Results confirm that eutrophication and phosphate rock accessibility
concerns link well to the ongoing work in the basin on improved P management. Based on the
inquiry results, it is possible to conclude that the action research cycles approach, as a form of
intervention and coupling tool, allowed for more inclusive mapping of the nature and
dimension of the problem, the stakeholder landscape, and practical implications for science
and society.
Phosphorus plays a key role in the basin as a pollutant, and is considered on and across many
levels of agricultural and water planning. The findings depicted in Figure 9 highlight that
conserving water and P is more important than improving nutrient use. This may be due to
considerable efforts over the past years that have been put into stipulating and implementing
improved agricultural P management practices in the basin (Environment Canada, 2010; Stuart
et al., 2010), including the management of the land application of livestock manures. Additional
research on conserving resources may well link to ongoing scientific efforts. An example is the
Lake Winnipeg Basin Initiative, a project of the Government of Canada’s Action Plan for Clean
Water and the Province of Manitoba (Government of Canada, 2010), which aims to improve
understanding of geography-specific nutrient dynamics.
Our findings further suggest a strong need for advocacy campaigns regarding issues at the
agriculture-water interface. A major challenge in this effort, though a relevant opportunity, is
the inclusion of groups within societies who otherwise are rarely addressed or poorly engaged,
such as First Nations. Support for such an approach was found in the expressed need for
interlinking First Nations and other stakeholders more strongly. The traditional elder approach
is often of interest, in various settings. Nevertheless, currently, no programs capture knowledge
that would apply to the LWB. International agencies such as the Ecosystem Services and
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Poverty Alleviation Group6, although global, will not focus on any projects within Canada, due
to the relative wealth of the country, regardless of the status of First Nation peoples. A national
approach to knowledge management that includes indigenous peoples is one way to engage
First Nations beyond the political framework of chief and council.
Peak phosphorus: From symptomatic challenge to systems thinking
The results in Section 2.4 reveal three contributions of the resource lens for sustainable P
management in the LWB. First, adequacy concerns allow for a new perspective on sustainable
transition. This is due to the widening of the problem field for analysis across the entire P
supply and demand chain, which may promote improved understanding of structural causes
when the economic (input) limit, non-renewable (throughput) limit, and ecological (output)
limit are considered jointly. The identified and confirmed enhancement areas, for example, P
accounting (Table 4), provide promising entry points for assessing the LWB’s overall
vulnerability to phosphate fertilizer availability, which may be mainly related to world market
prices, and resilience to eutrophication. Related research methods such as agent-oriented P
flow analysis (e.g., Binder et al., 2009; Binder et al., 2004; Brunner, 2010; Ott and Rechberger,
2012), P life-cycle analysis (e.g., Suh and Yee, 2011), and scenario analysis (e.g., Van Vuuren et al.,
2010) could provide promising data for a scientifically-based management of the lake, a need
recently postulated by Kling et al. (2011). Second, adequacy concerns are a “wake-up call” to
develop alternatives to current agricultural practices and handling of other anthropogenic
point and non-point sources in the basin, if aquatic ecosystems are to recover and
vulnerabilities to phosphate fertilizer price fluctuations are to decrease. Third, phosphorus
security considerations may act as a catalyst for genuine science-practice cooperation to assess
the realities of the problems for different stakeholder groups.
Considering the recent controversy over phosphate rock scarcity, it seems necessary to outline
some of the key points of contention regarding the peak P postulate. Since its emergence in
2007, the concept has gained significant attention (e.g. Vaccari, 2011b). Nevertheless, it has
been contested by practitioners and scientists (IFA; Mew, 2011; Scholz and Wellmer, 2013), inter
alia for the methodological approach and data used. In contrast to the study published by
Cordell et al. (2009a), updated phosphate rock reserve data reported by IFDC (Van

6

http://www.nerc.ac.uk/research/programmes/espa
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Kauwenbergh, 2010) and the U.S. Geological Survey (Jasinski, 2013b) document significantly
greater reserves and a significantly higher static lifetime (300-400 years). Based on this data,
there is no scientific evidence for a peak in the near future.
As uncertainties and knowledge gaps remain regarding how to sustainably manage and use i)
the essential nutrient P, ii) the non-renewable resource phosphate rock, and iii) opportunities
arising from improved reuse and recycling, it becomes increasingly important to consider all
multi-faceted trajectories inherent in P’s dissipative, critical, essential, and strategic character.
In addition, the core issues in the case study area—clearly representing a northern hemisphere
view—seem to be concerned less about P availability and more about ways to form
mechanisms for adaptive integrated management and resilience capacity to respond to the
dysfunctional supply-and-demand patterns of a critical resource and element.
Action research: A new direction for actionable research-oriented studies and cooperation
The results suggest that the goals of action research to better understand a real-world
problem, transfer knowledge, and create action space (Guba, 1990) were fulfilled, albeit in
different degrees. The observed increased level of awareness and constraints suggest openness
and the need for future co-learning. Given the acknowledged complexity, dispersion of
knowledge across a broad stakeholder group, and the lack of capacity to act, broader societal
engagement is necessary to develop sustainable P management options. Hence, the hypothesis
is put forward that improved awareness based on shared reliable information from different
stakeholders is an important factor determining the quality of future management.
In this paper, action research was suggested as a reformative process with a social change
agenda, but it is not revolutionary. In the applied format, the action research was exploratory
and evolutionary, aiming to initiate systems thinking amongst all involved, by uncovering and
transferring information and knowledge useful for a specific group, and to motivate those
agents involved to use the information elicited in the process (Almekinders, 2009; Berg, 2009)
for further (research) action. To strive for more would have been beyond the reach of the
research team (the first three authors). The small sample and the limitations of representative
sampling due to the explorative nature of the study are acknowledged. Future research should
include farming groups, for example.
The data suggest that the readiness and capability to increasingly cooperate on both issues
from a systems and cross-cultural perspective largely depend on additional knowledge and
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overcoming resources and geographical constraints, also transboundary. This is why any
process should be concerned with capacity-building as a sound basis for embarking on and
maintaining broad collaboration. The results indicate that further research must be, ideally,
transdisciplinary (i.e. integrating knowledge from science and practice), action-oriented, and
relevant to policy, and it must incorporate multi-level innovation. The IISD Bioeconomy Project,
to which the study results were fundamental, is an example of co-shaping and continuing the
discourse (personal communication, IISD, 2010, 2013).
New roles for science and society

Academia: Only stakeholders from academia acknowledged awareness of a potential
phosphate rock scarcity. This finding may indicate the need to reshape the responsibility of this
stakeholder group. As awareness depends, in part, on the capability of recognizing the impacts
of one’s actions on the environment, and relating those to one’s own or, in general, to
anthropogenic action, these feedback loops must be accessible to a broader societal group. This
competence is evolving as environmental literacy (Scholz, 2011). An increasing number of voices,
such as Kassen (2011), stress the role of scientists in more effectively sharing or jointly
generating knowledge with the wider public and decision-makers on global environmental
change issues. In intractable, real-world research such as on P, where knowledge is widely
dispersed and not always easily accessible, a science-based learning dialogue with the wider
society, acknowledging the uncertainties and mitigating consequences of not knowing, is one
way of creating sustainable resources management transitions (Pahl-Wostl et al., 2009). Such
efforts may parallel and supplement existing efforts as a single top-down, bottom-up, or
sectorial approach is likely unable to support transitions in a meaningful way.

Government: The fair degree of stability observed in the government representatives’ ratings of
the need for certain actions inherent in or close to their mandate (e.g., increased regulation,
leadership), which was consistently lower than the other stakeholder groups, was unexpected
(compare Figures 9-11). This obvious mismatch leaves room for interpretation, especially as a
larger sample or expanded representative sampling may lead to different conclusions. This
effect might imply that participants assume that more awareness exists at home and within
their organization than actually does. Further, the results might be evidence of reluctance by
the government to engage in costly and long-term obligations, such as resource conservation,
resulting from a feeling of control over the situation and sufficiency of existing actions. These
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observations suggest that any general knowledge-generating or awareness-raising process
may be hindered by the initial large effort needed to get the attention of these groups, as they
all perceive themselves and their own organizations as more aware or knowledgeable. The
importance of this is clear: the observed manifestation of the illusion of control effect (Langer,
1975) and overconfidence effect (Svenson, 1981) are cognitive biases that may have implications
for managing P and water more sustainably. Both effects have been reported to hinder learning
or to increase risk-taking (Fenton-O'Creevy et al., 2003; Gollwitzer and Kinney, 1989). This may
lead to reduced interest in genuine willingness to engage. Hence, self-reflection and
assessment mechanisms should become part of the larger debate. Further, this finding appears
to feed back into a circumstance indicated by Cordell (undated), namely, that the need for
increased stewardship depends on how roles and responsibilities are perceived and organized
within stakeholder groups.
Interestingly, agencies other than the government were found to believe that increased
governance is the answer, while jurisdictional representatives tended to disagree. In addition,
the impetus for change appears to be much stronger in the non-government sectors than
within the jurisdictional representation, as reflected by the government representatives’
tendency to neither agree nor disagree. This finding could be interpreted as an indication that
leadership needs to be maximized outside the government to redefine jurisdictional actions
through democratic processes.

Institutional arrangements: In terms of institutional set-up, the added value of an entity
concerned with the stewardship and recycling of P was acknowledged. The proclaimed
reservations, nevertheless, allow us to hypothesize on mechanisms that may create genuine
collaborations which extend beyond the biogeochemical boundaries of watersheds or global
cycles. Much evidence appears to emphasize that tackling the problem sphere cannot be the
work of one entity as the tasks are too complex, demanding, and costly. For instance, upon
examining the efficiency of sustainable resources management of the International Joint
Commission (IJC)—the managing body for transboundary water issues between the U.S. and
Canada—Bleser and Nelson (2011) stressed the need for more pro-active governance practices,
long-term monitoring, and funding. As is evident from the interviews conducted in 2009, there
is some restricted support across all stakeholder groups for advancing the institutional setting
for P stewardship and recycling. The apprehension about effectiveness and implementation
concerns, and the need to approach improved cooperation and exchange mechanisms, points
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toward the preferred option of using the opportunities inherent in existing institutions.
Nevertheless, the data also support the view that a need for increasing responsibility and
commitment—particularly within Manitoba—exists, despite the fact that opinions about
capacity to act and the need for involvement differ. In view of these results, establishing a
process that weighs the involved interests, costs, and benefits, as well as responsibilities to best
arrange for a workable organizational approach concerned with knowledge production and
outreach, seems necessary. Important factors in this equation are the interdependencies
present among stakeholders at different levels, as well as the degree of willingness to act and
the scope of action, which actually exists so that effective measures can be implemented.
These factors should be investigated in greater detail in the future.

2.6 Conclusions and outlook
It was found that the interface of the P cycle and the hydrological cycle is a unity that may
stimulate societal commitment to address the growing number and severity of issues
undermining resource availability and environmental quality as an integrated whole. There is a
benefit of pollution–resource systems thinking for further consideration in the LWB and
beyond through action research–enabled awareness and learning increments within all
participant groups. Given the strong arguments for recognizing and supporting perspectives of
key stakeholders, the need for concerted effort is more widespread than is currently
appreciated. Reversing eutrophication and developing P sustainability will likely require
systemic efforts targeted at prioritizing the many contributing factors. Particularly of interest
for future studies is how well the issue is understood in the specific sub-basin and
province/state contexts, what processes might bring both perspectives closer to consideration
and application, and how the resources perspective can be carried over to sustainable
management choices in the basin. An extended participatory approach, in the form of a
transdisciplinary process of resolve, could break open new territory for tangible scientific and
socially relevant outcomes. The critical scientific and societal challenge, then, is to develop and
implement an open, constructive discourse space to not only mutually improve understanding
of problems and challenges but also to generate, in cooperation, viable orientations on how to
sustainably manage P resources for securing food production and water quality.
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3. Uranium endowments in phosphate rock
Abstract
This study seeks to identify and specify the components that make up the prospects of U
recovery from phosphate rock. A systems approach is taken. The assessment includes i)
reviewing past recovery experience and lessons learned; ii) identifying factors that determine
recovery; and iii) establishing a contemporary evaluation of U endowments in phosphate rock
reserves, as well as the available and recoverable amounts from phosphate rock and
phosphoric acid production. We find that in the past, recovery did not fulfill its potential and
that the breakup of the Soviet Union worsened then-favorable recovery market conditions in
the 1990s. We find that an estimated 5.7 million tU may be recoverable from phosphate rock
reserves. In 2010, the recoverable tU from phosphate rock and phosphoric acid production may
have been 15,000 and 11,000 respectively. This could have filled the world U supply-demand
gap for nuclear energy production. The results suggest that the U.S., Morocco, Tunisia, and
Russia would be particularly well-suited to recover U, taking infrastructural considerations into
account. We demonstrate future research needs, as well as sustainability orientations. We
conclude that in order to promote investment and production, it seems necessary to establish
long-term contracts at guaranteed prices, ensuring profitability for phosphoric acid producers.

3.1

Introduction

Phosphate rock is a naturally occurring material with high phosphate (P) concentrations. The
vast majority of phosphate rock is used in the manufacturing of P-based fertilizers. Both
phosphate rock and its intermediary product, phosphoric acid, are known to include
appreciable amounts of elements suitable for by-product recovery, such as rare earth elements,
silver, and uranium (Altschuler, 1980b; Lounamaa et al., 1980). They are also known to include
about sixteen elements that are potentially hazardous to human health, such as arsenic,
cadmium, and uranium (Kratz et al., 2011; Van Kauwenbergh, 1997). These elements are being
redistributed within the environment via fertilizer products and related production processes
and may present radiological and toxic risks to human health and the environment (Schnug
and Lottermoser, 2013).
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Because energy security, food security, and environmental health are critical challenges for
sustainable development in the 21st century, recovering uranium as a by-product from
phosphoric acid presents a particularly interesting case, encompassing all these issues. In the
past, U was commercially recovered as a by-product7 when U demand was high, e.g., to be
included in the nuclear fuel cycle. Since the turn of this century, recovery interest has again
been rising as global demand for U surpasses supply. Starkly increasing U prices, reaching
USD$135/lb U on the spot market in 2007, are associated with recovery reconsideration on the
part of the phosphate rock industry, as well as uranium companies, electric utilities services,
and the IAEA (Areva, 2007; Cameco, 2011; IAEA, 2011; UxP, 2013; Hilton and Dawson, 2012).
The underlying bases for U recovery are thus economic by-product considerations. Recovery, in
addition, may be beneficial in terms of the following four sustainability issues:
Energy security: Recovered U can enlarge and diversify the global U resource pool; moreover, it
may secure domestic production. Since 1990, the world U market has faced supply bottlenecks
because production can no longer keep up with demand. Although the situation has
increasingly been improving since 2007, the existing gap cannot be bridged by using
conventional primary resources within an acceptable timeframe (OECD, 2012). Because the gap
is predicted to grow in the future, it has been suggested that more than one single measure
must be taken to ensure short- to long-term supply security (Dyck, 2009). U from phosphate
rock has been singled out as a cost-intensive alternative to U resources (Tulsidas, 2011).
Food security: U recovery prior to fertilizer production is a measure that can be taken to
generate a U-free product, which allows control over dissipation into the environment during
processing; moreover, by-product recovery may render the unit production of phosphate rock
or phosphoric acid more profitable.
Environmental health: Recovery is an effective measure that can be taken to prevent the
dispersion of P fertilizer-derived U in very low concentrations (Schnug and Haneklaus, 2008).
National security: U recovered from phosphate rock may be used in nuclear weapons
production. This potential use is the most hidden, but it is likely not the least explored.

7

According to Sinclair and Blackwell (2002), by-products are termed “significant” when they have a value of 25-50%
of that of the principal product and “normal” when their value is less than 25% of that of the principal product.
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A more detailed description of these recovery benefits is presented in the Supplementary
Information SI 1. These security issues are coupled with the resource conservation theme, i.e.,
that recovery is part of planned management that may optimize resource and process utility
while at the same time reducing unintended social and environmental consequences.
This study seeks to identify and specify the components that make up the prospects of U
recovery. We investigate uranium endowments in phosphate rock, their available and
recoverable amounts, and the potential impact of U recovery on the nuclear fuel supply and
attempt to assess recovery likelihood in general. A systems approach is taken. We use
descriptive and empirical analyses to create a comprehensive analysis that examines the larger
picture and the interrelationships within it. These remain less well-examined because most
studies take a fragmented look at the various potentials. Our assessment includes i) reviewing
past recovery experience and lessons learned; ii) identifying the factors that determine
recovery; and iii) establishing a contemporary evaluation of the geo-potential in phosphate
rock reserves, as well as those in phosphate rock and phosphoric acid production.
The article is organized as follows: First, the genesis of U in phosphate rock is outlined. Then,
the methods and materials are presented. After considering the findings regarding the historic
recovery experience and the limiting factors that influence recovery, estimates of available and
recoverable uranium are discussed in relation to their nuclear fuel supply potential. We
comment on the relevance of recovery and conclude with future research needs, as well as
sustainability orientations.

3.2

Occurrence and variation of uranium in phosphate rock

The prevalent theory of the occurrence of U, mainly present in its tetravalent oxidation state
(IV) and hexavalent state (VI) (Gupta and Singh, 2003) in phosphate rock is based on three
mechanisms: i) the substitution of Ca+2 in the apatite crystal structure with U+4, which functions
as its proxy because of their essentially identical ionic radii (Altschuler et al., 1958; El-Arabi and
Khalifa, 2002; Goldschmidt and Muir, 1954; Griffith, 1973; McClellan and Van Kauwenbergh,
1990; McKelvey and Nelson, 1950); ii) absorption on the apatite crystal structure (Cathcart et al.,
1978; Piper, 1994); and iii) the formation of independent mineral phases (Altschuler, 1980a;
Piper, 1994). The main processes identified for U occurrence in phosphorites are the
precipitation of U from seawater during sedimentation and U enrichment from groundwater
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percolation after deposition (Altschuler et al., 1958; Brobst and Pratt, 1973; Klinkhammer and
Palmer, 1991; Piper, 1994). The latter process has also been suggested to explain the occurrence
of U in guano or isolated bones by Davidson and Atkin (1953).

Table 5. Typical uranium contents in various deposit types and terrestrial compartments
Deposit type

U content (ppm)

U ore
Guano and guano-derived deposits

1000-5000
30-Oct

Igneous apatite

10.0-70.0

Sedimentary marine phosphorites

30-260

Reference
Sam and Holm, 1995
Cathcart et al. (1978)
Altschuler et al. (1958); Davison and Atkin (1953); Cathcart
et al. (1978); Altschuler (1980); Van Kauwenbergh (1997)
Altschuler et al. (1958); Cathcart (1978); Altschuler (1980);
Van Kauwenbergh (1997); De Voto and Stevens (1979);

Reworked phosphorites, isolated bones
and concretions
Seawater

≤ 8,000*

Altschuler et al. (1958); Cathcart et al. (1978)

0.0005 - 0.0033

Earth crust

2.0 - 4.0

Average shale

3.2-3.7

Sodaye et al. (2009); Dahlkamp (2009); OECD (1983)
Brobst and Pratt (1973); Emsley (2011); Carmichael (1982);
Gupta and Singh (2003)
Van Kauwenbergh (1997); Jarvis (1994); Altschuler (1980)

* Maximum concentrations found

The principles affecting the variation of U in phosphate rock and U mobilization have been
proposed to be exposure time to seawater, the texture of the host rock, and the type and
degree of secondary processes affecting U redistribution, e.g., leaching via weathering
facilitated by radioactive decay, which lowers the original high IV-VI ratio, or metamorphic and
hydrothermal effects (Altschuler et al., 1958; Cathcart et al., 1978). Moreover, studies have
shown a positive correlation between the P205 and U content in phosphate rock occurrences
(Cathcart et al., 1978; Hurst, 1976; Thompson, 1953).
Under these various forming and reforming conditions, concentrations can vary greatly in and
between deposits. The minimum and maximum U concentrations have been reported for
various types of phosphate rock. They are summarized in Table 5.
Comparative data show that U in phosphate rock is enriched by a factor of 30 in comparison to
average shale (Altschuler, 1980b). Also, differences in U content are visible between
sedimentary marine phosphorites, igneous apatite, and guano, which may make up about 75%,
15-20%, and 3% of known phosphate occurrences, respectively (Mar and Okazaki, 2012). Some
deposits may contain significantly higher levels of U than are shown in Table 5. For example,
studies have found U contents as high as 5000-8300 ppm in sedimentary deposits in Florida
(Altschuler et al., 1958; Cathcart et al., 1978) and 1800 ppm in the Itatai deposit of Brazil
(Fukuma et al., 2003). Also, in Brazil, the Araxa and Catalao igneous deposits may be higher
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than 200 ppm (Van Kauwenbergh, 1997). In general, the occurrence and variation of U appear
to be explainable “only in terms of the total geologic history of the deposits” (Altschuler et al.,
1958: 57). There are more than 1,600 phosphate rock mines, deposits, and occurrences known in
the world (Chernoff and Orris, 2002), and knowledge gaps prevail regarding their
phosphogenesis (Baturin, 2010; Bentor, 1980; Cook et al., 1990; Soudry et al., 2002).
This information suggests the consideration of two key aspects when acquiring and reading
data: i) the localization and distribution of U in phosphate rock are of major importance when
assessing geological recovery potential. Consequently, there is a need for high-quality data and
caution in interpreting average estimates. ii) sedimentary phosphate rock deposits are of
interest due to their naturally higher U content and much higher abundance. Igneous deposits,
in contrast, generally contain comparably higher amounts of thorium (Gulbrandsen, 1977;
Habashi, 1980).

3.3
3.3.1

Methods and materials
Historic contextualization

Uranium recovery from phosphate rock is not without precedence. Twice in the past, U has
been recovered in different countries. Scientific publications, as well as reports from national
energy commissions and industry, were reviewed to provide historical background on the
recovery potential, trends, and messages. The most accessible data identified and reported are
from the U.S., a pioneer in the field.

3.3.2 Factors influencing the recovery potential
A SWOT analysis was performed to identify both phosphate rock industry-internal factors
(strength and weaknesses) and industry-external factors (opportunities and threats) that
influence recovery potential. Factors were gathered during expert talks with twelve industry
stakeholders involved in applied research and development, phosphate rock production, U
recovery technology, and consulting. SWOT analysis, first applied in the 1960s (Learned et al.,
1969), is considered an established planning tool for strategic resource management (Kajanus
et al., 2012) due to its inclusive approach. The analytical framework was thus applied to i)
identify the relevant factors affecting the recovery potential and ii) structure them. This
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assessment is limited to profiling the complex landscape of challenges and opportunities that
affect the decision to recover in the broadest sense.

3.3.3 Estimating recoverable U in phosphate rock and phosphoric acid
An evaluation of the geologic resource potential of 21 phosphate-rock-producing countries was
performed. The aim was to gain a contemporary magnitude perspective on how much U would
be theoretically available in and recoverable from phosphate rock. Further, we aimed to identify
countries that are particularly well-placed to recover uranium and use the recovered U to either
fill domestic requirements or provide for the global market (so-called hot spots). The following
procedure was applied:
In the first step, the available tonnes of U were calculated for phosphate rock reserve estimates
made by the International Fertilizer Development Center (IFDC) and the U.S.G.S. (Jasinski, 2013;
Van Kauwenbergh, 2010) based on the mean U contents in phosphate rock reported by De Voto
and Stevens (1979). We applied a 90% recovery rate from the acid to calculate the recoverable
U, according to the work of Becker (1988).
In the second step, we estimated the available and recoverable uranium from phosphate rock
produced in 2010 according to production data of the U.S.G.S. (2013a) and uranium contents in
rock estimated by Van Kauwenbergh (1997). Again, a 90% recovery rate from the acid was
applied.
In the third step, we estimated the recoverable U from phosphoric acid production at 100%
capacity in 2010, using acid capacity, P2O5, and U content data from the IFDC (2012) and Van
Kauwenbergh (1997). There are two reasons to calculate based on phosphoric acid: First,
uranium can only be recovered from phosphoric acid via the WPPA process. Second, estimates
derived from acid are more valid because they account for possible domestic production. This is
related to the fact that phosphate rock is a globally traded commodity. Countries that produce
phosphate concentrate (i.e., phosphate rock after mining and beneficiation) may either produce
phosphoric acid with less than the mined total or not produce acid at all. Countries that
produce acid may import phosphate rock for its production. A single phosphoric acid plant may
use various types of rock from various countries, deposits and beds in various quantities
throughout the course of a production year.
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In the fourth step, we compared the theoretically recoverable U amounts in 2010 with global
and domestic uranium requirements. Data on uranium demand and supply were acquired
from the “Red Book,” arguably the most comprehensive and authoritative publication on
uranium by the OECD-NEA and the IAEA (OECD, 2006, 2012).
Country selection was based on the following criteria: The selected countries i) hold a large part
of the world’s known phosphate rock reserves, currently estimated at 71 billion tons (Jasinski,
2012b), ii) are major phosphate rock producers; iii) may play an increasing role in future
phosphate rock production, and iv) are relevant due to other U-P supply-demand structures.

3.4 Results and discussion
3.4.1 History of uranium recovery
The first recovery period (1952-1961)
The first of two documented periods during which U was commercially recovered from
phosphoric acid date back to the 1940s. This was four decades after Strutt (1908) first
demonstrated that phosphate rock and fossil bones contained U in appreciably high amounts.
Interest in U was comparatively low before the Second World War. In 1942, with the start of the
Manhattan Project, the importance of U escalated due to its strategic value (Greek et al., 1957),
and the need to secure adequate supplies was recognized. Consequently, interest in
investigating apatites as potential U sources developed. It was calculated that U could be
extracted as a primary product for a price ranging from 30-50 US$/lb.
In the U.S., U reserves in phosphate rock were found to be considerable (Page et al., 1956).
Estimates suggested that 1,000 tonnes of U3O8 per year could be recovered as a by-product if all
phosphoric acid was produced by the WPPA (Johnson, 1956). Hence, process development
studies and pilot plant testing were conducted from around 1948 onward on behalf of the
Atomic Energy Commission (AEC) (Altschuler, 1952; Igelsrud et al., 1948; Stephen et al., 1948). De
Voto and Stevens (1979) report on a joint endeavor between Dow Chemical Co. and Oak Ridge
National Laboratory in the 1940s that aimed to develop solvents for extraction. Solvent
extraction became the basis for all subsequent successful extraction endeavors. At the time,
the AEC approached phosphate rock producers about the possibility of extracting U in Texas.
Two pilot plants were built, but they were deemed unsuccessful and dismantled. During the 4-

64

1957-1961
1952-1956
1954-1959

Tampa, FL

Texas City, TX

Nichols, FL

USA

1951-1962

IMCC plant/Bonnie, FL

Farmland/Pierce, FL

Uncle Sam/Convent, LA

Riverview plant/ East Tampa1979-1982

IMC/New Whales, FL

USA

USA

USA

USA

DEHPA-TOPO

Prayon (ex-Chemie Rupel)/Union
Minière/Umipray S.A. (joint-venture)
Earth Sciences Extraction Co. &
Urangesellschaft Canada, Ltd.

1980-1998
1980-1981;
1983-1987

Puurs, Engis
Western Cooperative
Fertilizers Ltd. Plant
(WCFL), Calgary, AB

Al Quaim
Lung Tan/China
Phosphate INCRCP

Belgium

Iraq

DEPA-TOPO

Institute of Nuclear Research (NERI)

1981-1985

De Voto and Stevens (1979); Becker (1988); Reaves (1983); IAEA (1989)

De Voto and Stevens (1979, Vol. 2: 236), Becker (1988)

Becker (1988:468)

Reported capacity in tonnes of rock

b

c

d

e

Greek et al. (1957); Habashi (1980); Owen (1992); De Voto and Stevens (1979)

DEPA-TOPO

SOM (Preyon/Mechim)

OPAP; DEPATOPO

1984-1991

a

Taiwan

Canada

DEPA-TOPO

Agrico Chemical/ Freeport Minerals

1981-1998

Bridge/Donaldsville, LA

USA

DEPA-TOPO

1980-1985
DEPA-TOPO

CFI/IMC
CFI/IMC

CF Industries/ Plant City, FL 1980-1992

CF Industries/ Bartow, FL

DEPA-TOPO

OPPA

USA

IMC

Gardinier

DEPA-TOPO

DEPA-TOPO

Farmland Industries /Wyoming Minerals
Corporation
Freeport Minerals

OPAP

OPPA

OPPA

Precipitation

Process /
Solvent

U.S. Phosphoric Products
Texas City Chemicals, Inc./Atomic Energy
Commission
Virginia-Carolina Chemical Corp./Atomic
Energy Commission
W.R. Grace/URC Uranium Recovery
Corp./United Nuclear Corp.

IMCC Intl. Minerals & Chemicals Corp.

Blockson Chemical Co.

Owner/Operator

USA

1980-1992

1978-1999

1978-1981

W.R. Grace Plant/Bartow, F 1976-1980

USA

1955-1961

Joliet, IL

Operating
Period

USA

Facility/Acid Plant
Location

USA

Country

Table 6. Summary of past uranium recovery from phosphoric acid

1951 - 1962 [a]

1976 - 1999 [b]

600,000-630 000

1,500,000
680,000-950,000
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33,000

90,000

110,000

130,000-140,000

420,000-540,000

26,400

72,000

100,000

130 000

420,000

600,000-630,000

690,000-750,000

400,000-500,000

600,000-720,000

690,000
360,000-425,000

675,000-950,000

400,000 - 450,000

285,000- 330,000

450,000

330,000

50,000

100,000 e

80,000
160,000-360,000

200,000-450,000

100,000

100,000

(lb/a U 3O8)

(t/a P 2O5)
80,000

Reported U
Recovery
Capacity

Reported
Phosphoric Acid
Capacity

10-12

54

42

50-85

162-196

218-254

231

289-617

163

265-345

137-163

120-127

(t/a U3 O 8)

Reported U
Production

10,000,000

30-40,000,000

35,000,000

35,000,000

50,000,000

20,000,000

38,000,000

20,000,000

Reported
Capital Costs
For Recovery
Plant [c]

60

60

60

47

55

44

(USD/lb U 3O 8 )

Reported
Investment [d]

year trial period, their production may have reached 12tU/a. In total, the U.S. had three plants
that successfully produced U from 1952 to 1962, two located in Florida and one in Illinois. Table
6 presents a list of the past commercially operating plants that we could identify. However,
extraction and related development efforts ceased as large U deposits were discovered in the
U.S. as a result of significantly improved detection methods. This led to U price depression.
Moreover, problems with processing technology and changes in U.S. politics contributed to this
termination (De Voto and Stevens, 1979; Hurst et al., 1972).
This first period was characterized by the initial national security considerations regarding
recovery and laid the groundwork for recovery technology. In general, however, the recovered
amounts remained very small. Studies suggest varying amounts for this 10-year period. For
example, while Owen (1992) and De Voto and Stevens (1979) report 400 to 500 tU and Sweeney
and Windham (1979) less than 910/t U3O8 for the U.S., the OECD (2010) reports 17,150 tU for
Florida alone. Either amount is in stark contrast to the reported recovery capacities.
The second recovery period (1976-1999)
The energy crisis of the early 1970s renewed interest in recovery. A favorable market situation
was being created by the growing demand for U for nuclear energy production and a
significantly increasing commodity price, from a low of US$6-10/lb U3O8 in the late 60s to a
high of over US$40/lb U3O8 in 1978. Also, the recovery potential had increased as a result of
growing phosphate rock and phosphoric acid production. Moreover, much work was done to
refine and improve the recovery technology and to establish new solvent mechanisms, in
addition to OPPA (octyl pyrophosphoric acid), DEPA (diethylhexyl PA)/TOPO (trioctyl phosphine
oxide), and OPAP (mono- and dioctylphenyl).
As can be seen from Table 6, twelve recovery plants were built and commercially operated from
the late 1970s and early 1980s onward. Eight were located in the U.S., and Belgium, Canada,
Iraq, and Taiwan each contained one. Plant costs in the U.S. were reported to range from 20 to
60 million US$. Operating costs may have been as high as 60 US$/lb U3O8, but they have also
been reported to be as low as 22 US$/lb U3O8 (IAEA, 1989). The reported U production per year
for the U.S. data suggests that an estimated total of 128,000 t/U 3O8 may have been recovered
between 1976 and 1999. In comparison to their yearly reported production capacity, between
250,000 and 750,000 lb/ U3O8, not even one percent was used.
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Economic viability was severely hampered again when the U price significantly dropped in the
early 1980s and collapsed around 1990. The Three Mile Island and Chernobyl accidents
(1979/1986) added to the price depression, yet the single most important factor was the
collapse of the Soviet Union. As a result, the recycling of weapons material and stockpiles to
produce fissionable material in Russia and other former Soviet countries put numerous
conventional mining projects out of business. Consequently, as long-term contracts expired in
the 1990s and the price of yellow cake fell below US$13/lb, recovery plants were shut down and
dismantled, the last of these occurring in 1999.
A large number of countries considered extraction during this time period, conducting
feasibility studies and laboratory tests or building pilot plants: Brazil, China, France, Egypt,
England, India, Iran, Israel, Japan, Yugoslavia, Kazakhstan, Mexico, Morocco, South Korea, Spain,
Syria, Tunisia, and Ukraine (e.g. Dar, 1970; IAEA, 1989; OECD, 2006). However, none operated on
a commercial level, as some U.S. plants did.
In summary, the literature findings suggest that recovery processes have been the subject of
intense research and implementation efforts in various parts of the world after the Second
World War, particularly in the U.S. During this time, considerable experience in process
handling, implementation, and maintenance was gained. In comparison to the first period,
which was a trial period initiated by military use considerations, the second period recovered U
on a commercial scale for inclusion into the nuclear fuel cycle. Nevertheless, the amounts
recovered remained comparatively small (see Table 6). Most importantly, profitability could
only be secured via long-term contracts that would allow for the initially high investment costs
of building recovery plants. As the fall of the Soviet Union worsened the global U market,
recovery efforts were stalled. Clearly, early forecasts, such as that by Toth et al. (1980),
suggesting that 70% of phosphoric acid produced in 2000 would be treated by recovery, could
not come true given the unprofitability of the venture.
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Threats
public acceptance
securing viable product price
dependence on U companies/electric utilities cooperation
policy and regulatory changes in handling/storage/trade
security considerations
competitiveness of other primary by-product processes or
secondary U resources
depression of U price
choice of reactor technology
rise of alternative energy sources (e.g. gas)
instable social acceptance of nuclear energy
political environment
policy and regulatory changes in phosphate rock production
arbitrary regulation due to unfounded risk perception

Opportunities

U and phosphoric acid demand increase
high U prices
U supply-demand gap
nuclear renaissance
climate change
need for CO 2 emission reduction

mineral U supply independence
reduce dissipation to the environment
new job creation
decrease need of U ore mining, milling and processing
comply with sustainability and conservation needs
greening the economy
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loss of expert knowledge on process and technology
high cost of relearning
destruction of old plants and documentations
security and safety considerations (facility/personal)
lack of U handling experience
need for industry-extern support/partner
high financial investment (building/operating cost)
long-term investement
potential effects on normal fertilizer production operations
increasing need of rock and acid data
pitfalls in recovery technology (e.g. new solvents for higher
P205 acid contents)
large-scale changes in phosphoric acid production technology

pollution control by removing radioactive contaminant
resource conservation
large uraniferous phosphate rock reserves to draw from
reserve longevity known
economies of scale
successful historic experience
available technology
economic profit
vertical industry integration
more profitable phosphoric acid production per unit

secondary commercially viable product
speedy production
steady, predictable output
diversification of product portfolio

Weaknesses

Strengths

SWOT Factors

Table 7. SWOT portrayal of factors determining uranium recovery from phosphate rock

INTERNAL

EXTERNAL

3.4.2

Factors determining bounding scenarios for recovery

The SWOT analysis serves as a systemic framework. It allows us to examine the internal and
external factors that determine future U recovery from phosphate rock. The results are
reported in Table 7.
In total, 14 Strengths, twelve Weaknesses, twelve Opportunities, and 13 Threats were named. A
wide range of topics was covered and little bias towards one grouping or the other appeared.
The observed slight bias towards the Strength group may be related to structuring. Topics such
as “economic profit” and “secondary commercially viable product” are closely related and may
be pooled. This rich account portrays the complexity, variety, and extent of closely related
issues that affect corporate decision-making and planning regarding recovery.
In the given format, the account allows us to distinguish between factors that are well-known
and those for which more information would be necessary. For example, competition from
other unconventional resources seems unlikely because phosphate rock is the only resource
from which significant amounts of U have been recovered and found to be economic viable
(OECD, 2010). Also, profitable recovery for individual phosphate rock producers may be assessed
via a cost-benefit analysis. In contrast to such quantitative potential assessments, the question
of how to deal with increasing knowledge loss may only be reasonably assessed via qualitative
inquiry. It has been suggested by Astley and Stana (2011) that currently, knowledge about U
recovery from the last period is lost at a rate of 10%/a and that relearning would require
investments of several tens of millions of dollars.
Pitfalls in technology may only be assessed via laboratory testing or cost-intensive pilot
phasing, and potential large-scale changes in phosphoric acid production technology, such as
those represented by the Hard Process, which allows the production of acid without a
phosphogypsum by-product, are difficult to assess (Fertilizer International, 2012b). New areas
of research and development may thus be formulated, particularly in regard to weaknesses and
threats.
In general, the framework allows for an orientation, serving as an illustration of the larger
picture, and points towards interlinkages. The importance of this SWOT function has also been
argued for by Helms and Nixon (2010) and Pesonen and Horn (2012). For example, the
willingness to invest heavily in the construction and maintenance of a recovery plant is directly
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related to a sufficiently high U price. As commodity prices are subject to volatility, long-term
contracts must often be put in place to create a safe investment space.
The application of this method supported our goal of mapping the field of potential factors
influencing decision-making in favor of or against recovery. Although the presented factors are
of a generalized nature, they may serve as defining limiting scenarios. Clearly, not all factors
mentioned are of the same importance or have the same leverage. The next step may be to
order the groups and factors according to their importance and weigh them. This may provide
a better understanding of the major determining factors influencing the decision to extract U
(Glaister and Falshaw, 1999). However, to do so or even to detail some of the factors requires
the larger participation and a wider representation of a heterogeneous stakeholder group,
including representatives from the uranium industry, governmental agencies, and electric
companies. Nevertheless, from previous experience, it is known that U demand, the P fertilizer
market, price stability, and available technology were major determinants (e.g. IAEA, 2001). The
resurging interest over the last years may suggest that similar drivers are at play in decisionmaking today. Nevertheless, it may be hypothesized that high U and phosphate rock demand
are necessary but not sufficient prerequisites for recovery. For example, early reports between
2005 and 2007 showed that some producers were investigating joint ventures or were involved
in laboratory tests and pilot plant phasing (IMPHOS, 2009; Jackovics, 2007; Lung et al., 2005;
WNN, 2009). However, only Brazil is reported to begin production at 1,000tU/a (OECD, 2012)
from their uraniferous rock deposits in 2015. These represent 3,4% of P205 reserves, and 47% of
Brazilian U3O8 reserves (Fukuma et al., 2003), estimated at 122,150 tonnes of U3O8 in 1980,
according to Angeiras (1988).
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Phosphate Rock
Reserves[a,b] (mmt)

Estimated U Content [c,d]
(ppm)

Estimated U Content
(tonnes)

Estimated Recoverable U[e]
(tonnes)

Estimated Recoverable U
(tonnes)

e

Fertilizer Science and Technology Series, vol 3, Marcel Dekker, Inc., New York, p. 456.
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(Canadian and Saudi Arabian U Content data were obtained from this source.)
At 90% recovery, Becker, Pierre.1983. Phosphates and Phosphoric Acid Raw Materials, Technology, and Economics of the Wet Process, indicates 85% to 95% recovery.

Algeria
260
63
16'250
14'625
15'000
Australia
82
84
6'888
6'199
6'200
Brazil
400
201
80'400
72'360
72'000
Canada
5
60
300
270
270
China
3'700
27
99'530
89'577
90'000
Egypt
51
90
4'590
4'131
4'100
Finland
23
37
851
766
800
Iraq
5'800
130
754'000
678'600
680'000
Israel
220
120
26'422
23'780
24'000
Jordan
900
84
75'960
68'364
68'000
Mexico
30
100
3'000
2'700
2'700
Morocco
51'000
97
4'967'400
4'470'660
4'500'000
Peru
100
72
7'180
6'462
6'500
Russia
500
28
13'750
12'375
12'000
Saudi Arabia
93
100
9'300
8'370
8'500
Senegal
50
67
3'350
3'015
3'000
South Africa
230
23
5'175
4'658
4'600
Syria
250
75
18'750
16'875
17'000
Togo
34
94
3'179
2'861
2'900
Tunisia
85
44
3'740
3'366
3'400
United States
1'800
99
177'300
159'570
160'000
Total
65'613
6'277'315
5'649'584
5'680'970
Total (rounded)
5'700'000
a
Van Kauwenbergh, S.J. 2010. World Phosphate Rock Reserves and Resources, IFDC Publication, p. 33.
b
Jasinski, S. 2012. Phosphate rock, Minerals Commodity Summaries, U.S. Geological Survey (Iraqi reserve data were obtained from this source.).
c
Van Kauwenbergh, S.J. 1997. Cadmium and Other Minor Elements in World Resources of Phosphate Rock, The Fertiliser Society Proceedings No. 400, p. 15-22;30-31.
d
U.S. Department of Energy. 1979. Uraniferous Phosphate Resources and Technology and Economics of Uranium Recovery from Phosphate Resources, United States
and the Free World: Uraniferous Phosphate Resources, United States and Free World, vol. 1., p.44.

Country

Table 8. Estimated uranium available from phosphate rock reserves

3.4.3 Uranium available from phosphate rock
Estimated available and recoverable uranium based on phosphate rock reserves
The estimated available and recoverable amounts of U from phosphate rock reserves are given
in Table 8. Total available U is estimated at 6.3 million tonnes. Total recoverable U is estimated
at 5.7 million tonnes. Three significant figures can be observed suggesting that 94% of U is
contained in and recoverable from Moroccan (79%), Iraqi (12%), and U.S. (3%) sedimentary
deposits. China’s phosphate rock reserves, although considered the third largest in the world,
have lower U contents on average, which leads to a recoverable estimate of only 90,000
tonnes. In comparison, previous estimates for the world ranged from 7 to 29.5 million tonnes
(De Voto and Stevens, 1979; OECD, 2012; Owen, 1992). The U.S. has been cited as having
approximately 9 million tonnes (De Voto and Stevens, 1979), and Morocco has been cited as
having 6.5 million tonnes (De Voto and Stevens, 1979; OECD, 2012). This variability may be
explained by differing assumptions about phosphate rock reserves and U content, as well as
varying calculation approaches (compare Sections 3.2 and 3.3.3). In general, the tonnage
displayed in Table 8 is to be understood as an order of magnitude. The substantial geopotential of U recoverable from phosphate rock reserves roughly equals the identified
recoverable conventional world U resources of 5.3 million tonnes at less than USD 130/kg U
(OECD, 2012).
Estimated available and recoverable uranium based on 2010 phosphate rock production
The available and recoverable uranium from the 181 million tonnes of phosphate rock produced
in 2010 (U.S.G.S., 2013a) were calculated to be 17,000 and 15,000 tonnes, respectively. The
results are tabulated in Table 9. Almost half of this production is attributed to three countries:
Morocco, the U.S., and China. Although China was the leading phosphate rock producer in 2010,
the nation ranks only third in recoverable amounts due to the low uranium contained in its
deposits. Likewise, the comparably small amounts of recoverable uranium within Russian
phosphate rock production are a result of the igneous nature of their deposits.
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63
90
97
67
23
94
44
96
96
96
72
98
27
96
120
23
84
96
75
37
28
84
91

5,700
700
1,510
791
25,800

68,000
10
3,140
1,240
6,000
100
3,000

825
11,000

2,600
181,000

Estimated U
Content
(ppm) [c]

1,800
6,000
28,000
980
2,500
850
7,600

Phosphate Rock
Production (1000
tonnes) [b]

220
17,000

31
300

1,800
1
380
29
510
10
230

550
67
150
57
2,500

110
540
2,700
66
56
79
330

Estimated U Content
(tonnes)

200
15,000

27
270

1,700
1
340
26
460
9
200

490
61
130
51
2,300

100
490
2,500
59
51
72
300

Estimated
Recoverable U
(tonnes) [d]

29
32

40
36

33
31
32
31
31
31
32

31
31
31
30
31

28
28
33
36
38
37
29

Estimated P 2O 5
(wt %) [e]

57
43,808

300
3,047

9,553
400
642
2,115
468
350

1,374
345
535
9,399

267
90
4,815
660
960
1,585

Estimated Phosphoric Acid
Production Capacity (100%
P2O 5; 1000 tonnes) [f]

15
11,000

b

a

73

25
210

710
110
210
140
110
74

380
96
150
2,700

53
26
1,300
110
51
210

Estimated Recoverable U
from Phosphoric Acid
(tonnes) [g]

UN. Composition of m
macro geographical (continental) regions, geographical sub-regions, and selected
d economic and othe
er groupings. Available o
online: www.unstats.un.org. (Countries were grouped accordingly.)
U.S. Geological Survvey. 2011. Mineral Year Book. Phosphate rock.
c
Van Kauwenbergh, S
S. 1997. Cadmium and other minor elements in world resources of phosphate rocck, p. 15-22; p. 30-31. (average concentration
ns for specific deposits; average for ssedimentary rock: 96.1 ppm;
average for igneous rrock 59.8 ppm)
d
At 90% recovery, Beccker, Pierre.1983. Phosphates and Phosphoric Acid Raw Materials, Technology, a
and Economics of the
e Wet Process, indicate
es 85% to 95% recovery. Fertilizer Science and Technology Series,
vol 3, Marcel Dekker, Inc., New York, p. 456.
e
Van Kauwenbergh, S
S. 1997. Cadmium and other minor elements in world resources of phosphate rocck, p. 15-22; p. 30-31. (overall sedimentary a
averages: 31.2 wt%; overall igneous a
averages: 37.4 wt%)
f
IFDC. 2012. Worldwid
de phosphoric acid capacity listing by plant. (Average capacity calculated from lissted 2009/2010 and 2
2010/2011 capacity). Pro
oduction in dehydrate mode only (app
prox. 95% of total).
g
At 90% recovery, Beccker, Pierre.1983.

Africa
Algeria
Egypt
Morocco
Senegal
South Africa
Togo
Tunesia
Americas
Brazil
Canada
Mexico
Peru
United States
Asia
China
Iraq
Israel
India
Jordan
Saudi Arabia
Syria
Europe
Finland
Russia
Oceania
Australia
World

Country [a]

Table 9. Estimated uranium available and recoverable from phosphate rock and phosphoric acid production in 2010

Estimated recoverable uranium based on 2010 phosphoric acid production
The estimated recoverable uranium from 2010 phosphoric acid production was 11,000 tonnes
(Table 9). The largest producers were the U.S. (25%), Morocco (12%), and China (7%). World total
phosphoric acid capacity for the year 2010 was estimated at 44 million tonnes of P2O5 (IFDC,
2012). China (21%) and the U.S. (21%) accounted for almost half of this production, followed by
Morocco (11%), Russia (7%), and India (5%). Assuming an effective phosphoric acid production at
90% of capacity, the total recoverable uranium would have been 10,000 tonnes. The observed
difference between the total recoverable U calculated from the phosphoric acid of all countries
that of phosphate rock can be largely attributed to the fact that an estimated 70% of mined ore
is being used in the manufacturing of phosphoric acid. The rest may be used in direct
phosphate rock application, the production of elemental phosphorus, or other fertilizer
production. These numbers are a benchmark, demonstrating, hypothetically, how much could
have been recovered from the product. Overall world U production has been further inflated
because about 5% of phosphoric acid plants are operating in hemi-hydrate mode. Uranium can
only be recovered economically from WPPA production using the de-hydrate process.
An economic assessment of U recovery generally depends on four factors: the size of the
phosphoric acid plant (i.e., production capacity), the U content of the phosphoric acid, the acid
purity, and the price of uranium (IAEA, 1989). If we further take the first factor into
consideration, namely that only plants at a P2O5 capacity of more than 350,000 tonnes/a will be
able to produce economically, the recovery situation will change again. In such a scenario, the
U.S. (12), Morocco (6), Tunisia (3), and Russia (3) would be best suited given their number of
plants that can operate at this capacity. Under such assumptions, China could not recover
uranium at any of its more than 100 plants, because their capacities are all smaller.
Estimated contribution of theoretical uranium supply from phosphoric acid to uranium demand
in 2010
In 2010, global uranium production amounted to 54,670 tonnes. The estimated recoverable
amount of 11,000 tonnes of uranium may have supplied 18% of the total world uranium
demand of 63,875 tonnes (see Supplementary Information SI 2 - Figure 10 for a detailed
account). Moreover, it could have filled 122% of the supply-demand gap of 9,200 tonnes. Of the
21 phosphate-rock-producing nations, only eight met the domestic uranium requirements for
nuclear power generation in 2010. In total, 179 of the world nuclear plants are located in these
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countries, representing 41% of the world’s total. The U.S. and Russia stand out because they
have considerable nuclear power generating capacity, uranium requirements, and uranium
production. Except for Canada and South Africa, none of these countries could fill their
domestic needs via domestic U mining. A considerable supply or energy potential is thus
revealed for the following countries: Brazil stands out both in terms of its significant potential
to meet domestic demand (85% of it) and to fill its supply-demand gap (130%). For the other
countries, the energy potential arising from possible uranium recovery in 2010 was calculated
as follows: India could have filled 19% of its domestic requirements, China could have filled 18%,
and the U.S. could have filled 14%. India could have filled 42% of its supply-demand gap, China
could have filled 28%, the U.S. could have filled 15%, and Russia could have filled 22%. In general,
the hot spots for possible global market contribution are considered to be the U.S. (29%),
Morocco (14%), and China (8%).
The energy potential resulting from phosphoric acid-derived U may be termed considerable for
China, Brazil, Mexico, Russia, and interestingly, the U.S., Finland, and South Africa, not taking
domestic U resources and mining into account. However, only China, Brazil, Russia, and the U.S.
have U enrichments plants, which are considered to be a bottleneck for nuclear power
proliferation. From an environmental and social standpoint, a last finding seems of importance:
In the U.S., China, and Brazil, the amounts of U co-mined from phosphate rock surpassed the U
that was mined from conventional domestic U resources in 2010. Thus, by-product recovery
could conserve conventional U resources and reduce the social and environmental burden
presented by conventional U resource mining and milling.

3.4.4 Uncertainties
As shown in Section 3.2, there are uncertainty and analytical difficulty involved in the
calculations performed. Data variability and knowledge gaps are prominent examples of these,
particularly in respect to deposit genesis and uranium content, the bulk compositions of
uranium in phosphoric acids, applied WPPA processes and recovery rates, losses, and individual
plant capacities. This demonstrates the need to carefully interpret the presented data, which
are to be understood as instructive orders of magnitude. This is particularly true because both
phosphate rock and uranium reserves remain the subject of intense speculation, as recent
publications have shown (Dittmar, 2013; Edixhofen et al., 2013; Macfarlane and Miller, 2007;
Merkel and Schipek, 2012; Mohr and Evans, 2013; Van Kauwenbergh et al., 2013). Naturally, with
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more data, especially on detailed the uranium contents of phosphoric acid, estimates will
change.

3.4.5 Synthesis
In summary of the above, our findings confirm considerable amounts of U in phosphate rock.
Moreover, these may, if recovered from phosphoric acid, contribute significantly to the U
requirements for nuclear power production and military uses related to national security
considerations on both a local and global scale. Lessons from the historic recovery experience,
however, show that the potential to recover U for energy generation has not been fulfilled,
despite available recovery technology and favorable market situations, though these were
short-lived. Particularly, the disruption of the U mining industry caused by the breakup of the
Soviet Union put a halt to an industry that was arguably just starting to outgrow its infancy.
This may indicate that the major economic and technological drivers generally considered to be
at play are either not sufficient to spur large-scale recovery or not sufficiently large,
maintainable, or manageable. Similarly, the SWOT analysis showed a diversity of interrelated
factors limiting the decision-making, including social, political, and environmental factors. This
is important because the failure to produce on a large-scale may be explained by how
pronounced these are. Nevertheless, the situation today suggests that the trend of economic
and technological considerations dominating recovery motivation may continue.

3.5

Conclusion

Three major conclusions regarding the prospects of recovery emerge from this study. First, U
recovery from phosphate rock necessary for nuclear fuel production, and when used in this
way, it can conserve conventional U resources. Second, difficulties in evaluating the prospects
of recovery remain considerable. They are related to two key issues. One is the question of
costs. Unless the cost difference between conventional and unconventional U sources is
reestablished and trends become apparent, the comparative costs of recovery cannot be
established. The second is the lack of robust data and data uncertainty, particularly that
resulting from speculation about the size and quality of phosphate rock reserves, the
distribution of U in phosphate rock, and amounts of U in phosphoric acid. Few available studies
have considered U in phosphoric acid, although this is the most meaningful source to calculate
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any potential from. It therefore seems desirable to investigate this source further. Third, in
order to promote investment and production, it seems necessary to establish long-term
contracts at guaranteed prices, ensuring profitability for phosphoric acid producers. Such
contracts would create safe operating spaces and could potentially be framed as
environmental subsidies to produce a uranium-free fertilizer product and consequently reduce
any potential risks to human and environmental health arising from the redistribution of low
levels of U in the environment.
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Supplementary information
SI 1: Recovery benefits
Environmental health
The fate of naturally present radionuclides in mined phosphate rock and processed products (U,
Ra, Th) is a concern for the environment, as outlined by, e.g., Guimond and Windham (1975),
Dissanayake and Chandrajith (2009), and Schnug and Lottermoser (2013), due to their toxicity
and low radiological risk which are generally attributed to particularly U (Maher et al., 2012).
The simplified flow diagram in Figure 12 illustrates the phosphate-rock-derived pathways that
U follows in the supply chain. Clay and sand tailings, the two waste products of the mining
process, contain radioactive constituents and may still contain considerable amounts of P2O5.
For example, Davis et al. (1987) found 6-13% P2O5 in samples of slime from Florida mines, which
can make up as much as one third of the matrix. De Voto and Stevens (1979) estimated 70,000
tU in phosphatic clay waste in central Florida, an amount that has clearly increased since.
As sand and clay are separated from the phosphate during beneficiation, the clay slurry is
moved to settling ponds, whereas sand tailings are used at the mine site for land reclamation.
The majority of the P concentrate is then converted to phosphoric acid through a wet process
treatment (WPPA) with sulfuric acid. The resulting by-product is phosphogypsum (PG), five
tonnes of which are produced for each tone of P2O5 produced. Due to its radon content,
phosphogypsum may require specific management to reduce any potential environmental
impacts (Al Attar et al., 2011). In some countries, e.g., in the U.S., it must be stacked. It may,
however, also be used as a soil amendment (Abril et al., 2008), used in road construction, or
disposed of in rivers and oceans. The evidence of how much U stays within the clays and in the
sand tailings during beneficiation various. Guimond and Windham (1975), for example, suggest
that 70% of the U in the mined rock goes to the slime fraction. Da Conceição and Bonotto
(2006) found that no more than 9% of radionuclides were left in a Brazilian phosphate
concentrate. The IAEA (2003) showed that 70% of the

U, 86% of the

238

Th, and 20% of the

232

Ra of the rock matrix go to the acid; the remainder goes to the gypsum. This variation

226/228

illustrates the difficulties involved in generalizing radioactivity balances, particularly because
this largely depends on the properties of the mined matrix, which can vary greatly among and
within deposits, and the degree of beneficiation. Therefore, percentages should be understood
as snapshots of specific ore and process combinations. Nevertheless, a general agreement
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exists that between 82-95% of U can be recovered from the acid (Becker, 1988; Hurst et al.,
1972).
While smaller amounts of the phosphate concentrate are used in the manufacturing of
elemental P and Single Superphosphates (SSP) or for direct soil application, it is estimated that
about 90% of the acid is used in the production of various fertilizers.

Figure 12. Diagram tracing the pathways of phosphate-rock-derived U to the environment

Over the years, numerous studies have investigated the enhancement of radionuclides from
the phosphate industry in the environment (Al Attar et al., 2011; Othman and Al-Masri, 2007;
Righi et al., 2005a, b). Similarly, the redistribution of U in fertilizers to soils, plants, air, and
water has been studied (Kratz et al., 2011; Smidt et al., 2011b), as well as the general fate of
radionuclides in the soil-plant continuum (Mortvedt, 1994). Wetterlind et al. (2012) noted that
scientific interest in these processes has increased during the last 10 years due to their
pollution potential. Numerous studies around the world make the case that phosphatefertilizer-derived U accumulation in soils is beyond natural background levels (McDowell, 2012;
Rothbaum et al., 1979; Takeda et al., 2006; Yamaguchi et al., 2009; Zielinski et al., 2006), but
less clarity exists in respect to plant uptake or migration. For example, Sheppard et al. (1984)
found indications of plant uptake, and Smidt et al. (2011a) established a relationship between P
fertilizers and increased U levels in German mineral water, whereas Taylor (2007) discovered no
significant leaching to groundwater or plant uptake.
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Clearly, all these processes depend on the specific fertilizer properties, complex site-specific
biogeochemical characteristics, and plant species. Moreover, monitoring is technically
complicated, costly, and may often lead to meaningful conclusions about the pollution
potential only after considerable time has passed. Hence, generalizations about the fate and
impact of U in fertilizers are difficult to make. Due to the risks and uncertainties involved in
measurement and impact, it has been suggested that the most efficient measure to deal with
the radioactive constituents in P fertilizers would be to recover U, instead of having it widely
dispersed in very low concentrations (Schnug and Haneklaus, 2008).
Food security
Phosphate rock is critical for food security because it is the main economic source of P in
fertilizer production. In 2011, approximately three dozen countries produced 191 million tons of
phosphate rock. In 2012, approximately two-thirds of the output was attributed to only five
countries: China (42%), the U.S. (14%), Morocco (13%), Jordan (3%), and Brazil (3%) (Jasinski,
2013b). This geographical concentration, along with other long-term availability and
accessibility considerations, which include reserve quantities, cost, declining P2O5 contents in
some mining areas, and concerns about increases in heavy metal content, have been subjected
to intense scientific research over the last eight years (e.g. Syers et al., 2011).
There are two benefits to food security arising from the recovery of U from phosphate rock:
First, U recovery prior to fertilizer production will generate a U-reduced product, which allows
control over dissipation into the environment during processing; second, by-product recovery
may render the unit production of phosphate rock or phosphoric acid more profitable if sound
financial planning is provided. This may render otherwise sub-economic phosphate rock
resources and reserves commercially viable. To effectively evaluate such a potential, however,
demands economic analysis, and this analysis requires access to industry information that is
considered confidential (e.g., production plant and mine lifetimes, plant sizes, operating costs,
and capital investment).
Energy security
The energy security potential stems from the consideration of integrating U oxide into the
nuclear fuel cycle. A block flow diagram (Figure 13) illustrates the simplified extraction path of
U from phosphoric acid via Wet-Process Phosphoric Acid (WPPA) production and its embedding
within the nuclear fuel cycle. Energy security is composed of numerous factors, including the
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diversity of supply sources, the distance between production and consumption, and the
vulnerability of the supply chain to disruptions. Accordingly, extraction can contribute in that it
enlarges and diversifies the U resource pool; moreover, it may help to secure domestic
production.
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to plant
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milling
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Figure 13. Block flow diagram exemplifying the U recovery process and its embedding within the
nuclear fuel cycle

The primary resources have been termed adequate to meet demand. In contrast, the bottleneck
preventing sufficient supply is production capacity. According to the IAEA (2012), the identified
conventional U resources (<130 USD/kgU) are on the order of 5.327.200 tU (OECD, 2012). The
total identified resources may last 100 years or more given current demand patterns. Including
undiscovered resources (i.e., prognosticated/speculative resources), the total resources have
been estimated to be approximately 14 million t/U. Additional primary resources, which are
classified as unconventional, exist in the form of by- and co-products such as phosphate rock,
gold, or coal (Dorozhkin, 2013). Considering the available extraction technology, production
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from phosphate rock has often been considered the most accessible, and it is available in
appreciable quantities (OECD, 2006).
National security
The last possible interpretation of the recovery potential is to use U recovered from phosphate
rock in nuclear weapons production. Nuclear weapons continue to play an important role in the
national security policies of many countries worldwide as a form of deterrence (Martin, 2013).
Which countries have successfully taken these steps towards recovery for such ends cannot be
readily assessed, because of lack of reliable information. As a result, this potential is the most
hidden, but it is likely not the least explored.

SI 2: Uranium supply-demand situation in 2010
Table 10. The uranium supply-demand situation in 2010, with a focus on phosphate rock
Phosphate Rock
Producing
Country[a]
Africa
Algeria
Egypt
Morocco
Senegal
South Africa
Togo
Tunesia
Americas
Brazil
Canada
Mexico
Peru
United States
Asia
China
Iraq
Israel
India
Jordan
Saudi Arabia
Syria
Europe
Finland
Russia
Oceania
Australia
World
a

b
c
d

e

Estimated
Recoverable U
from Phosphoric
Acid (tonnes)

U requirements
(tU) [b]

U production
(tU) [b]

identified U
resources (tU)

supply-demand
gap (in tU)

[b,c]

nuclear
reactors [d]

enrichment
plants [e]

53
26
1,300
110
51
210

290
-

582
-

-

19,500
1,900
372,100
-

2
-

-

380
96
150
2,700

450
1,600
405
19,140

148
9,775
1,630

302
17,510

276,700
614,400
2,800
2,600
472,100

2
19
2
100

1
1

710
110
210
140
110
74

3,900
-

1,350
-

2,550
-

166
-

17
-

1
-

-

-

-

-

-

-

25
210

455
4,500

3,562

455
938

1,100
650,300

4
33

4

15
11,000

63,875

5,918
54,670

9,205

1,738,800
7,096,600

433

19

UN. Composition of macro geographical (continental) regions, geographical sub-regions, and selected economic and other groupings.
Available online: www.unstats.un.org. (Countries were grouped accordingly.).
OECD. 2012. Uranium 2011: Resources, Production and Demand; 8-1: Table 1.2., p. 18; 8-2: Table 2.1., p. 76; 8-3: Table 1.21., p.60
Recoverable at costs < USD 260/kg U
World Nuclear Association. World Nuclear Power Reactors and Uranium Requirements. Available online: www.world-nuclear.org.
Last update: October 1 2013.
World Nuclear Fuel Facilities. Available online: wise-uranium.org. Last update: September 18 2013.
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4. Been there, done that - A short history of phosphate adequacy
research and discourse
Abstract
Despite evidence against imminent global phosphate rock (PR) depletion, phosphorus (P)
scarcity scenarios and the subsequent consequences for global food security continue to be a
matter of controversy. We provide a historicizing account to evaluate the degree and relevance
of past human experiences with P scarcity. Using a large body of literature, we trace the origin
of the P scarcity concept and the first accounts of concerns; we report on three cases of scarcity
discourse in the U.S. and revisit the concept of future resources. In addition, we present past
evaluations of PR reserves and lifetime estimates for the world, the U.S., Morocco, and the
Western Sahara, including their uncertainties, as well as past supply modeling and PR
knowledge depository attempts. Our results show that current concerns have a long legacy and
knowledge base to draw from and that promulgating the notion of declension is inconsistent
with past findings. We find that past declension concerns were refuted by means of new
resource appraisals, indicating that the supply was substantially larger than previously
thought. Moreover, recommendations for national P conservation policies and other practices
seem to have found little implementation. We demonstrate the merit of historic literacy for
social learning and the weakness of the current P sustainability debate because it does not
include this past knowledge. We conclude with implications for current research and practice
efforts.

4.1

Introduction

The sustainable use of phosphorus (P) is one of the major challenges of the 21st century
(Sharpley and Tunney, 2000). P is essential for life, and for global agricultural production. Since
around 2007 (Déry and Anderson, 2007), following the world financial crisis and the
commodities boom, concerns regarding P adequacy have emerged. One study on the imminent
depletion scenarios of Phosphate Rock (PR), the largest source of P for chemical fertilizers, drew
particular attention: Cordell et al. (2009a) postulated that “peak P” would occur around 2035.
Such a peak, similar to “peak oil” (Hubbert, 1949), is generally understood to be the point in
time when the maximum global PR production is reached and declines thereafter, likely having
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profound effects for global food security. Accordingly, a growing number of researchers,
initiatives, and governmental agencies on the national and international levels have become
concerned with efforts towards the more efficient and effective use of P, reducing waste and
losses along the P lifecycle, and recycling, often by means of improved cooperation and
communication between key stakeholders from science and practice (ESPC, 2013; GPRI, 2009;
Scholz et al., 2013; Syers et al., 2011; Ulrich et al., 2013b).
Several studies have approached the question of whether depletion anxiety is warranted from
dynamic modeling (Scholz and Wellmer, 2013; Vaccari and Strigul, 2011; Van Vuuren et al., 2010)
and data accounting perspectives (Jasinski, 2013; Van Kauwenbergh, 2010). Their results
suggest that global PR production will not peak within the next two decades. However, while
the challenge of long-term P adequacy appears to be dominated by controversies regarding
resource cornucopia vs. scarcity (Cordell and White, 2011), the larger systemic issues include
questions regarding geopolitics and supply independence (Cooper et al., 2011; de Ridder et al.,
2012), excess P in the environment (Rabalais et al., 2010; Schindler, 2012), regional food
insecurity due to phosphate-deficient soils (Bouwman et al., 2010; MacDonald et al., 2011;
Runge-Metzger, 1995; Sattari et al., 2012), and global distributive justice, referring to economic
and socio-technical imbalances in P accessibility (Ekardt et al., 2010b; Sutton et al., 2013;
Vitousek et al., 2009; Weikard and Seyhan, 2009). This makes P a global change and
sustainability science problem.
This paper deals with two questions: i) are P scarcity concerns new and ii) can useful insights
be gained from evaluating past research on this topic and discourse? We approach these
questions by providing a P-scarcity-historicizing account spanning from 1800-2002, presenting
a synthesis of existing historic knowledge and past experiences of human exposure to the
problem, including societal action. We argue that this complements and reinforces history as a
discipline for global environmental change and sustainability research.
While historical contextualization and efforts to elicit lessons from aspects of nutrient use, soil
past, and biogeochemical cycle alterations have been undertaken (Ashley et al., 2011; Cordell et
al., 2009a; Emsley, 2000; Filippelli, 2008; McNeill and Winiwarter, 2004), little has been
revealed about the social experience with depletion anxiety and possible lessons. Table 11
illustrates that the majority of modern phosphorus sustainability publications do not include
past debates or estimate accounts, with the exclusion of the results of Van Kauwenbergh
(2010), indicating substantial unrecognized reserves/resources and the possibility of
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discovering and developing more PR reserves8. Instead, the emphasis rests on the originality of
the P challenge:
“Now, we are on the brink of yet another emerging chapter in the story: global
phosphorus scarcity linked to food security… While phosphorus has largely been
managed as a pollutant to date, the 21st century is witness to a new dominant
understanding of phosphorus as a globally scare resource… A new emerging discourse
of the 21st century may be global phosphorus scarcity.” Ashley et al. (2011: 737)

Table 11. Citation analysis of past phosphorus adequacy documentation in modern phosphorus
sustainability literature

Author(s)

Resource pessimist view
Déry and Anderson (2007)
Rosemarin (2004, 2009)
Cordell et al. (2009)
Ashley et al. (2011)
Van Kauwenbergh (2010)

Mew (2011)
IFA (2012)
Scholz and Wellmer (2013)

Reference to
historic works
concerned
with
phosphate
depletion
✗
✗
✗

Reference to
Van
Kauwenbergh
(2010)
N/A
N/A
N/A
✓

Cited past works including a phosphate
adequacy perspective

Steen (1998); King (1911); Abelson (1999)
−
Brinck (1977)

Brinck (1977)
✗
Resource optimist view (peak skepticists)
✓
N/A
Cathcart (1980); Cathcart et al. (1984);
Chernoff and Orris (2002); Emigh (1972);
Fantel et al. (1985), Fantel et al. (1988);
Herring and Fantel (1993); Institute of
Ecology (1972); Noholt et al. (1989)
✗
✓
Noholt et al. (1989)
N/A
−
✗
✓
Cook and Shergold (1986)
✗

Building on a resource pessimist view in science and media
N/A
−
✗
✗
Cummins (2009)
N/A
−
✗
Vaccari (2009)
N/A
−
✗
Gilbert (2009)
N/A
−
✓
Smit et al. (2009)
N/A
Abelson (1999); Steen (1998); Herring and
Fantel (1993)
✗
✓
Soil Association (2010)
−
✓
Van Vuuren et al. (2010)
N/A
Cathcart (1984); Emigh (1972); Herring
and Fantel (1993); Krauss et al. (1984);
Brinck (1977)
✗
✓
Cooper et al. (2011)
−
✗
✓
Elser and Bennett (2011)
Congress of the United States (1938)
✗
✓
Vaccari and Strigul (2011)
Cook and Shergold (1986); Sheldon
(1987); Steen (1998)
Ward (2008)

8

Reserves can be broadly defined as deposits that are economically minable at a given time under a specific price
level and production practice. (U.S.G.S., 2013b)
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This study addresses this knowledge gap. As Santayana (1905: 284), a Harvard philosopher, once
said, “Those who cannot remember the past are condemned to repeat it.” This might suggest
that the failure to integrate historic work poses the following risks: (i) not using time and
resources effectively due to not considering the findings of the past; (ii) undermining scientific
credibility by supporting the misleading proclamation that “peak P” is a new scientific and
policy issue when, in fact, it has a much longer legacy and knowledge base to draw from.
Our synthesis is organized as follows: We first trace the origin of the P scarcity concept and the
developments of the first scarcity accounts. We present findings from three past scarcity
discourses in the U.S. and revisit the resources-of-the-future concept. In addition, we present
past evaluations of PR reserves and lifetime estimates for the world, the U.S., Morocco, and the
Western Sahara9, including their uncertainties, as well as past supply modeling and knowledge
depository attempts. Finally, we discuss historic lessons and evaluate the role of environmental
history (Worster, 1988) in sustainable development, stressing the implications for research and
practice efforts.

4.2 Data and methodological approach
4.2.1 Literature sources
We traced documented phosphate depletion concerns that were expressed in the form of
exhaustion discourses, which is how the issue was considered in the past. We further base this
understanding of discourse analysis on Jordanova (2000) definition, that is to say, how ideas
are expressed through language. Thus, we use many quotations. A key criterion for literature to
be included in the analysis was an articulated concern regarding the longevity of the P supply.
We searched for the following key words: “phosphate (rock)” “adequacy,” “availability,”
“depletion,” “exhaustion,” “scarcity,” and “shortage”. Scanned information depositories
included the ISI Web of Knowledge, Google, Google Scholar, digital newspaper archives such as
the New York Times or U.S. Geological Survey archives, and online libraries. While this type of
search largely led to more recent publications, backward tracked and cross-checked the
literature cited in the initial accounts and cues indicating past scarcity debates. This search was
tedious because literature sources were widely scattered and often not easily identifiable or

9

only referred to as Morocco in the following
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available. The identified accounts were directly related to the proposition, gave background
information, or included evident links to the problem field, such as resource management
discourses in general. We obtained our data from both high-quality primary and secondary
literature, surveying more than 80 sources until 1995. Publications included committee
hearings, books, reports, newspaper articles, and scientific articles.

4.2.2 Time scope, analysis, and cases
The analysis covers the period from 1800 to 2000. This time scope was chosen because it
marks, on one side, the recognition of the essential role of P in life on earth and the first scarcity
concerns from the 1850s onward. On the other side, it marks the beginning of revived interest
in the topic of sustainable phosphorus management. Information to be included was chosen
for the purpose of illustration and as a point of interest in today’s discussion. From the relevant
past literature identified, we extracted vastly reoccurring information on reserve estimates,
longevity predictions, major arguments about data reliability, and first global data compiling
and supply modeling efforts with the ascent of IT. In addition, three past U.S. accounts of
phosphate rock declension concerns were analyzed: First, the joint committee investigation on
the adequacy and use of the phosphate resources of the U.S. in 1938 under President Roosevelt;
second, the projections of the Institute of Ecology (1972: 42) that “known potential supplies of
phosphorus, a non-renewable resource essential to life, will be exhausted before the end of the
21st century [and that] without phosphate fertilizers, the planet can support between one and
two billion people,” as well as the subsequent refutation of this by the phosphate industry
(Emigh, 1972); and third, the case study on depleting phosphate reserves by the General
Accounting Office in 1979. We consider the findings, recommendations, and contentions of
these past scarcity accounts. Lastly, we compiled resources of the future and factors
determining their significance for supply.

4.2.3 Research boundaries and limitations
Analysis conducted in such a manner presents several difficulties. First, it suffers from
incompleteness. We chose to focus on the more-often-quoted PR reserve data (tons of ore),
although estimates are also available for P2O5 and rock resources. For reasons of magnitude
conception and point of reference, we included a small number of such accounts. Clearly, more
reserve data exist and were published. However, we focused on those published by national
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surveys, industry, geologists, and general experts in the field. Second, depletion and adequacy
accounts are limited to those regarding the world, the U.S., Morocco, and the Western Sahara.
These accounts were found to be the most cited and are of sufficient interest because the U.S.
was the world’s largest PR producer until 2005 and Morocco remains the world’s largest PR
exporter and has the largest known reserves. Clearly, other countries, such as China, Russia, and
those in Europe, Northern Africa, and the Middle East, have their own experiences and
narratives regarding P scarcity concerns. Due to a lack of information, which is also related to
language barriers, such accounts could not be included.

4.3 Results
4.3.1 On the origin of the P scarcity concept
The 19th century marks one of the most decisive periods in P fertilizer history. During this era,
major breakthroughs in the understanding of the role and use of P were achieved. These, in
turn, allowed the development of a concept of P scarcity, which led to first adequacy anxiety
accounts.

4.3.2 The discovery of the origin and role of P as a nutrient
Among the most notable advances of this period were the discovery of the origin and role of
nutrients, an improved understanding of plant nutrient uptake, and implications regarding the
importance of restoring nutrients taken up by crops in maintaining soil fertility. A detailed
account of these scientific developments is beyond the scope of this article, and numerous
works document it comprehensively (e.g., Blakey, 1973; Feller et al., 2003). However, it seems of
value to briefly present some of the key protagonists and their contributions. The discovery of P
is widely attributed to Henning Brand of Germany in 1669, although accounts of phosphorus
work go back to the Arab Alchic Bechil in the 12th century (Blakey, 1973). According to Boulaine
(1991), Nicolas Theodore de Saussure provided scientific evidence for the existence of
significant quantities of phosphate in the ashes of plants and animals in 1804. From these
findings, de Saussure concluded that the presence of P was probably important for organisms
and that it was derived from the soil. Carl Sprengel showed that P was indispensable to plant
growth and discovered what came to be known as the Law of the Minimum in 1828 (Gröger,
2010; Van Der Ploeg et al., 1999). This law states that plant growth is controlled by the resource
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that is the scarcest in terms of plant needs. Building upon Sprengel’s work, Justus von Liebig
expanded and popularized the relationship between nutrient availability and plant growth by
1840. Von Liebig communicated his findings widely, including communicating them to
decision-makers. He became a strong advocate of fertilizer use, explaining the importance of
continuous agricultural production, and the underlying key challenge of replenishing soils with
adequate amounts of nutrients to limit their degradation (Blondel-Mégrélis and Robin, 2002).
As P became recognized as a limiting factor in 19th century European agriculture, the demand
for P fertilizer increased.
From an empirical and technological perspective, by 1799, Archibald Dundonald had already
shown that adding ground bones to certain soils led to increased yields (Boulaine, 1991). The
major technological advancement, however, was the use of sulfuric acid to dissolve bones and
later other phosphoric raw materials. This process, which improved P uptake by plants, was
pioneered and patented by John Lawes in 1842 and marks the start of the mineral fertilizer and
superphosphate industry (Blakey, 1973). Together, these events in Europe mark the global rise of
agricultural chemistry, chemical fertilizer production, and perhaps more importantly, major
anthropogenic changes in the global P and related nutrient cycles (Smil, 1990).
The development of P fertilizers and international trade
The early period of fertilizer development and international trade is an example of the search
for alternative resources and of fertilizer evolution. The narrative illustrates shifts in resources,
substitution efforts, monopolistic trade patterns and policy responses.
For millennia, humankind has applied different types of inputs to improve fertility. Compounds
ranged from animal manures, blood, chalk, humus, marls, and fish scarp to night soils. In
Europe, until the 1840s, marginal soil replenishment efforts were largely based on animal and
human manures, as well as on bones, bone meal, and bone ash. More than 45 “fertilizers” were
known by 1800 (Uekoetter, 2010). According to Cushman (2013), the region’s nutrient-depleted
soils, coupled with the daunting necessity of feeding a growing population, brought about
international trade in bones, particularly in Great Britain, which derived its imports largely from
Russia and South America. This limited fertilizer resource base changed when coprolites
(phosphatic fossilized animal dung) were first discovered and began to be used in England and
France in the late 1840s and early 1850s, respectively (Blakey, 1973). However, because this new
phosphoric raw material was low in P content, the search for other resources continued. The
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rising demand for agricultural production in Europe and the U.S. triggered the first large bulk
commodity trade: Guano from Peru (Clark and Foster, 2009). The avian excrement became an
important source of fertilizer raw material due to its appreciatively high P and Nitrogen (N)
content and hence its wider applicability to various soil types. Guano’s nutritional potential
was quickly recognized, and by 1840, international trade had been established (Skaggs, 1994). A
brief history of the guano age (1840-1880; see Melillo, 2012) is provided in the Supplementary
Information SI 3 and demonstrates that price volatility, supply bottlenecks, trade monopolies,
the depletion of reserves, and growing competition from superphosphates manufactured from
newly discovered PR deposits contributed to its decline. An expansion of the phosphate
fertilizer resource pool, increasingly represented by PR as depicted in Figure 14, was achieved
with the introduction of the Bessemer Process in Europe in 1878. This process allowed the
conversion of pig iron into steel while removing P in the form of basic slag (Thomas slag). This
would become an important fertilizer source, largely in Europe during the 20th century,
although it did not rival PR in importance.
The major lessons learned from this important period, can be summarized as follows: Before
1800, the role of P in soil fertility and agricultural production was unknown, and the initial
understanding of this topic was confined to a small group of scientists whose theories were
not yet widely accepted. Hence, the concept of P scarcity was nonexistent. Only the realizations
that P was indispensable for plants, and constantly removed from soils that were not fertilized,
led agronomists to the conclusion that agrosystems in Western Europe were strongly
phosphate-limited (Boulaine, 1991). With this recognition, the initial anxiety about P scarcity
developed, triggering a quest for adequate P resources. These revelations coincided with
Thomas Malthus’s (1798) prophecy of population collapse because nations lacked the resources
to produce sufficient food. Accordingly, fears about food security arose, which influenced
Liebig’s work. In the 1850s, he wrote that England’s excessive bone imports would rob “all other
countries of the condition of their fertility” (Liebig, cited in Blakey, 1973: 7). However, an
improved understanding of agricultural chemistry, international trade, the reuse of existing
organic phosphate sources, the discovery of extensive PR deposits, and the advent of
technological innovations that allowed increases in P solubility and the gaining of P as a byproduct from the processing of other ores alleviated scarcity fears for the first time. This further
resulted in a shifting of concerns to the provision of sufficient quantities of another critically
limiting nutrient, N (Crookes, 1900). With the advent of the Haber-Bosch process in Germany in
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1909, the large-scale industrial energy-intensive production of ammonia was made possible via
the conversion of atmospheric N (Hager, 2008; Smil, 1999). These major advances in chemical
knowledge; resources discoveries, including large potash deposits in Germany in 1856; and
technological innovations were the prerequisites for the massive increases in agricultural

production/export (in 1000 tons)

production and population growth that occurred in the 20th century.
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Figure 14. The rise of new phosphoric materials for fertilizer use: Peruvian guano exports, initial
world phosphate rock, and world slag production (1840-1900) (Sources: (1) guano: Hunt (1973),
Tables 15, 17, 18; (2) phosphate rock (IFA); (3) slag: Gericke (1953), mean annual production)

4.3.3 Case examples of declension anxiety discourse
We could identify three well-documented P scarcity discourses, all based in the U.S.: first, the
joint committee investigation on the adequacy and use of the phosphate resources of the U.S.
in 1938 under President Roosevelt; second, the controversy arising from projections of the
Institute of Ecology (1972: 42), which stated that “known potential supplies of phosphorus, a
non-renewable resource essential to life, will be exhausted before the end of the 21st century
[and that] without phosphate fertilizers, the planet can support between one and two billion
people,” and the subsequent refutation of this by the phosphate industry (Emigh, 1972); and
third, the case study on depleting phosphate reserves by the General Accounting Office in 1979.
The discourse analysis shows that today’s concerns are not new, and useful insights can be
gained because it yielded a number of unexpected results. The original concerns that led to
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adequacy discussions among various stakeholders from industry, science, and governmental
agencies; major findings; recommendations; and points of contention are reported in the
Supplementary Information SI 4 – Table 16.
As diverse as the factors contributing to the three U.S. discourse cases may be, in terms of the
underlying problem and response, they show several similarities. First, P scarcity concerns can
be attributed to PR supply bottlenecks. Second, concerns resulted in controversial, even heated
debates about the extent of global PR reserves (see, e.g., Emigh, 1972: 90, on the depletion
forecast by the IOE for the end of the 21st century: “But don’t you belief it!”), potential measures
to secure availability (e.g., bans on exports) and reduce externalities, and calls for policy
intervention. Third, upon multi-stakeholder hearings or inquiries being held, new data became
promptly available that repeatedly proved reserves and resources to be larger than formerly
anticipated (Cathcart et al., 1984; Emigh, 1972; Waggaman, 1939). Fourth, these new resource
appraisals dispelled depletion concerns. Fifth, because the danger of imminent PR shortage had
been largely dispelled due to evidence of large reserves, additional suggested measures, such
as national conservation policies or recycling, did not resonate further, probably because of
difficulties in convincing or rectifying implementation on such grounds. The result was that
few changes occurred with respect to resource conservation or improved management and
stewardship. These results suggest three central points: that we do not know as much as we
think we know, that knowledge erodes quickly, and that the little-analyzed human factor plays
a central role. The repetitiveness of P scarcity anxieties seems to imply that the major problem
is not one of missing knowledge but one of deficient implementation of existing fragmented,
partially inaccessible information into action; misconnections with lessons of the past; and
uneven problem framing (availability rather than systemic framing, including demand, use,
and access, among others).

4.3.4 Resources of the future
The concept of discovering and prospecting new ore deposits to expand lifetime and future
supply predictions played a prominent role in past P adequacy debates. In view of the constant
shift from resources to reserves, background on and past prominent examples of PR resources
that were designated for future use are provided in this section.
Advances in the understanding of the genesis of PR deposits allowed scientists and
practitioners to refine concepts about PR occurrence. As a result, substantial additional
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deposits in various parts of the world were discovered, particularly between the 1960s and the
1980s (Mew, 1980). Major international efforts generated a more complete understanding
based on economic and technical availability. For example, the large-scale International
Geological Correlation Program (also called IGCP 156) was established by UNESCO and the
International Union for Geological Sciences in 1977. During its more than 10-year lifetime, the
project stimulated exchanges among experts in the field and greatly expanded the knowledge
of world phosphate deposits (Burnett and Riggs, 1990; Cook and Shergold, 1986; Noholt et al.,
1989). In addition to terrestrial efforts and partially inspired by the work of Mero (1965), major
deep-see mining ventures set out between 1972-1982 to detect various new mineral deposits.
According to Glasby (2000), they achieved little success due to economic and technical
constraints. Regarding P minerals, early accounts of favorable offshore dredging exist, reaching
back as far as 1873 in South Africa or the 1880s in the Blake Plateau and Florida Straits of the
U.S. Today, offshore phosphorite mining projects are being piloted in Namibia and on the
Chatham Rise in New Zealand. According to Slansky (1980b), many of these land and off-shore
PR deposits have been known to exist for a long time. Although some of them are not yet
considered minable, due to political, economic, or technological constraints, they may become
so in the future. To deal with the latter two issues, it has been suggested that researchers
examine the following research fields in order to expand the availability of these resources:
byproduct recovery, waste disposal, new mining and processing technology, and improved
geological understanding (Slansky, 1977). These “resources of the future,” according to Emigh
(1972), exist both on land and offshore and have been exhaustively described in the past
(Chernoff and Orris, 2002). As can be seen from the PR resources compilation in Table 12, it
appears that that their geological potential can be termed considerable.
Land-based resources, such as the Tethyan phosphorites, have been worked for a long time in
some areas, e.g., in North Africa, Israel, and Jordan. In contrast, resources in, e.g., Saudi Arabia
have been considered unprofitable in the past (Noholt et al., 1989). This situation changed at
the beginning of the 21st century. The Ma’aden Project in Saudi Arabia and the large Swab
deposit in Iraq, which was only discovered in 1986, are being developed, and production is
ramping up. Similarly, production has begun in the Sechura Desert in Peru, and the Australia
Duchesse Hill deposit is under development (Fertilizer International, 2012a, d). These deposits
and others included in our compilation face development barriers, such as remoteness, the
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absence of infrastructure, insufficient technology to harvest the low-quality deposits, or market
distance. However, for some of these deposits, such barriers have begun to erode.
Table 12. Phosphate rock resources of the future
Land-based resources
Africa/
From
Middle
Morocco to
East
Iraq
Liberia

Mediterranean Phosphogenic
Province
Bambuta phosphate deposit

Iraq

Western Iraq

Asia

Mongolia

Khubsugul deposit

Americas

Chile

Caleta Herradura Formation

Peru

southern Sechura desert

U.S.

Mantaro Phosphate Field
Alaska
Florida: Hawthorn Formation

2,000 mt of rock

Tennessee

1,500 mt of phosphate pellets (at
25% P205)
200,000 mt of saleable product
5,500 mt phosphatic limestone (at
20% P205)
estimates range from 25,750 mt to
1,700,000 mt

Phosphoria Formation
phosphate from iron ores
Arkansas, Colorado, California

Brazil,
Venezuela
Oceania

Australia

Carolinas
Northern Blake Plateau

Georgina Basin

offshore/ deep-sea resources
Africa
Morocco
Namibia

Asia
Americas

Oceania
World

Tethyan phosphorites reaching
over 3,000 miles from Morocco to
Iraq
1 mt of phosphate rock (at 32%
P2 05 )
total resources in western Iraq
estimated at 9500 mt; reserves
estimated at 3,500 mt
resources estimated to exceed
1,000 mt (almost half at 21% P205)
resources estimated at 56 mt (at 67% P205)
resources of 560 mt (at 30,5%
P2 05 )

potential discovery of high-grade
igneous apatite deposits
important phosphorite and
phosphate-rich carbonatite
resources
3352 mt demonstrated resources
of phosphate rock (40% located in
Duchesse deposit)
4,000 mt

South
Africa
Japan
Argentine,
Chile,
Columbia,
Venezuela
Mexico

South African Continental
Margin: Agulhas Bank

off Baja California

phosphatic ocean sediments

Peru

sea floor

phosphorite deposits

U.S.

phosphatic ocean sediments
off the coast of southern
California
Florida
continental shelf offshore
Georgia
North Carolina continental
margin: coastal plain,
continental shelf, northern
Blake Plateau
Chatham Rise

reserve estimate at least 1,512 mt

sea floor phosphorites

reserve estimate 30,000 mt

New
Zealand
Australia
sea floor

Noholt et al. (1989)
Rosenblum and Srivastava
(1979)
Al-Bassam et al. (2012); Al
Bassam (2007)
Noholt et al. (1989)
Valdebenito (1989)
Krauss et al. (1985)
Noholt et al. (1989)
Patton (1955); Patton and
Matzko (1959); Noholt et al.
(1989)
Emigh (1972); U.S. Joint
Committee (1939)
Cathcart (1980)
British Sulphur Corp. (1972)
Joint Committee (1939);
Cathcart (1989)
U.S. Bureau of Mines
(1970); McKelvey (1953);
Emigh (1972)
Jacob (1953)
McKelvey et al. (1953)
Emigh (1972)
Notholt and Hartley (1983)
Noholt et al. (1989)
Noholt et al. (1989)

Emigh (1972)
Mero (1965); Cathcart
(1980)
Cathcart (1980)
British Sulphur Corp. (1963)
Burnett (1977); Noholt et al.
(1989); Sheldon (1981)

phosphorite deposits from the
sea floor

200,000 mt of phosphate
concentrate
total identified resources 15,500–
1,8500 mt of phosphate
concentrate
reserve estimate 100 mt

Cathcart (1980); Noholt et
al. (1989)
Cathcart (1980); Burnett
(1977)
British Sulphur Corp. (1963);
Noholt et al. (1989)
Cathcart (1980)
Herring et al. (1991)
Noholt et al. (1989)

Noholt et al. (1989); Cullen
(1997)
British Sulphur Corp. (1963)
Mero (1965)
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In the U.S., major known deposits are located in Florida and the Western Phosphate Field, which
is considered one of the largest deposits in the world. According to Emigh (1972), the
Phosphoria Formation may contain as many as 1,000,000 million tons of phosphate rock.
During the congressional investigation of the late 1930s, reserves in Florida were estimated at
more than 6,000 million tons. Together with the Hawthorn Formation, these reserves were
believed to amount to 20 billion tons. As one piece of testimony stated, “The use of all these
enormous phosphate deposits is simply a matter of economics. The rock is here, whenever the
market will pay something more for it than it does today” (Congress of the United States, 1938:
916). Moreover, deposits have been found in numerous U.S. states, e.g., in Arkansas, Kansas,
Oklahoma, and Texas. While Ryan (1956) assigned little economic value to them, he stressed
their link to black shale deposits, which could become large potential reserves of phosphates
and hydrocarbons. Additional deposits that have been worked in the past were found in
Kentucky, Tennessee, South Carolina, and North Carolina. The North Carolina deposits have
been estimated to contain up to ten billion tons of phosphate rock and were, according to
Carmical (1964), considered the largest reported U.S. reserves.
In summary, this section highlights three dominant schemes regarding future resources: the
constantly overlooked “vital fact that reserves are but a part of resources” (Brobst and Pratt,
1973: 5), the fact that resources are substantial (Emigh, 1972; Van Kauwenbergh, 2010), and the
fact that the more serious problem is not their exhaustion time but related economics,
particularly per capita cost (Wells, 1975), as well as socio-technical factors.

4.3.5 Past phosphate rock reserve evaluations, lifetime predictions, and uncertainty
Phosphate rock reserve estimates
This section presents a review of some of the more prominent and widely quoted PR reserve
estimates that we could identify between 1900 and 2013 (in metric tons). The first
comprehensive effort in human history to estimate the magnitude of world phosphate rock
resources that we found was presented during the 14th International Geological Congress (IGC),
held in Madrid in 1926. Table 13 restates its main findings.
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actual reserves
ore
P2 05
(thousand tons)
(thousand tons)
1,004,149
282,564
6,016,423
2,022,116
25,133
4,587
126,523
24,144
202
27
7,172,429
> 2,333,438
measured and indicated reserves
ore
P2 05
(thousand tons)
(thousand tons)
17,868,000
5,022,000
2,270,000
614,300
51,000
18,800
143,000
10,300
4,710,000
502,800
5,700,000
1,730,000
4,850,000
645,000
35,592,000
8,543,000
%
(world total P2O5)
58.8
7.3
0.2
0.1
5.9
20.2
7,5
100

%
(world total P2O5)
12.1
86.7
0.2
1.0
0.001
100
2,873,215
> 63,651,798

16,651,858
467,588,916
identified resources
ore
(thousand tons)
86,378,000
5,665,000
2,640,000
915,000
24,760,000
30,255,000
5,000,000
156,614,000
P2 05
(thousand tons)
17,461,000
1,267,000
468,000
39,000
1,257,000
8,053,000
1,300,000
30,045,000

P2 05
(thousand tons)
> 60,602,757
175,826

probable reserves
ore
(thousand tons)
450,350,201
628,857

(a) resource estimate by U.S. Bureau of Mines
(b) reserves of all grades
(c) estimated recoverable reserve at $39,49 per metric ton (70 BPL) rock F.O.B. Florida
(d) estimate by U.S. Bureau of Mines
(e) estimate by the U.S. Bureau of Mines
(f) marine phosphorite reserves, at min. 30% P2O5

%
(world total P2O5)
58.1
4.2
1.6
0.1
4.2
26.8
4,3
100

very considerable
considerable
large
considerable
small

possible reserves

total reserves
ore
(thousand tons)
451,309,350
6,645,280
25,133
> 16,778,381
202
474,758,346
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(g) measured and indicated reserves
(h) recoverable phosphate rock at demonstrated resource level
(i) potentially recoverable at total production cost <$100 mt (reserve base)
(j) demonstrated reserve at <$40; reserve base at 37,800 mmt
(k)IFDC estimate; reserves as usable or marketable product

Figure 15. Historic phosphate rock reserve estimates and production data for the world (1900-2012)

Africa
Asia
Australia/Oceania
Europe
Latin America
North America
USSR
World total

Africa
America
Asia
Europe
Oceania
World total
Hoffmann et al. (1983)

Congrès Géolog. Intl.
(1928)

P2 05
(thousand tons)
60,885,321
2,197,941
4,587
> 2,897,359
27
> 68,985,235

Table 13. Phosphate rock reserve and resources estimates by the 14th International Geological Congress (1928) in comparison to estimates by the
German Federal Institute for Geosciences and Natural Resources (Hoffman et al., 1983)

The IGC reported actual, probable, and possible PR reserves. In total, probable ore reserves were
calculated at 467,589 million tons (mt). This included PR with a minimum P2O5 content of 5%.
Sixty years later, a comprehensive account by the German Federal Institute for Geosciences and
Natural Resources found identified resources to be as high as 156,614 mt (Hoffmann et al.,
1983). The difference between these two estimates may largely be attributed to the low-grade
deposits that were being considered by the IGC. In terms of the global distribution of PR, the
IGC data suggest deposits on all continents, including Antarctica (Cathcart and Schmidt, 1977).
However, distributions were found to vary widely within regions and countries. North America
was attributed 86% of the calculated global total P2O5, followed by Africa with 12%. In contrast,
Hoffmann et al. (1983) attributed almost 60% of both measured/indicated and identified
resources to Africa, followed by North America (20%), the USSR (7,5%), and Asia (7,3%). This
almost reversed situation may be largely explained by an improved understanding, which
developed over those six decades, of the genesis of phosphate deposits, subsequent discoveries
of new deposits, and better technologies that allowed geologists to evaluate the extent of
known deposits more completely. Moreover, publications have long suggested that the U.S.
and Morocco are the countries with the largest reserves. Since the 1950s, however, Morocco has
been identified as the country with the largest reserves, being attributed a relatively stable 4566% of the world’s total (General Accounting Office, 1979; Hoffmann et al., 1983; see, e.g., Jacob,
1953; Ray, 1984; Van Kauwenbergh, 1992). These findings are in accordance with current
estimates by the U.S. Geological Survey, which found that Morocco holds 75% of all known
world reserves, amounting to 67,000 mt (Jasinski, 2013). In addition to these land reserves,
Mero (1965) and Slansky (1977) put potential offshore reserves at 30,000 mt.
Figure 15 illustrates past official world PR reserve estimates from industry, government, and
science, which are plotted with the respective PR production. Estimates for the U.S. and
Morocco are depicted in the Supplementary Information SI 5, Figure 16 and Figure 17. The great
deal of estimate variation over time can be attributed to several factors. One is new data that
became available, e.g., new deposit discoveries or more accurate estimates. One example of
this is the significant increase in world reserve data between 2009 and 2011, from 16,000 mt to
65,000 mt. This significant increase was attributed to omitted data that could have been found
in, e.g., Gharbi (1998), which led to a readjustment of Moroccan reserve data from 5,700 mt to
50,000 mt. In addition, increases of almost 5,800 mt occurred in 2011, when reserve data were
officially reported for Iraq. However, today’s reported 71,000 mt reserves are not yet close to the
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120,000-130,000 mt reported by Slansky (1977) and the British Sulphur Corp. (1971). Further,
they remain far from the estimated probable reserves that were reported by the IGC in 1926.
Upon reflection, current world and U.S. estimates appear very conservative (Van Kauwenbergh,
2010), even if the accumulated production over the last decades is considered.
Other factors leading to increasing reserves may include an improved understanding of
phosphate accumulation processes and high prices, e.g., in the 1970s, according to Bender and
Delisle (1984). However, our data for the world and the U.S. do not necessarily allow for such a
conclusion. Rather, there appears to be a declining trend in magnitude, particularly after the
1960s and before the early 2000s, despite higher prices and the discovery of new deposits. Only
after a significant price increase in phosphate rock in 2008/2009 (Fertilizer International,
2012c) and the emergence of concerns about P scarcity (Gilbert, 2009) did total world estimates
begin to increase.
The variance in estimate ranges that are shown for the world is naturally larger than the
variance for country assessments. However, data also fluctuate widely at the country level. One
example of such a fluctuation on a national scale is the U.S. Congressional Committee’s
investigation of U.S. reserves in the late 1930s, which led to a doubling of reserve data as
additional industry information became available (Waggaman, 1939). Another explanation for
the fluctuations is that in general, estimates are conservative and that in some countries, e.g.,
as suggested by Mew (1980), in Morocco, detailed reserve exploration is only conducted in
order to meet the needs for twenty to thirty years in the future. However, our figures indicate
that since the 1950s, Moroccan reserve estimates have repeatedly shown quantities larger than
20,000 mt, with a peak of 56,250 mt being reported by Savage in 1987. The question of why
such accounts are only being given attention today, 60 years after they were provided, cannot
be answered here. Nevertheless, it appears safe to conclude that building upon past experience
and accumulated knowledge may have led to more accurate estimates in recent years.

4.3.6 Longevity predictions
Brobst and Pratt (1973: 1) framed the underlying problem of any mineral commodity adequacy
debate as follows:
“Unlike most other natural resources, minerals are not renewable. They are formed in
the earth's crust by infinitesimally slow natural geologic processes acting for
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thousands or millions of years. Once removed and used, they cannot be grown again.
The vital question, then, is this: Is our supply of minerals running out?”
One way to approach this question is to assess the geologic and economic potential supply of a
resource, which has repeatedly been tried in the past regarding phosphate minerals, as shown
in the preceding section. Another option is to calculate its lifetime. Reported longevity
predictions for phosphate minerals for the world, the U.S., and Morocco from 1920-2010 are
compiled in Table 14. While the literature states longevity estimates for various units, we
focused on the longevity of PR reserves. In addition to the land-based phosphorus mineral
longevity estimates, one account concerning seafloor reserves could be identified. Mero (1965:
3) estimated a phosphorite supply from the seafloor that could last for 1000 years, as well as
several thousand years of general mineral resources “given continuing technical and economic
development.”
Past estimates ranged from 43-10,000 years for the world, 25 to 10,500 years for the U.S., and
48 years to a large undefined time horizon for Morocco. These findings contrast starkly with
the compilation offered by Cordell and White (2011), which focuses on estimates from 19892010 only, ranging from 60-130 years. The difference can be largely attributed to the broader
time horizon of this analysis and the inclusion of larger past reserve estimates. Longer
predictions apparently appeared in the first half of the last century for both the world and the
U.S. and continued for the former until the 1980s. Only then did longevity predictions decrease,
which corresponds to the downtrend in reserve estimates for this time period, which is
depicted in Figure 15. In view of this important change, we suggest investigating the reasons
for this trend because this question cannot be answered within the scope of this paper. Similar
to PR reserve estimates, our findings for longevity estimates have been far from constant at
any time in the past.
Uncertainties
In compiling the data, we were confronted with a variety of known constraints, which impeded
comparison and pattern finding. First, reserve estimates, per the current definition, are
dynamic and require regular readjustment. Second, the understanding and definition of terms
regarding reserves and resources differ over time and among authors. Third, the data
presented are based on various estimation methodologies. It has repeatedly been stated in the
literature that the lack of communality regarding what is actually being measured, what the
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Table 14. Past longevity predictions of phosphate minerals
Longevity prediction of phosphorus
minerals (years)
World
2,000
1,000

Unit

Premise

Source

"reserves"

"on the present basis of production"
"at present rate of consumption"

10,000
2,100

"reserves"
"reserves"

"at present rate of consumption"
"present rate of consumption"

10,000–20,000

"reserve"

"present rate of consumption"

Mansfield (1926)
U.S. Bureau of Mines Mineral
Report (1937)
U.S. Bureau of Mines (1939
Congress of the United States
(1939)
Congress of the United States
(1939)
The President`s Materials Policy
Commission (1952)

"reserves sufficient for many
centuries; low-grade phosphate
deposits (10–15% P2O5) almost
inexhaustible"
1,000a
410
60–90
"problems of reserves would not
appear to be important"
43
several centuries
"for many hundreds of years"
3,800
187 (static); 40–50 (for semi-dynamic
lifetime); 847 (incl. potential world
phosphate reservesb)
609
260-280
"there are very large resources
capable of meeting anticipated
demand for many years"
"ample supply of phosphate rock for
the foreseeable future"
50
80/250
90/343
696
300–400
U.S.
900
"practically inexhaustible"
1600
10,500
3000
4500
25/98
Morocco
"provide for world demand far into
the future"
248/913
a
b
c

reserves of sea-floor phosphorite only
containing 30,000 mt P205
cost <$100 t-1

−

"reserves"
"known supplies"
"known reserves"

"reserves"
"reserves"
"inferred reserves"
"resource"
"measured and
indicated world
reserves"
"static reserve life"
"static lifetime of
phosphate"

"at present rate of consumption"
"at present rates of consumption"
"population of 11 billion, projecting
growth rates of 1,9% and 5,25% for
fertilizer demand"
−

Mero (1965)
Insitute of Ecology (1972)
Insitute of Ecology (1972)

"annual production growth at 5,4%"
−
"current consumption"
"Free World phosphate production at
current levels"
"present world mining production and the
measured and indicated world reserves"

Reidinger (1976)
Slansky (1977)
Brinck (1978)
De Voto and Stevens (1979)

"at the rate of current global production"

Cathcart (1973)

Hoffmann et al. (1983)
Ray (1984)
Bender (1986)
Noholt et al. (1989)

"presently known
reserves"
"global reserves/global
resources"
"reserve/reserve base"
"identified resources"
"phosphate rock
concentrate reserve"

"reserves"
"total reserves"
"resources"
"reserve/reserve base"

−

Van Kauwenberg (1992)

"unconstrained phosphate rock demand
growth from base year 1990"
"current rate of extraction"

Herring and Fantel (1993)

"future consumption equals 5-yr average
mine production 1997-2002"
"based on today`s production"
"at current rate of production"

Stewart et al. (2005)

"at present rate of consumption"
−
"at present rate of production"
"present rate of mining and export"
"at present rate of consumption"
"at present rate of consumption"
"future consumption equals 5-yr average
mine production 1997-2002"

U.S. Bureau of Mines (1919)
Congrès Géolog. Intl. (1928)
U.S. Bureau of Mines (1937)
Phosphate Rock Institute (1939)
Mansfield (1942)
McKelvey et al. (1953)
Stewart et al. (2005)

"resources"

Smil (2000)

Fixen (2009)
Van Kauwenbergh (2010)

Fantel et al. (1984)
c

"reserve/reserve base "

"future consumption equals 5-yr average
mine production 1997-2002"

Stewart et al. (2005)

estimator’s knowledge is based upon, which technology is being used, and the size of the area
being prospected (width and depth) are major factors contributing to differences in estimates.
Cathcart (1980: 13) has pointed out that “the accuracy of any reserve estimate depends on a
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large number of factors, the most important of which is the amount of information the
estimator has at his disposal.” Many authors stressed how unsatisfactory the reserve data were
and emphasized the importance of having more accurate data, as well as a clear need for data
and reporting conformity (see, e.g., British Sulphur Corp., 1971; Cathcart, 1980; Hoffmann et al.,
1983; Slansky, 1980b). This necessity is also echoed in the current debate, particularly the need
to increase data reliability, possibly by means of a joint effort among industry stakeholders,
geological surveys, academia, and national and international organizations and agencies (Van
Kauwenbergh, 2010). Fourth, differences in the chosen unit in which the data are reported
render the evaluation of past estimates difficult. We found that several past estimates were
stated in respect to their P2O5 or P content, not ore tonnage. For this analysis, we limited data
mining to estimates that were clearly stated to be for “reserves of phosphate rock.”
As a result, we strongly urge against evaluating the accumulated data for direct comparisons.
The world synthesis in Figure 15, as well as for the U.S. and Morocco (see Supplementary
Information SI 5) allows for reflecting upon the variety and level of fluctuation over time, and it
can serve as a reference point for magnitude order. It also illustrates the fact that the
estimated amount of PR reserves has fluctuated widely over time.
Similarly, we faced major constraints in interpreting the compiled longevity data. This is largely
due to the fact that the lifetime often refers to imprecise and sometimes variously
comprehended units, such as reserves and, in some instances, resources, which are used
interchangeably in some publications. Therefore, the illustrated longevity predictions do not
allow for a general comparison. Neither should they be understood in absolute terms.
Some additional comments on the concept of lifetime are necessary. Its calculation is a very
delicate business because it is based on many factors that are difficult to predict. Among these
are future consumption, market growth, the discovery of new deposits, the increasing
availability of additional deposits as production costs change, food preferences, alternative
resources, environmental pressures, government programs, and politics (Stewart et al., 2005).
Thus, caution is necessary in interpreting the lifetime estimates as an ultimate reference for
depletion. Rather, they are “snapshots of a dynamic system” and may hence be understood as
indicators of new exploration activities (BGR, 2013).
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4.3.7 Past knowledge depositories and supply modeling attempts
Starting in the 1980s, a number of computerized PR deposit repository and supply modeling
efforts were undertaken to retain existing knowledge on the magnitude and location of
resources and to better understand the potential for future supply bottlenecks. Both issues are
of significant interest today (Cooper et al., 2011; Sutten et al., 2013; Van Vuuren et al., 2010). In
this section, we report on some of the more critical ones. Table 15 provides a list of PR
knowledge depositories and information management and modeling approaches that were
established or conducted in the past.

Table 15. Compilation of phosphate rock knowledge depositories, information management
attempts, and modeling exercises
Reference
Bridges (1983)

Affiliation
U.S. Geological Survey

Spangenberg et
al. (1983)

U.S. Bureau of Mines

Krauss et al.
(1984)
UNCTAD (1984)

U.S. Geological Survey

Fantel et al.
(1985)

U.S. Bureau of Mines

Fantel et al.
(1988)
Herring and
Fantel (1993)

U.S. Bureau of Mines

Chernoff and
Orris (2002)

United Nations

U.S. Geological Survey
and U.S. Bureau of
Mines
University of Arizona
and U.S. Geological
Survey

Type of knowledge depository/information collection
International Phosphate Resource Data Base (IPRDB), a
“single computerized source of geologic information about
phosphate deposits worldwide,” including a bibliography with
over 4,000 references
Includes non-confidential information about 148 U.S. domestic
and 103 foreign phosphate deposits from the Minerals
Availability Program database (location, reserves, resources,
geology, beneficiation and mining information)
Database including 201 phosphate mines and deposits in
market economy countries, the USSR, and China
Data compilation and analysis of phosphate rock marketing
and processing with a special focus on developing countries
and international cooperation
Phosphate rock resource potential analysis (201 mines and
deposits in 28 market economy countries; 17 mines and
deposits in the USSR and China)
Forecasting and policy analysis modeling based on databank
information about 206 mines and deposits in 30 countries
Modeling depletion of known reserves and reserve base
based on various demand and population growth scenarios
Data inventory for 1,600 phosphate mines and deposits

The earliest account we could find of computerized inventories of PR data is given by Bridges
(1983), who reports on the development and maintenance of a twin program meant to include
a digitized bibliography of worldwide works on phosphate geology (PHOSBIB) and an inventory
of reserve and resource data, the International Phosphate Resource Data Base (IPRDB). This
effort was initiated by an international group of geologists during a workshop at the Honolulu
Resource Systems Institute in 1978 as an add-on to IGC Project 156. The database, located with
the U.S. Geological Survey, aimed to provide a single source of standardized and centrally
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stored geological information on PR deposits in the world. Its ultimate service was supposed to
be rendered to the American Geological Institute with the aim of making information available
to a wider audience. It was planned that phosphate geology experts from national institutes
would fill in the information on ore quality and quantity, production, and mining, as well as the
geological, geographical, and economic data. However, as Bridges acknowledged, the work was
suspended in 1982, and the data collected up to that point were archived for possible later
retrieval. The latest compilation we could identify was a two-volume study by the U.S.
Geological Survey in early 2000 (Chernoff and Orris, 2002). This appears to be the most
complete, including data for over 1,600 mines, deposits, and occurrences from earlier works.
The existence of deposits for which no documentation could be found, e.g., in Iran and China,
was one of the major acknowledged problems; this was partially related to language barriers
(Orris and Chernoff, 2004).
In addition to these in-house efforts of geological services around the world to pool
information and centrally locate it, PR deposit data were made more widely publically available
during the 1980s through repository reports. One of the more notable of these was the
Spangenberg et al. (1983) minerals availability commodity directory on phosphate, which
included non-confidential information on over 100 U.S. and foreign deposits from the Minerals
Availability Program of the U.S. Bureau of Mines. Similarly, Fantel et al. (1985) published an
analysis of PR resource potential. Krauss et al. (1984) compiled an inventory of PR data as a joint
effort with various resource agencies in Australia, Canada, Germany, South Africa, and the U.S.
This project was part of the International Strategic Minerals Inventory (ISMI) program, which
also included chromium, manganese, and nickel as strategic minerals and was meant to
provide a supply overview for policy analysis. The word “strategic,” also of resurging interest
today (European Commission, 2013), was then acknowledged to be an “imprecise term” that
depended on a number of factors, including import dependence, substitution capacity, national
economic importance, overall supply vulnerability, and the need to safeguard supply (Krauss et
al., 1984: 1). In general, regarding P, it was concluded that the likelihood of a supply shortage
was low but that rock processing would become more difficult and costly. With a special focus
on the processing and marketing of phosphates, the United Nations Conference on Trade and
Development (UNCTAD) analyzed possible ways of fostering the increased participation of
phosphate-rock-producing developing countries. Based on its findings, a number of
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recommendations were formulated, and a producer-consumer arrangement was considered
for their implementation:
“Such co-operation, once the measures are agreed, could probably be most
conveniently organized through some type of producer-consumer body, though other
possibilities could also be envisaged, particularly in regard to the surveillance,
monitoring, information and co-ordination functions, through the use of an
appropriate existing United Nations body (e.g., the FAO Consultative Committee on
Fertilizers).” (UNCTAD, 1984: 72)
Fantel et al. (1988) modeled the competitiveness of certain countries and regions, as well as a
worst-case scenario, the complete cutoff of supplies from Morocco and the Western Sahara.
The results showed that the supply could be replaced with the capacity of the rest of the world,
yet at a much higher cost, which would ultimately impact trade and production patterns. In a
later study, Herring and Fantel (1993) conducted a modeling exercise on the depletion of known
reserves and the reserve base based on various scenarios describing population growth and
shifts in demand. In order to satisfy world demand, the authors suggested increasing use
efficiency, reducing losses in agriculture, increasing efforts to discover new resources and
improve technology used to mine and process low-grade deposits, recycling urban effluents,
changing dietary habits, and paying particular attention to developing countries because they
are the most vulnerable to price increases (see also Schröder et al., 2010).
Based on this, relevant repositories and modeling approaches already exist. Although
antiquated, they could be of significant help in today’s calls for, e.g., reserve monitoring (ESPC,
2013) or new data accounting (Van Kauwenbergh, 2010). From today’s perspective, it seems of
value to build upon this past work and link it with temporary needs.

4.4 Discussion
The goal of this paper was to reconstruct the past human experience of P supply concerns. We
found greater variety and richness regarding this topic than the current knowledge made us
expect. Our results show that current depletion concerns are not new and that recalling the
past can advance the understanding of improvements and barriers to these improvements.
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4.4.1 Lessons from history
The following lessons can be drawn from the historical analysis of past phosphorous adequacy
accounts.
First, there is large body of unrecognized historical evidence suggesting that P supply concerns
and their relevance to food security have a long, well-documented, and repetitive history,
starting with the early large-scale use of bones and guano as in-/organic fertilizers. This is in
contrast with general beliefs alluding to its novelty (Ashley et al., 2011; Cordell and White, 2011).
Although the existence of concerns was generally related to the presence of a complex matrix
of factors, no full answer can be presented here regarding its complete structure. One may
conclude that a combination of anxiety over insufficient reserve quantities, increasing ore
prices, and a variety of intrinsic advocacy motivators, among various other agents, was
seemingly involved in generating concern. In addition, anxiety appears to have been a
reflection of the “zeitgeist,” which was characterized by concerns of environmental
degradation, resource scarcity in general, impediments to standards of living, national wellbeing, and national decline.
Second, concerns about P scarcity, dominated by geologic depletion, have been repeatedly
refuted and disproven by means of resource appraisals from industry or government experts –
a finding that is also echoed in the current debate (see, e.g., IFA; Mew, 2011; Van Kauwenbergh
et al., 2013).
Third, the answers to adequacy concerns of the past were diverse and broad. However, they
were dominated by a geologic depletion frame. Therefore, calls for change usually involved
conducting new resource appraisals, and evidence suggests that they were usually the first and
only measure implemented to mitigate concerns. In solving this most obvious information
problem, the underlying systemic interrelations between human activity and its impact on
natural cycles, reflected in the subordinate issues of demand, use, reuse, and access, went
largely untouched.
Fourth, the historical analysis shows large deficits in forecasting and reveals that we are poorly
answering questions about P scarcity or depletion. This is due to the fact that reserves and
resources are dynamic concepts that are based on specific, restricted, and incomplete
knowledge (Bender, 1986; Brobst and Pratt, 1973; McKelvey, 1974). Moreover, the generally
observed absence of reliable magnitude assessments and common operational terminology
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(resources and reserves, see, e.g., Govett and Govett, 1974) prevented the creation of reference
points that allowed for comparisons or meaningful monitoring. Measures that have been put
into place to overcome this human fallibility, including continued, publically available
government assessments by, e.g., the U.S. Bureau of Mines and later the U.S. Geological Survey
or industry appraisals by the British Sulphur Corporation between 1960 and 1987, remained
naturally prone to considerable fluctuations. However, resource scarcity concerns usually
combined a multitude of arguments. Geological availability in the long-term (quantity and
quality) were just one component of these. Other factors, including economics (cost/price) and
socio-technical factors (such as human ingenuity related to technical provisions, see, e.g.
McKelvey, 1959) further affected the confidence level and cyclical depletion fears.
Fifth, P is an essential element whose role in national and global food security has been
recognized from a very early stage. As a result, strategic, policy, and institutional considerations
were necessarily a given. Moreover, P was regarded as a proxy for considerations such as, e.g.,
national resource policies or improved resource management in general.
Lastly, because supply concerns have persisted and reoccurred, they may be unavoidable. The
need to secure reliable data continuity requires the reexamination of reserves from time to
time, but this need may fluctuate in priority as the role and importance of resources changes
based on, e.g., the level of consumption or their economic value. As Brinck (1978: 44-45)
suggests, "... the major requirement for an ample and continuous P supply appears to me to be
that humanity continues to think about these problems and to use its ingenuity to solve them.”
In summary, the historic message seems clear: it is a lesson in humility.

4.4.2 On the value of history
The role of environmental history in global change and sustainability research is based on three
values that have emerged from this analysis. First, it is diagnostic because it allows researchers,
policy-makers, and resource managers to characterize what has worked and what has not in
the past and point the way towards improvements. Moreover, it facilitates the identification of
factors triggering concerns that are contingent (e.g., the degree of price speculation) and those
that are predictable (e.g., reserve lifetime). Second, it is interpretative because the cases provide
analogs in history that can inform the contemporary discourse about the options societies
turned to in the face of crises and highlight barriers to overcoming such crises. Thus,
identifying these accounts and retaining them creates a common “lieu de mémoire”. Third, its
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reflective as history puts our level and extent of problem understanding and field knowledge
into perspective. These values are in agreement with those identified and stressed in numerous
studies that argue for more strongly integrating history and the humanities with sustainability
and global change research because they provide for orientation and a more differentiated
picture of contemporary issues (Constanza et al., 2007; Hulme, 2011; McNeill and Winiwarter,
2004; Pahl-Wostl et al., 2013; Sabin, 2010; Townsend and Porder, 2012). The added value of
environmental history integration hence holds untapped potential for social learning.

4.5 Conclusion
We have argued that environmental history and historic literacy provide new frames of
reference and new insights into a problem that is thought to be novel. We have found that
much of the historic information available on P estimates, discourses, recommendations, etc. is
not implemented in current improvement or transition considerations. However, because
“progress… depends on retentiveness” (Santayana, 1905: 284), we stressed the need for an
appreciation of history and the humanities more generally in designing the future. Integrating
such considerations into current research and action could provide for a better understanding
of the barriers and opportunities decision-makers, resource managers, and scientists are facing
today when addressing P security and sustainability. To fully profit from this potential, possible
future work lies in assembling additional, more detailed regional and global historical scarcity
discourse records to learn about options for action and their barriers or limits. In addition, our
results mark the need for increased historic literacy, i.e., in order to sustain relevant results from
the past and incorporate them appropriately into current debates. If societies want to breach
the repetitive cycle of the P scarcity debate, it seems imperative to create knowledge-anchoring
mechanisms and policies that include research, extension, information, and education through
science-practice partnerships in order to counter-steer shortcomings in information utilization,
counteract the déjà vu of P declension concerns, and shepherd this information into the future.
Improved continuous reserve/resource monitoring and transparency, possibly along the lines of
past electronic knowledge depository formats, is important, but it is not the exclusive path to
advancement, particularly because satisfactory implementation or continuation seems
questionable in the light of the historical evidence. Based on our results, it seems more
advisable to shift the main problem representation from global availability to the
comprehension of the larger set of systemic issues and multi-scale interrelationships. This
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could include determining, localizing, and analyzing vulnerabilities arising from negative
environmental (e.g., pollution) and social (e.g., the fertilizer access of small-holder farmers)
externalities, which may result from the current P production and consumption patterns.
Cooperative adaptation processes will also be vital.
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Supplementary information
SI 3: A brief history of the guano age
Guano is said to have been used in Central and South America during the Inca empire, when it
was considered, similar to gold, a gift from the gods. Alexander von Humboldt first introduced
it to Europe by bringing samples from islands off the coast of Peru in 1804. Guano’s potential as
a fertilizer was quickly recognized, and it became a sought-after fertilizer commodity as P
demand rose, with imports to Europe starting in 1835.
Skaggs (1994) gives a comprehensive account of the early trade and suggests that the opening
of the African guano market resulted in price volatility. Due to pricing competition and quality
restrictions, imports from this region stopped in 1847 (Clark and Foster, 2009). During the
guano age (1840-1880), depicted by Melillo (2012) as the first green revolution, Peruvian exports
accounted for 12,6 million tons (mt), which were valued at $750 million of revenue. Realizing
the immense economic potential this resource held for its war-struck and indebted country, the
Peruvian Government nationalized its reserves, a situation that prevailed for 40 years. In
general, the high price level of Peruvian guano (from an initial $30 U.S./t up to $140 U.S./t;
Skaggs, 1994: 6-7) naturally encouraged a serious search for substitutes and also encouraged
fraud. Trade regulatory and product quality control mechanisms were put in place. According
to Skaggs, the beginning of Peru’s monopoly, increasing demand, and the resulting supply
shortage drove prices in the 1850s, creating a gold-rush like situation in terms of prospecting,
production, and marketing. This went so far that in the U.S., farmers petitioned politicians to
gain long-term stable access to cheap guano. In 1850, when demand was four times larger than
what could be supplied, the U.S. Government attempted to negotiate a bilateral trade
agreement for the steady, safe importation of cheap phosphate and nitrate supplies. President
Fillmore, in his State of the Union Address in 1850, states:
“Peruvian guano has become so desirable an article to the agricultural interest of the
United States that it is the duty of the Government to employ all the means properly
in its power for the purpose of causing that article to be imported into the country at a
reasonable price.”
While this guano diplomacy did not lead to any agreement, the Guano Island Act of 1856
helped secure the American supply. It allowed U.S. citizens to claim an island not yet under the
jurisdiction or occupation of another government or citizen thereof if it had guano deposits. As
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a result, one hundred islands, rocks, and keys were claimed between 1956 and 1903, nine of
which still belong to the U.S. (Skaggs, 1994).
Early on, it was understood that the Peruvian monopoly could not last forever, because of
limited reserves. Moreover, as Mathew (1970) suggested, Peru was dependent on the British
market, which increasingly manufactured its fertilizer by using large phosphate rock deposits
that were first discovered in North Africa in the early 1870s and mined in the U.S. from the
1860s. This competition, according to Matthew, along with dysfunctional price policies, trade
monopolies, and irregular supplies, damaged Peruvian guano’s selling power. Also, as
numerous works document, continued high prices prompted farmers to reduce use or use
cheaper alternatives. Superphosphates, manufactured from newly discovered deposits of
sedimentary phosphate rock, were more effective manufactured fertilizers and became more
available on the market. As a result, the trade boom halted in the early 1870s. This situation was
also encouraged by the depletion of non-renewable guano reserves and the destruction of the
bird populations on the islands that had assured the supply for so long. Cushman (2013) reports
original reserve estimates of 117 mt for the Chincha islands alone. Together with expected new
deposit discoveries, it was thought that these sources would last for many years. As one
observer noted, this was not the case: “With this fact [of guano scarcity] put palpably before
him, everybody saw the necessity of placing himself in a condition to be able to do without it
hereafter” (Baker, 1857, as quoted in Mathew, 1970: 122). In 1909, the Government of Peru
nationalized the islands to establish a bird conservation program that aimed to rebuild and
sustain guano production (Duffy, 1994). By this time, however, the Peruvian guano trade had
long been declining due to the disregard for other competitive phosphoric substitutes slowly
coming on the markets. Moreover, other early guano deposits, such as those found in the
Caribbean, off the coast of Australia, and later, in the Indian and Pacific Oceans had been
depleted or ruled out due to economics by 1910. Gradually, as Cushman (2013: 52) suggests,
input-intensive farming practices became more common. They relied on a continuous supply of
cheap artificial mineral fertilizer that was largely derived from phosphate rock, deposits of
which were increasingly found in many parts of the world and became the major staple of
phosphate fertilizer production.
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findings

recommendations

1938/1939 (Source: Joint Committee, 1939; Congress of the United States, 1939; Phosphate Rock Institute, 1939)
• the importance of P to American
• that the U.S. Geological Survey should make a thorough study
• supply security due
to Tennessee and
agriculture cannot be overemphasized
of domestic phosphate reserves, including potash and other
Florida deposits
minerals
• civilization has interrupted and broken
• 1938 as year of
the P cycle
• that the Tennessee Valley Authority (TVA) should continue its
highest phosphate
experimental and demonstration work and facilities and
• in order to preserve soils, phosphorus
rock production on
continue to distribute its own fertilizer
fertilizer application must increase
record
• that the program of the Agricultural Adjustment Administration
many-fold
• large exports of
be continued so as to provide concentrated phosphate
• the export of phosphate rock does not
high-grade
fertilizer free of cost to farmers instead of benefit payments
threaten national reserves; depletion
phosphate rock
• that an educational, experimental, and demonstration plant be
concerns cannot be substantiated
from Florida
built in the Western phosphate field so as to properly conserve
• the phosphate industry has idle
deposits
and use these resources. Until then, provisions should be
capacity
• substantial need
made such that TVA conducts experiments with Western ores
• the Government holds the key to
for soil
conservation as most Western deposits • that both federal and state governmental agencies, such as
conservation
the National Forest Service, should resettle on or buy such
are on public lands
(4/5ths of U.S.
lands where phosphates are present when planning to
• the “reserve” concept requires
soils considered Pincrease national forests, game refuges, etc.
clarification, as well as the meanings of
depleted)
• that appropriate legislation should be enacted to protect
"low-/high-grade" phosphate rock
American process patents
1972 (Source: Institute of Ecology, 1972: 42-43; 56-59; Emigh, 1972: 91; Hoffmann et al., 1983)
• to establish an international agency to advise regarding the
• known world
• man has increased and even doubled
supplies of P will
global flows of the elements essential
prudent production, distribution, and use of the phosphorus
be exhausted
for life; this has led to an increase in
resources of the world
before end of the
biological production, yet it has also
• to increase the recovery of P lost in washing and flotation
st
21 century
resulted in excess loadings in aquatic
• to rework and protect tailings
systems
(reported 25,000
• to curtail the use of P for purposes other than fertilizer
million tons)
• need for institutional setting of
• to intensify the search for additional phosphate raw materials
“adequate prestige” so that world P use • to retrieve contaminants in phosphate rock as by-products
• energy crisis
can be managed and P conserved
exemplifies
• to decrease the overall use of phosphatic fertilizers
dependence on
• to develop economic methods of recovering phosphate
mineral resources
released into the environment via effluents
• 200% price
increase of
phosphate rock by
1975 as compared
to the 1973 level

concerns

Table 16. Major results from three phosphate rock depletion discourses in the U.S.
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(continued on next page)

• the use of incorrect figures; phosphate rock
reserves are on the order of 1,298,000
million tons (52 times larger than stated in
the IEO report)
• phosphate rock prospecting has remained
small (McKelvey, 1967, quoted in Emigh,
1972)
• there is a lack of knowledge about the
geology of phosphate (e.g., resources, lowgrade deposits) and a lack of confidence in
the mining industry (including technology
development) (Sheldon, 1969, quoted in
Emigh, 1972)
• low-grade deposits, which will yield
“astronomic” phosphate rock quantities;
Emigh, 1972: 95), are not taken into account

• needlessly “alarmist” and “sensational” tone
of report
• government competition in fertilizer
production is not warranted, because its
function is research and demonstration
• P is not the only important nutrient
• no evidence that increased use of P fertilizer
is desirable by farmers or that its increased
use results from soil conservation programs
• phosphate conservation can be achieved by
1) developing more economic ways of
providing fertilizer and 2) designing soil
conservation practices for farmers
• no “imperative reason” provided to develop
Western deposits

points of contention by industry and/or
committee members

findings

1979 (Source: GAO, 1979)
• over the next two decades, the richest P
• domestic
production peak
deposits are likely to be depleted, which
forecasted within
does not equate to “running out”
10 years
• public need to assure long-term availability
(phosphate
for food security
reserves put at 2.2
• anticipatory governmental action and
billion t)
incentives needed
• uncertainty
• general dissatisfaction with inconsistent
regarding whether
and deficient government reserve data on
domestic
the national and world levels
phosphate rock
• supply dictated by political, economic, and
reserves will
technological factors
remain adequate
• anticipatory governmental action and
beyond the year
incentives needed
2000
• phosphorus case illustrates that
• high-grade P
government action is needed in
deposits being
ameliorating or precluding serious
depleted
problems of material availability
• shift from “cheap,
• before action is taken, “first, determine the
convenient,
potential extent and severity of the future
readily-available
phosphate availability problem” (p. 42)
supplies to higher• data reliability depends on degree of
cost, harder-to-getwillingness on the part of mining companies
at sources”
to share accurate data (p. 18)
• (p. i)
• "no doubt that the total known deposits of
phosphates in the world, disregarding their
grade or accessibility, would be more than
sufficient to meet all foreseeable needs, if
they could be used" (p. 11)

concerns

points of contention by industry and/or
committee members
• problem of proprietary data not solved
• no sufficient evidence for government
involvement, because supply question
not sufficiently important given large
reserves
• scope of the phosphate situation is too
narrow (it includes, e.g., employment,
GNP, trade policies, energy, international
affairs, and environmental problems)
• more attention to sub-economic deposits
needed
• impact of mining and manufacturing must
be measured
• define nature and importance of
phosphate exports

recommendations
• to obtain adequate and reliable information on P resources
and reserves of the U.S. and the world
• to determine the extent to which environmental impact and
land use restrict P development
• to review alternatives to import dependency and cost
assessment
• to create a national planning system for phosphorus
availability and choose the government agencies involved in
this planning
• to establish an information system and continued appraisal
• to create a global market outlook
• if facing a shortage, to subsidize sub-economic resources,
limit exports, and support conservation in agricultural
applications
• to substitute and use secondary products when possible
• “that global monitoring programs, like those being considered
by the Monitoring Commission, be organized so as to provide
greatly improved global estimates of the rates of flow and pool
sizes in the biogeochemical cycles of elements essential to
life” (p. 44; including nitrogen and sulfur).

(f) according to U.S. Bureau of Mines Minerals Commodity Profile
(g) marine phosphorite reserve (at min. 30% P2O5)
(h) cost <$30 per ton to mine
(i) total production cost <$30 per ton
(j) reserves as usable or marketable product

(a) estimate only for high grade northern reserve area
(b) incl. Spanish Sahara Bu Craa mine at 1,600 mt (50% at over 31% P2O5)
(c) according to U.S. Bureau of Mines Minerals Commodity Profile; 16,690 in Morocco
(d) estimated recoverable reserve at $39,49 per metric ton (70 BPL), rock F.O.B. Florida

(e) marine phosphorite reserves (at min 30% P2O5)
(f) cost <$41ton f.o.b. mine
(g) reserves as usable or marketable product

Figure 17. Historic phosphate rock reserve estimates and production data for Morocco (1900-2012)

(a) phosphate rock tonnage available at present
(b) estimate of phosphate rock quantity available
(c) reserve estimate
(d) considered as very conservative estimates
(e) more than 18% P2O5

Figure 16. Historic phosphate rock reserve estimates and production data for the U.S.A. (1900-2012)
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5. Sustainable use of phosphorus: A finite resource
Abstract
Phosphorus is an essential element of life and of the modern agricultural system. Today,
science, policy, agro-industry and other stakeholder groups are increasingly concerned about
the sustainable use of this resource, given the dissipative nature of phosphorus and difficulties
in assessing, evaluating, and coping with phosphorus pollution in aquatic and terrestrial
systems. We argue that predictions about a forthcoming peak, followed by a quick reduction
(i.e., physical phosphate rock scarcity) are unreasoned and stress that access to phosphorus
(economic scarcity) is already, and may increasingly become critical, in particular for
smallholders farmers in different parts of the world. The paper elaborates on the design,
development, goals and cutting-edge contributions of a global transdisciplinary process (i.e.
mutual learning between science and society including multiple stakeholders) on the
understanding of potential contributions and risks related to the current mode of using
phosphorus on multiple scales (Global TraPs). While taking a global and comprehensive view
on the whole phosphorus-supply chain, Global TraPs organizes and integrates multiple
transdisciplinary case studies to better answer questions which inform sustainable future
phosphorus use. Its major goals are to contribute to four issues central to sustainable resource
management: i) long-term management of biogeochemical cycles, in particular the challenge
of closing the phosphorus cycle, ii) achieving food security, iii) avoiding environmental pollution
and iv) sustainability learning on a global level by transdisciplinary processes.

5.1

Phosphorus and the “finity” debate

Phosphorus – indispensable for plant, human and animal life – plays an essential role in soil
fertility and world food security. Its major source in current use, phosphate rock, is a nonrenewable resource. For long, phosphorus has not received the adequate public and scientific
attention and discussions have been mostly limited to its role as an aquatic pollutant. Recently,
interest in phosphorus emerged from applications of the Hubbert curve on its availability, and
the assertion of a peak phosphorus in a few decades. Follow-up analyses, however, have shown
that the Hubbert curve approach does not provide robust predictions (Vaccari and Strigul, 2011),
that there is no symmetric dynamics of rise and decline of production for any mineral on the
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world scale (Rustad, 2012) and that the dynamics of resources and reserves are not properly
acknowledged by the Hubbert curve applications (Scholz and Wellmer, 2013). The estimated
world phosphorus reserves increased from 15 Gt phosphate rock in 2008 to 71 Gt in 2011
(Jasinski, 2009, 2012a; Van Kauwenbergh, 2010). New reserves, including those offshore, have
been identified and their use initiated (Midgley, 2012).
Phosphorus is a low-cost commodity. Each person consumes annually about US $6 worth of
rock phosphate per year (Scholz and Wellmer, 2013). Given increasing efficiency of mining
technology, some of the underground mines which have been closed in the recent decades
(e.g., in the 1970s in the Western Phosphate Fields in the U.S.), may economically produce
phosphorus again in the long run. However, economic and physical access to phosphate varies
greatly. Many smallholder farmers, particularly those located in developing countries, are
unable to afford phosphorus (economic scarcity) or it is not available near their farms. The
concentration of the known phosphate mines in few countries is also disconcerting, and may
require a reflection on the geopolitical nature of this commodity.
Though there are critical questions on the comparability of the reserve data from different
countries, grade, discovery and distribution, some papers pointed out that there is no evidence
of phosphorus physical scarcity in the near or mid-term future (Mew, 2011; Van Kauwenbergh,
2010; Van Vuuren et al., 2010). This is also supported by a – compared to other minerals – high
static lifetime of 372 years (Jasinski, 2012a).
Modern agriculture is based on the use of substantial quantities of phosphates for both crop
farming and animal husbandry (as feed). In 2011, from a total production of 24.87 Mt
phosphorus (calculated from 191 Mt phosphate rock production in Jasinski, 2012a), fertilizers
accounted for 82% and feed additives 7% of the total phosphate rock consumption.
“Detergents” made up a little less than 5%, which is a reduction of about 50% in comparison to
2007 (Shinh, 2012). Further, food additives accounted for 2%, and technical phosphorus, to
increase efficiency of other technologies such as lighting, for 3% (Prud'homme, 2010; Schröder
et al., 2010). The latter uses may, in principle, be replaced by other technological solutions. Thus,
phosphorus can be substituted by other technological solutions in the technical domain but is
essential (i.e. cannot be substituted) for food and fiber production.
World phosphate rock production increased by 335% from 45.5 Mt in 1961 to 198.0 Mt
phosphate in 2011 (Kelly and Matis, 2013). This increase is smaller than the increase of human
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population which more than doubled in this period (UN, 2012). As shown in Figure 18, there is a
differential dynamics of fertilizer and phosphorus use in the developing and the developed
world. In industrial countries, the increase of demand for fertilizer came to a temporary decline
in the midst of the 1970s, then kept to a plateau, and reached a lower plateau after the collapse
of the Soviet Union. This pattern has been presumed to be mainly due to increasing
phosphorus use efficiency, increased soil stocks of phosphorus due to inputs of fertilizers and
animal manures, changes of the product portfolio, a reduction of input use after the end of the
Eastern block and other reasons. Fertilizer use may further become more efficient (Syers et al.,
2011). There are options for “Save and grow” (FAO, 2011) technologies under certain constraints.
As opposed to this, there is a continuing increase of fertilizer demand, including phosphorus
fertilizer demand, in the developing countries.

Figure 18. Trends of fertilizer consumption in the world, developing countries and industrial
countries (Röhling, 2010)

Given the finite nature of phosphate rock and the environmental impacts associated with
improper management of phosphate fertilizers, in particular on aquatic ecosystems (Bennett et
al., 2001; Conley et al., 2002; Daniel et al., 1998) and potential negative effects of phosphorus
overuse on biodiversity (Wassen et al., 2005), sustainable phosphorus management has to
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focus the understanding of prerequisites for sufficient phosphorus supply for securing long
term food security and preventing environmental phosphorus pollution of aquatic and
potential negative effects on terrestrial biodiversity.
In a world with almost exponential increase in consumption of minerals, the resources problem
is of exceptional importance. We suggest that phosphorus may become a model case for
sustainably managing resource cycles. The next section summarizes why it is important to
focus on phosphorus. We present a global approach to sustainable resources management
from a transdisciplinary perspective, taking into account the complexities and uncertainties
surrounding future sustainable practices in relation to phosphorus. Overall, we present an
aggregated perspective on how a global discourse can be moved forward and present first
results from the Global TraPs project.

5.2 Why focus on P?
Summarizing, we may see the following challenges related to phosphorus. Phosphorus is an
essential nutrient and a pillar of food security, but phosphate rock is a finite, nonrenewable
resource. Due to its highly dissipative nature, recycling and closing phosphate loops is essential
in order to reduce its impacts on aquatic systems and biodiversity (Carpenter and Bennett, 2011;
Venterink, 2011). In addition to objectionable impurities (i.e., iron, aluminum, magnesium and
calcium) that interfere with fertilizer processing, the phosphate rock also contains heavy
metals or uranium of industrial value and may be of considerable economic potential (comining).
From a geopolitical perspective, the distribution of phosphorus is of interest. The currently
known reserves are concentrated in a few countries – particular Morocco. However, fortunately
the distribution of current production is much more diverse and the high static lifetime years
(the abundance of currently known reserves) should allow to avoid bottlenecks of supply, at
least in the short and the mid term.
Phosphorus mining (in particular increased energy and water efficiency) and fertilizer
production (use and management of by-products such of phosphogypsum) and products (e.g.
controlled released fertilizers, biosolubilization of phosphate) are and will remain subjects of
technology innovation. The co-mining of metals and minerals provides another opportunity.
The different options are discussed in Scholz et al. (2014).
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5.3

The Global TraPs Project

The Global TraPs Project (Global Transdisciplinary Processes for Sustainable Phosphorus
Management; 2010-2015) works to ensure that future phosphorus use will be sustainable,

improve food security and environmental quality, and will provide benefits for the poor. This
project seeks to make a contribution by assessing current knowledge, and by establishing a
high-level multi-stakeholder platform on the global scale to develop consensus on best options
for phosphorus management in the future. The goals of the project are to develop orientations
on i) long-term management of biogeochemical cycles ii) achieving food security, iii) avoiding
environmental pollution and iv) sustainability learning on a global level by transdisciplinary
processes.
The project will use the transdisciplinary methodology which is characterized by mutual
learning among science and practice (see e.g. Scholz et al., 2006). Main characteristics of this
variant of transdisciplinarity are co-leadership between science and practice, mutual learning
including joint problem definition, problem representation and transitioning by science and
practice, capacity building and consensus building about what are critical points of sustainable
phosphorus management and how these points may benefit from knowledge integration, i.e.
by relating the multiple experiential knowledge of the different stakeholders ranging with
academic rigor (Scholz, 2011). The Global TraPs project was initiated by science (Scholz, Ulrich) in
2010 and the overall project started under the joint leadership of Dr. Amit Roy (IFDC) and Prof.
Roland Scholz (ETH Zurich) on February 6, 2011. The project design follows the supply chain
approach and includes “nodes” (e.g., akin to working groups) on Exploration, Mining,
Processing, Use, Dissipation and Recycling, Trade and Finance, and crosscutting issue (see
Figure 19). All nodes are led by key stakeholders, one each from practice and science and
facilitated by a transdisciplinarity coordinator, a person who is experienced in theory-practice
dialogues. The transdisciplinary Global TraPs project has been independently developed in
parallel to the Global Phosphorus Research Initiative (GPRI), a university-driven initiative. The
European Phosphate Platform, an initiative linking policy makers, science, and industry is
closely linked to Global TraPs project and had its first meeting in March 6-7, 2013. The Global
TraPs project is unique, as it includes key stakeholders along the whole value chain including
USGS, UNEP, FAO, IPNI, fertilizer mining companies and traders, farmer organizations, recycling
companies, environmental NGOs such as Greenpeace and a wide range of top scientific
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institutions from various parts of the world. Also, its co-leadership guarantees a balanced
contribution by science and society and its diverse stakeholders.

Figure 19. Design of the global td (transdisciplinary) process for sustainable phosphorus
management 2010–2015

5.4 Orientations of the Global TraPs Project
Methodologically, the Global TraPs Project has adopted a Closed Loop Supply Demand (CLoSD)
Chain perspective. After building partnerships, key stakeholders of all nodes identified critical
questions on improving the phosphorus cycle in order to attain the project goals i)- iv)
previously noted. Table 17 includes the propositions of the First Global TraPs workshop, held in
2011 in Arizona. In the initial workshop, basic statements were made about scarcity,
prerequisites of resilient food systems, as well as the need for a material flow perspective and
of a transdisciplinary knowledge integration, in particular including industry, for approaching
sustainable phosphorus use.
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Based on the work of the Exploration node, a paper was written which elaborated that
phosphorus is currently a demand market and that no physical scarcity is likely in the
foreseeable future (Scholz and Wellmer, 2013). This paper shows that the Hubbert curve based
prediction of a Peak P in the near future (Cordell et al., 2009a; Déry and Anderson, 2007)
basically contradicts data about known reserves and geo-economic theories which consider
both reserves and resources to be dynamic entities. However, due to the element’s dissipative
nature and the ongoing losses of phosphorus by e.g. soil erosion and runoff, and the finite
nature of high-grade phosphate rock deposits, there might eventually be something similar to
a peak phosphorus in the very long run. In order to take responsible action for future
generations, closing the phosphorus cycle and avoiding anthropogenic phosphorus losses to
aquatic systems is required (Rabalais et al., 2010). A meaningful goal in the frame of
sustainable development would be to establish a demand driven peak phosphorus.

Table 17. Key propositions of the 1st Global TraPs conference at Phoenix (February 5-6, 2011) on key
issues of sustainable P management (Allenby et al., 2011)
The production of phosphorus has mostly been demand-driven thus it is inappropriate to use
the Hubbert curve model to make future production projections. Currently, we cannot make
reliable estimates of resource lifespan.
The question of P supply concerns the cost of accessing P in different forms and in different
places and not absolute scarcity.
The global reserve: Consumption ratio says little of the resource’s lifespan because reserves are
dynamic and are poorly related to the total resources.
In order to improve and maintain the resilience of food systems in all societies, it is important
to consider not only the continued supply of a commodity such as phosphate rock, but also the
supply of new technology and policy options that can respond to unforeseen problems.
To help us in this direction, research on the interaction of multiple material flows as driven by
economies and institutions is warranted, as well as the development of technological options.
A transdisciplinary process that includes the knowledge of industry, other stakeholders and
science is necessary to provide satisfying and sufficient answers to the above questions.

120

The second workshop of Global TraPs (March 31-April 1, 2011) developed the guiding question of
the project:
“What new knowledge, technologies and policy options are needed to ensure that
future

phosphorus

use

is

sustainable,

improves

food

security

and

environmental quality and provides benefits for the poor?”
Based on this, the third workshop (August 29-30, 2011), attended by more than 80 stakeholders,
identified Critical Questions for all nodes. For answering the questions, a set of about 10
transdisciplinary case studies were defined in the fourth workshop, held March 16-18, 2012 in
Morocco, and hosted by Office Chérifien des Phosphates (OCP), one of the largest phosphate
rock mining and processing company in the world. These case studies focus critical points such
as the transparency and commensurability of the reserve data recorded in the Mineral
Commodity Survey of the US Geological Survey, questions on how to improve fertilizes and
phosphorus use efficiency or how to provide access to phosphorus for the poor smallholder
farmers by suitable microfinance mechanisms.
The findings of the first two years project work are published in a book which includes a state
of the art reviews on deficits of phosphorus management (Scholz et al., 2014). According to the
terminology used in transdisciplinarity, these findings are called (socially robust) orientations.
These orientations have to meet state-of-the-art knowledge but should be understood and
accepted by practice and openly convey not only the uncertainties but also the scientific
unknown which is inherent in any complex, real world analysis (Scholz, 2011). The conclusion is
that scarcity in the case of phosphorus in the next centuries is not physical, but economic
(access costs). A critical issue is the low efficiency and losses (some temporary and open to
recycling) associated with production and use of phosphate fertilizers. Only about 10% of the
mined phosphorus is currently consumed. Further - given a tripling of the natural phosphorus
cycle - the contamination side seems to be underestimated from a long-term perspective. A
problem being faced with sustainable phosphorus management is that the financial rationale
often is inducing unsustainable use (Schröder et al., 2011). Access to phosphorus may be
economically difficult, in particular for smallholder farmers, despite the urgent and increasing
demands for improved soil phosphorus fertility necessary to support increased agricultural
production by Africa’s farmers (Sattari et al., 2012).
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The first results of these case studies will be presented at the First World Conference on
Phosphorus in Beijing, China, June 18-20, 2013. This conference runs under the heading
“Learning from Cases – Exploring Policy Options”. This World Conference will be followed by a
fourth workshop focusing on phosphorus use on tropical soils in 2014 and a second world
conference in 2015 which will close the Global TraPs project. The second world conference
should end with “socially robust solutions” (Nowotny et al., 2001; Scholz, 2011) on sustainable
phosphorus management. Such solution should meet science state-of-the-art knowledge,
attract understanding by all stakeholder groups, and should acknowledge the unknown which
is included in the management of such a complex issue as sustainable global phosphorus
management.

5.5

Conclusion

Global TraPs will contribute, at the global level, to a constructive phosphorus dialogue and
sustainable phosphorus use in the future by defining, in a multi-stakeholder forum, the
following:
• The current state of knowledge on phosphorus and its use, and new knowledge which is
necessary to ensure sustainability of its use,
• New technologies which are needed to better process, use and re-use phosphorus, and
• Most valuable areas for policy intervention to ensure sustainable P use in the future.
One strength of the Global TraPs project is that it is not confined to the policy-science nexus,
but rather engages all key stakeholders, in particular, industry, NGOs, farmer organizations, and
relevant development institutions covering the entire supply-demand chain. The outputs of
Global TraPs will be made available globally for policy makers in the public domain as well as
interested stakeholders in the private sector. The specific case studies and their outputs, will
benefit particular locations, but will also provide insight into the context and complex
considerations associated with improved phosphorus use. The first two years have shown that
a thorough transdisciplinary discourse may provide a transdisciplinary roadmap not only for
understanding but also for a transitioning to sustainable phosphorus flows.
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6. On the modern P sustainability movement and discourse with a focus on opportunities and challenges
6.1

The modern phosphorus sustainability movement: A profiling experiment

Abstract
Since the “peak phosphorus” concept emerged in 2007, concerns about the future availability
of phosphate rock have funneled into a growing number of actions, often in the form of new
and innovative platforms focusing on phosphorus sustainability. This trend seems to continue
on different levels and in different formats, which makes the landscape of activities
increasingly blurred and complex. This article considers the emerging phase of the modern
phosphorus sustainability movement. It provides a first profiling overview of platforms working
towards more sustainable production, consumption, and reuse of phosphorus (P) within the
frame of securing global food production and environmental quality. The aim is to gain a better
understanding of the movement, pertinent literature, the problem sphere itself, and of forms
of possible engagement. Major barriers and opportunities inherent in the various approaches
are discussed. It is concluded that overarching coordination will be necessary to improve future
planning and priority setting for sustainability strategies.

6.1.1

Introduction

Since 2008, a series of multi-stakeholder platforms concerned with meaningfully and
comprehensively addressing different (or possibly all) key aspects of the unsustainable
production, consumption, and reuse of phosphorus (P) within the frame of securing global food
production and environmental quality have emerged. The diverse pool of societal actors—
science, industry, business, and policy making—initiated a large number of events that
promote transitions toward use, reuse, and management regimes of phosphorus that are more
effective, efficient, and equitable. This rise in collaborative research on challenges and
opportunities surrounding phosphorus sustainability or security is attended by an expanding
body of literature. From 2009 to 2012, more than 40 papers have been published taking into
account phosphorus scarcity promulgated by Cordell et al. (2009). Particularly, the concept of
“peak phosphorus,” suggesting that global phosphate rock production might reach a climax
around 2030 and irretrievably decline afterwards, received wide attention in the media and
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within a sizeable group of stakeholders from academia, industry, governments, and non-profit
organizations. As platforms and organized activities in the field continue to grow and multiply
worldwide–reflected e.g., by the launch of the European Phosphorus Platform in March 2013—
an increasingly complex landscape is being created. This article confronts this complexity in
addressing questions of movement genesis, geography, and “who is who”. As such, the
profiling exercise also places itself in the broader debate of large-scale international
collaboration on global issues related to their opportunities and challenges (Adams, 2012;
Nature Editorial, 2012).
This article starts from the premise that an overview of the numerous but fragmented
initiatives seeking to improve our joint knowledge on improved phosphorus management
through research, development, new policies and technologies will be helpful for e.g.,
scientists, resource managers, and decision-makers interested in following the field’s progress,
enhancing current efforts, or seeking to engage more actively. The purpose is to provide a
comprehensive perspective on what this paper addresses as the modern phosphorus
sustainability movement (Movement as “organized effort to promote or attain an end”
(Merriam Webster Online Dictionary), by (i) reviewing major initiatives, their activities, key
events, and publications; and (ii) discussing opportunities and challenges of these approaches.
The profiling experiment aims to fill a critical void in raising awareness how the sustainable
phosphorus movement started in the 21st century, how far it has come, and where it’s future
may lead. It is hoped that this may launch a dialogue on how to better connect the presented
initiatives. However, the paper does not include a deep analysis or comparison between
initiatives, except when required. Although the authors acknowledge the rich history of past
research concerned with phosphorus, and existing efforts concerned with specific aspects of
the phosphorus supply chain, the scope is limited to those initiatives founded after 2007 that
play a visible role in the current phosphorus sustainability debate.
The article is organized as follows: The first section gives a brief account of the origin of the
reemerging phosphate supply anxiety–the underlying premise being that phosphate rock
depletion concerns coupled with the food and commodity crisis in 2007/2008 are the vantage
point. The second section presents major platforms, summarizes key characteristics, and
identifies common denominators. After reflection upon developments, the last section
discusses opportunities and challenges inherent in the collaborative approaches. In conclusion,
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it is argued that overarching coordination of the various initiatives can provide an overlooked
synergistic effect for long-term change.

6.1.2 Phosphorus background, a brief “peak P” research genesis and geography
Phosphorus is one of the macronutrients essential for crop growth. Largely derived from mined
phosphate rock, it is crucial to fertilizer application worldwide, and hence, to food security.
While the amount and composition of fertilizer compounds required for soil fertility can vary
widely from one region and production system to another, in general, global application rates
have increased greatly since the middle of the last century. This resulted in a food production
level that allowed for unprecedented population growth. While in the past, farmers relied on
organic input in the form of, e.g., bone meal, fish scrap, guano, animal dung, or night soils to
achieve a permanent agriculture (King, 1911), nutrients that feed the modern agricultural
system today are derived from large-scale industrial manufacturing processes that depend on
considerable resources and energy input—with significant environmental feedbacks. As for any
resource, the question of supply security is a complex matrix of dynamic factors related to
striking a balance between inter alia physical availability (i.e., geological abundance),
accessibility (e.g., price, markets, technology, infrastructure), and demand-supply mechanisms.
In terms of physical availability, Nitrogen (N) can be obtained in large quantities from the
atmosphere via the Haber-Bosch process, and world resources of Potash (K) amount to 250
billion tons (Jasinksi, 2013a). In comparison, the modern source of phosphate fertilizers in
agriculture is phosphoric acid, which is derived from phosphate rock and sulfuric acid. While
sulfuric acid is largely produced during fossil fuel processing and reserves are deemed adequate
for the foreseeable future (U.S.G.S., 2012), concerns about phosphate rock’s availability and
depletion of high-grade deposits have emerged on the global stage during a time when
fertilizer commodity and food prices soared (Ott, 2012).
In August 2007, Déry and Anderson (2007) published a study entitled Peak phosphorus on the
popular Energy Bulletin online platform concerned with energy supply security and peak oil.
From calculations based on the Hubbert peak oil analysis (Hubbert, 1956), the authors
concluded that the U.S., historically the world leader in overall phosphate rock production, had
reached its potential production peak in 1988. They further concluded that a world peak had
possibly occurred around 1989. Both conclusions can be misleading. According to data from the
U.S. Geological Survey, a peak in U.S. production has, from a 2013 standpoint, occurred in 1980
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with a total rock output of 54 million metric tons. In contrast, production in 1988 only reached
45 million metric tons. A similar situation exists for global production: in 1988, world output
was 162 million metric tons. This total was only reached again in 2008, with a historic high of
210 million metric tons being attained in 2012 (Jasinski, 2013b). Coinciding with the study by
Déry and Anderson (2007), the Story of phosphorus: Global food security and food for thought
(Cordell et al., 2009a) was published in 2009. The authors pointed to a probable world
production peak around 2030 and discussed the need to include the long-term availability of
phosphate rock in global food security considerations by means of e.g., approaching improved
use, reuse, and institutional measures. By March 2013, the paper had received 313 citations in

SciVerse Scopus. For comparison, Hubbert’s Energy from fossil fuels (1949), which outlines peak
fossil fuel production curves and decline, is cited 84 times (April 2013). Figure 20 depicts the
paper citation analysis and the impact of P scarcity based on phosphate rock depletion in the
scientific community.
Figure 21 shows the landscape of selected key events from 2008–2014 and illustrates centers of
academic P sustainability research. As can be readily seen from the combined components of
Figure 20, the paper received wide attention in a variety of scientific fields. This visible diversity
may serve to illustrate how broad the topic is. As citations are frequently used to indicate the
impact of a study, the large and increasing number of citations the paper received in Scopus
suggest a clear growth trend of the topic. Similar conclusions can be drawn from the growing
list of “peak P” hits in Google Scholar. In addition, the visualization of Figure 21 gives an
overview of world regions where P sustainability is of growing interest. Countries in red
represent places that have recently held conferences or meetings relevant to P sustainability.
Circles represent geographical “hot spots” in academic P sustainability research. In general, the
observed patterns suggest distribution on all continents; however, there is a clear
predominance in developed countries.
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Figure 20. Multi-aspect citation analysis of the paper “The story of phosphorus: food security and
food for thought” by Cordell et al. (2009a) and impact of P scarcity in the scientific community.
Figures illustrate the number of citations (2009–2012: 287), the citation distribution for the top
seven source titles, the document type, and the variety of subject areas in which the paper was
cited (source: SciVerse Scopus, 2013; 313 citations as of March 2013). The chart “Google Scholar hits”
tracks the emergence of “peak phosphorus” in the scholarly literature from June 2009 (219 hits) to
March 2013 (749 hits; hits for the time period between May 2012–—601 hits—and February 2013
are extrapolated).
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Figure 21. The landscape of selected key events and university research hot spots with a focus on phosphorus sustainability, identified by citation
mapping, from 2008–2014 (top 10 affiliations of authors citing Cordell et al. (2009a)).

The peak P concept was contested early on by Van Kauwenbergh (2010) and subsequently by
other stakeholders from practice and science such as Mew (2011), IFA (2012), Vaccari and Strigul
(2011), or Scholz and Wellmer (2013). Their main arguments were largely based on a dynamic
understanding of the phosphate rock resource/reserve concept or improved data. As of 2011,
the U.S. Geological Survey estimated world phosphate rock reserves to be more than four times
larger compared to the information available in 2009 (Elser and Bennett, 2011). While today,
there appears to be no scientific evidence for the short to medium “running out” scenario on a
global level as promulgated in articles such as Gilbert (2009), a large amount of research paired
with action, advocacy, and agenda-setting has been initiated in the field of sustainable
phosphorus management since 2008, often starting from the premise of a potential imminent
production peak in contrast to larger management issues along the phosphorus value chain as
depicted in Figure 22. Word clouds are a simple analytical tool, which allow one to quickly grasp
content. By means of quantifying the most frequent words in abstracts of one of the first
publications dedicated to the emerging phosphorus challenge (Vaccari, 2011b), it is found that
resources and phosphate rock were clearly quoted; however, other issues such as “food”,
“fertilizer”, “production” and “soil” were more prominent. Overall, the results reflect a diverse,
broad, and relatively balanced characterization of challenging fields along the P cycle.

Figure 22. Word cloud of most frequent topics covered in “The phosphorus cycle”. Top 20 most
common words distilled from abstracts of all fifteen articles published in the Chemosphere special
issue (Vaccari, 2011b), 12 of which cited Cordell et al. (2009a), 92% in their introduction.
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Table 18. Overview of key initiatives concerned with phosphorus sustainability and related issues
such as food security or dissipation (2008–2013).
Action level Initiative

Initiators

P lifecycle stage

Based in

Website
www.jora.jp/rinji/rinsigen/index.html

national
Phosphorus Recycling
Promotion Council

nationwide multi-stakeholder group with
recycling
government support

Japan

Sustainable P Initiative

School of Life Sciences, Arizona State
University, Tempe, AZ

USA

complete cycle/productionconsumption/dissipation

www.sustainablep.asu.edu/home
www.sustainablep.wordpress.com

Sustainable Phosphorus
Research Coordination
Network

School of Life Sciences, Arizona State
University, Tempe, AZ

complete cycle/productionconsumption

USA

http://sustainablep.asu.edu/prcn

Dutch Nutrient Platform

public and private Dutch organizations

complete cycle/ recycling

Netherlands

www.nutrientplatform.org

Australian Sustainable
Institute for Sustainable Futures,
complete cycle/productionPhosphorus Futures Project University of Technology (UTS), Sydney consumption

Australia

www.phosphorusfutures.net

Global Phosphate Forum

production-consumption

Belgium

www.phosphate-forum.org

complete cycle/productionconsumption

Australia

www.phosphorusfutures.net

dissipation/productionconsumption

Kenya

www.gpa.unep.org/gpnm

international
producers of detergent phosphates

Institute for Sustainable Futures at the
University of Technology, Sydney, and
Global Phosphorus
the Departement of Water and
Research Initiative (GPRI)
Environmental Studies at Linköping
University, Sweden
United Nations Environment
Program,Global Programme of Action
UNEP Global Partnership on
for the Protection of the Marine
Nutrient Management
Environment from Land-based Activities
(GPA)

complete cycle/productionAustralia
consumption
Chair of Natural and Social Science
Global TraPs (Global
Interface at the Swiss Federal Institute
Transdisciplinary Processes
Germany,
of Technology (ETH), Zurich,
complete cycle/supply chain
for Sustainable Phosphorus
USA
International Fertilizer Development
Management)
Center (IFDC), Muscle Shoals, AL
Global Phosphorus Network GPRI

www.globalpnetwork.net

www.globaltraps.ch

Global Food Security Forum

OCP Group (Office Cherifien des
Phosphates)

production-consumption

Morocco

www.globalfoodsecurityforum.com

European Phosphorus
Platform

European partners of the phosphorus
value chain

productionconsumption/recycling

Netherlands

www.phosphorusplatform.org

6.1.3 Eleven key platforms in detail
To identify the emerging main protagonists in the field of phosphorus sustainability, we
searched for new, voluntary, collaborative group efforts that promote improved use, reuse, and
management of phosphorus since phosphate scarcity concerns emerged in 2007. Observation
and literature research helped to identify further platforms. For coherence, they were analyzed
according to six key characteristics: key architects, pertinent literature, key issues, goals and
operational approaches, drivers, and involvement opportunities. Initiatives were divided into
two groups: “national” (predominantly concerned with domestic phosphorus-related problems
and solution-finding mechanisms), and “international” (engaged in the global problem
definition and solution-finding processes). Within each group, initiatives were portrayed
according to their formation history. For the semi-structured descriptive profiling, information
available from the platform’s websites, related publications, or personal communications was
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synthesized. Table 18 summarizes the eleven key initiatives that were reviewed, displays selected
main features, and locates them within the phosphorus lifecycle.

6.1.4 Platforms operating on a national level
Phosphorus Recycling Promotion Council, Japan
The Phosphorus Recycling Promotion Council was founded in late 2008 for an unspecified
period of time by seven individuals from the Japan Fertilizer and Feed Inspection Association,
the Japan Soil Association, Osaka University, Tohoku University, the Japan Fertilizer and
Ammonia Producers Association (JAF), the Japan Organics Recycling Organization, and the
Japan Sewage Works Association. Professor Ohtake from Osaka University leads the initiative
that is being funded by JAF and in 2013 included members from four government agencies (the
Ministries of Economy, Agriculture, Land, and the Environment), knowledge institutions (e.g.,
Osaka University, Tokyo University of Agriculture, Tohoku University, Tokushima University, the
National Institute of Material Science, the National Institute of Environmental Studies),
industry and practice (e.g., Japan Organics Recycling Association, Japan Sewage Works
Association, the Soil Association; the iron and steel industry). Driving key concerns are price
considerations, both in terms of increasing national waste treatment costs as well as the 2007
and 2008 global food and fertilizer price volatility. To reach the underlying goal—strategically
and sustainably manage phosphorus—council members engage in a variety of activities,
including in-depth research on resource logistics, improved nutrient utilization, modeling
phosphate flows, and phosphate recovery (Matsubae et al., 2011; Matsubae-Yokoyama et al.,
2009). The multi-stakeholder cooperation aims to establish a well-functioning platform that
enables certain knowledge gaps not only at the interface or within certain sectors, but also on
the different action levels to be overcome. While strong emphasis rests on the development and
implementation of cost-saving, innovative technologies (Kuroda et al., 2002) for recovering and
recycling phosphorus, the platform also directs its efforts towards raising public awareness of
the inherent links between securing phosphorus availability, soil fertility, food security, and
technology improvements. Expected outcomes are stronger collaboration between the
different groups concerned to work jointly towards improving the resource’s governance, as
well as cross-regionally, as last year’s two Japan-based workshops on P governance from an

Asian perspective demonstrated. The platform is open for involvement along these lines.
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Sustainable Phosphorus Initiative (SPI), U.S.
The Sustainable Phosphorus Initiative (SPI) was founded by Jim Elser, Dan Childers, Marc
Edwards, and Jessica Corman of Arizona State University (U.S.) in 2010 and was originally driven
by limnological considerations, i.e., eutrophication. It is interdisciplinary scientific in its
approach to build a credible scientific consensus on the dimensions of phosphorus
sustainability, as well as to mobilize a global inter- and transdisciplinary network on the issue.
At its very core, the initiative aims to motivate changes on the institutional and commercial
levels as well as in consumer behavior (Metson et al., 2012) to spur phosphorus conservation
and recycling efforts. Key messages such as “the biggest problem you have never heard of” and
“closing the human P cycle” (Corman in Ulrich et al., 2012) capture the inherent problems and
lack of awareness of the broken phosphorus cycle (Childers et al., 2011; Elser and Bennett, 2011).
SPI hosted the second Phosphorus Summit in Tempe, AZ, in January 2011. The outcome was
twofold: first, the Phoenix Phosphorus Declaration, a consensus statement on global P
sustainability challenges and opportunities; second, a multi-author book expected to be
published in 2013 (Wyant et al.). The five-year SPI sub-project Sustainable Phosphorus Research

Coordination Network (RCN), which gained funding support by the U.S. National Science
Foundation in 2012, held its kick-off in the first half of 2013. During its first phase, Working
Groups will revise and analyze the first two identified Challenge Areas stated in their
declaration, phosphorus efficiency and recycling, during several planned workshop meetings to
be held in Washington D.C.. The second phase strives towards integrating the two subject
groups. Multiple benefits are expected, ranging from new forms of cooperation between
concerned parties, to robust research projects, extended communication of the problem field,
and ways to approach them. The science-based, interdisciplinary platform has a strong U.S.
focus, yet it responds to the reality of the problem’s global nature by aspiring to associate
international experts and leaders in the field. It is open to a wide stakeholder group.
Dutch Nutrient Platform (NP), Netherlands
The Dutch Nutrient Platform (NP), which was founded in early 2011 in the Netherlands and is
presided by Eric Smaling, links different groups in the phosphorus cycle, most notably farmer
associations, the water sector, industries concerned with waste handling, fertilizer producers or
other phosphorus-based industries, representatives from NGOs and governments, and
research centers within the country. More than 20 parties initially signed the Phosphate Value

Chain Agreement (Phosphate Value Chain Agreement, 2011) in October 2011, and participation
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has now risen to more than thirty organizations. This basic document of the initiative outlines
its goals, namely to design and implement a cradle-to-cradle perspective on phosphorus use,
recycling, and reuse. It also includes a clear statement by the Netherlands to be willing to take
issues further on the European and international levels. The agreement is considered a
pioneering document for nutrient management’s institutionalization. The network strives to
create a market for national surplus-P via recycled products by the end of 2013 by exploring
different business cases and analyzing legislation challenges. Regulatory barriers that prevent
innovation to take place will be identified. Further, research on phosphorus flows is being
supported. Major drivers are concerns of nutrient depletion and the subsequent major global
impact on food security, a substantial phosphorus-surplus resulting from a large national
livestock industry, the absence of recycling in agriculture, and the significant dependence on
phosphate rock imports. Smart regulation, trust building between stakeholders, and creating a
safer investment space are recommended by the NP for greening the economy. The NP
initiated and co-organized the European Sustainable Phosphorus Conference held in Brussels in
March 2013. As a Dutch network, membership is open for Dutch organizations.
Australian Sustainable Phosphorus Futures Project
The Australian Sustainable Phosphorus Futures Project (2012–2014) is implemented by the
National Strategic Phosphorus Advisory Group (NSPAG, 2012). Led by the Institute of
Sustainable Futures, the multi-stakeholder group is concerned with framing sustainable
phosphorus use options in Australia to secure long-term food production. Conducting analyses
of phosphorus stocks and flows (Cordell et al., 2013) as well as scenarios (Cordell et al., 2009b)
will be a major task, in addition to communicating relevant, credible, and consistent results to
policy-makers. This will allow research priorities to be set and policy options to be identified.
The platform was launched during the 3rd Sustainable Phosphorus Summit in Sydney, Australia
(29 February–2 March 2012).

6.1.5 Platforms operating on an international level
The Global Phosphate Forum
The Global Phosphate Forum (GPF) is a non-profit organization formed in 2007 in Sao Paolo
through the action of 13 companies from Belgium, Brazil, Germany, India, Israel, Mexico, Russia,
Spain, and Venezuela. As the world association for producers of phosphates used in detergents
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(sodium tripolyphosphate, STPP), it functions on a voluntary and paid membership basis. Its
major tasks, summarized in its Statutes (Global Phosphate Forum, 2007) are to promote the
use of phosphates in detergents, cleaning products, or other industrial applications apart from
food or pharmaceuticals; to engage and promote a better understanding of the effects of
phosphorus on the environment and recycling via communication and coordination; and
representation of the collective interest of different bodies of, e.g., trade and regulation. In early
2013, the industry association included six members located in Belgium, Germany, Kazakhstan,
Netherlands, Tunisia, and the U.S. Within the phosphorus sustainability movement, GPF is one
of the sponsors of Global Phosphorus Network and a participant in the Global TraPs Project.
Under its umbrella, a key activity is the provision of the SCOPE newsletter, formerly published
under the Centre Européen d’Etudes sur les Polyphosphates (CEEP), a sector group of the
former European Chemical Industry Council (Cefic), now the European Phosphoric Acid and
Phosphates Producers Association (PAPA). The newsletter has been published since 1990
several times a year, with a peak output in 2011 and 2012. Given that the phosphate detergent
industry landscape is changing fundamentally in Europe with the EC ban on domestic laundry
and dishwasher detergents, with restrictions applying in 2013 and 2017, respectively (Corazza
and Tironi, 2011), some changes in the forum’s composition and activities are expected.
The Global Phosphorus Research Initiative (GPRI)
The Global Phosphorus Research Initiative (GPRI) was founded early in 2008 by the Institute for
Sustainable Futures, the University of Technology, Sydney (Australia), and the Department of
Thematic Studies, Water and Environmental Studies, Linköping University (Sweden) as a
spring-off of the doctoral thesis Sustainability implications of global phosphorus scarcity for

food security by Cordell (2010). Its main function is to provide a collaboration platform for
independent research institutes worldwide. In 2009, GPRI published its Declaration on global

phosphorus security. In this key document, members and affiliates of the initiative state three
arguments for change: that “global phosphorus usage practices are threatening the world’s
future ability to produce food and are responsible for widespread eutrophication,” that “a peak
in global phosphate rock production is likely within the next few decades after which demand
will exceed supply,” and that in the face of growing environmental, economic, and ethical
concerns, action, based on the principal of sustainable development, is required to achieve
phosphorus security. Seen as main architects of the peak phosphorus concept and first
international group advocating phosphorus security, several key publications have appeared
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discussing the concept, sustainability options, and ways to move forward (Cordell et al., 2013;
Cordell et al., 2011; Cordell and White, 2011). The joint initiative expanded its membership in 2011
to also include the Stockholm Environment Institute (Sweden), the University of British
Columbia (Canada), and Wageningen University (The Netherlands). The main driving force
behind all activities are the limited awareness historically, current research, and the policy
debate on global phosphorus scarcity that threatens agricultural food production as well as the
current strategic window of opportunity to communicate the problem and advance
sustainable solutions. Striving to increase knowledge in this problem field and generate
sustainable solutions, the initiative consolidates expertise between its members and facilitates
interdisciplinary research through an interdisciplinary research format. This was exemplified
during the 2nd Sustainable P Summit in Sydney in 2012, whose outcome, a Blueprint for P
security, was published in 2013 (Anonymous, 2013). In addition, the group is strongly involved in
raising awareness, co-developing policy recommendations, communicating results and setting
an agenda for global food security. Engagement is open for independent research institutes.
The Global Partnership on Nutrient Management, UNEP
The Global Partnership on Nutrient Management (GPNM) was founded in 2009. It acts under
the United Nations Environment Program (UNEP)’s Global Program of Action for the Projection

of the Marine Environment from Land-based Activities (GPA). The global nutrient challenge,
framed in the context of complex benefits of increasing the use of nitrogen and phosphorus
and costs in terms of resulting environmental problems, triggered its establishment. In 2011,
UNEP called attention to phosphate rock availability in its yearbook (Syers et al., 2011). Declared
goals are to reduce excess nutrient flows while not inhibiting global development (UNEP, 2012).
The Manila Declaration (UNEP, 2012) acknowledged the human-induced increase of P and N
into ocean. Work is planned to globally assess nutrient management policies, practices, and their
multiple impacts. This will be achieved by goal-oriented global advocacy directed towards
governments and stakeholders for action. GPNM provides discursive space for countries and
stakeholders from all sectors to create best practices in nutrient management from a systems
perspective. As outlined in their recent report Our Nutrient World (Sutton et al., 2013), a viable
next step will be to determine how to move forward on questions concerning the mandate and
the process. Questions remain open in regard to whether an existing intergovernmental
process such as IPCC should be applied or whether other forms of policy processes need to be
established to allow use efficiency measures to be set. While discussions on a 20% nutrient use
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efficiency policy have started, no agreement could be reached so far. GPNM embraces
stakeholders from national and international governing bodies, universities, and foundations,
among others.
The Global Phosphorus Network (GPN)
The Global Phosphorus Network (GPN) was founded in 2011 by the University of Technology
Sydney as an initiative of GPRI and is managed by Dana Cordell, Stuart White, and Tina Schmid
Neset. Its membership amounts to over 500 individuals from a vast background of disciplines
and stakeholder groups. Its goal is to fill the void of a missing public platform for discourse on
issues related to phosphorus security via increasing scientific understanding of the issue,
awareness, action, and public debate. In that sense, it provides a platform for all those
interested or willing to share their expertise in finding ways to work towards phosphorus
security. GPN is funded by the GPF, the Swedish Research Council FORMAS, and a Danish
biotech firm.
Global Traps
The Global TraPs project (“Global Transdisciplinary Processes for Sustainable Phosphorus
Management”) is an international multi-stakeholder forum which was designed and initiated
by Scholz and Ulrich at the Swiss Federal Institute of Technology in Zurich from March 2010
onward (Eilittä et al., 2011). The project was officially launched in February 2011 when the
International Fertilizer Development Center (IFDC; Muscle Shoals, Alabama, U.S.) became the
project’s practice co-leader. At the time, IFDC had just introduced its Phosphorus Efficiency
Initiative, which aims to improve the direct application of phosphate rock and to determine the
global availability of phosphate rock reserves and resources (Van Kauwenbergh, 2010). Since
2013, the project has been co-lead on the science side by Frauenhofer of Germany, Europe’s
largest application-oriented research organization. The original drivers for Global TraPs are
found in the essentiality and criticality considerations of both the resource phosphate rock and
the element phosphorus. The project is largely concerned with the long-term management of
biogeochemical cycles, the challenge of closing the fertilizer loop, and a new type of sustainability
learning on a global scale. In applying the supply chain perspective for case representation and
establishing a human-environment systems-based transdisciplinary process, it is built to create
a non-politicized and pre-competitive platform that contributes to a constructive P dialogue
and sustainable management practices over its five-year lifetime (2010–2015). A project guiding
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question will be answered via case-study research: “What new knowledge, technologies and
policy options are needed to ensure that future phosphorus use is sustainable, improves food
security and environmental quality, and provides benefits for the poor?”(Scholz et al., 2013). In
2011 and 2012, four workshops were held to establish project propositions (Allenby et al., 2011),
agreement upon the guiding question, and case studies (Scholz et al., 2011). The first of two
world conferences was held in Beijing, China, in joint partnership with the Chinese Academy of
Sciences and UNEP’s Global Partnership on Nutrient Management. The results of the last two
years will be made available in book form in 2014 (Scholz et al.). Engagement is open for science
and practice representatives with an interest in phosphorus.
Global Food Security Forum
The Global Food Security Forum (GFS) was established in 2012 as an initiative of the OCP Group.
OCP is a global leader in the phosphate market and works the world’s largest known phosphate
rock reserves, in Morocco (Jasinski, 2013b). In 2011, it started to host the by-annual International
Symposium on Innovation and Technology in the Phosphate Industry. OCP contributes
substantially to global food security and acknowledges its responsibility in it. Founded by
organizations from six different countries (Morocco, India, Brazil, France, The Netherlands, and
Sierra Leone), the forum aims to provide a meeting and communications platform for a highlevel, multi-disciplinary group of global leaders in food security and organizations from a broad
spectrum of society. The inaugural meeting (GFS, 2012) was held in Rabat, Morocco, which
almost 300 individuals, more than 70% from the South, attended. While the initiative not only
has a stake in phosphorus, but also in global food security, it spans the spectrum of interaction
further. Its strong drive to larger membership from the South makes it, both in terms of origins
and outlook, the first high-profile South initiative. This is an important contribution to a more
balanced North-South interaction. The main purpose of the initiative is to “identify and support
promising innovations, approaches and partnerships to assure food security at the local,
national and global levels” (GFS, 2011). At the center of efforts rests the advancement of
integrating the triple-bottom line, smart investment, and advocacy to secure food security on a
global level, yet particularly for those the least resilient. GFS is a high-profile solution-oriented
platform with more than 200 key food security stakeholders, striving for partnership with all
concerned or affected parties. It operates via working groups that have a clear research and
development agenda, supporting existing efforts and creating new ones. Steady growth in
interactions and sub-initiatives is expected for the coming years.
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The European Phosphorus Platform
The European Phosphorus Platform (EPP), currently hosted by the Dutch Nutrient Platform in
Den Haag, is a joint initiative of eighty European partners that hold core interests along the
phosphorus value chain. It was launched at the European Sustainable Phosphorus Conference
in March 2013 via a joint declaration of 150 participants on goals, principles, and next steps (EPP,
2013). A strong focus rests on improving use efficiency, recycling, creating a market for
secondary phosphate products, and improving cooperation between the parties concerned, in
the wider scheme of new job creation, retaining competitiveness, and decreasing supply risk
(de Ridder et al., 2012). To launch the platform, 40 different stakeholder groups from industry,
business, NGOs, and knowledge institutions collaborated with the European Commission (EC).
The concern about phosphorus scarcity was initially brought to the attention of the EC via a
tender report in 2010 (Schröder et al., 2010). EC’s core phosphate activities have recently been
focusing on a Green Paper and a consultative communication on P use sustainability (European
Commission, 2013), the revision of the fertilizer regulation, as well as the Raw Materials

Initiative. One focus rests on closing knowledge gaps in regard to phosphate flows in the EU
(Ott and Rechberger, 2012). It has been argued that major willingness by policy-makers is
needed to create a EU legal framework that opens a safe space for necessary research and
development. Network engagement is open for science and business partners, particularly
from Southern and Eastern Europe to gain a more balanced representation.

6.1.6 General remarks on developments
An early driver in the modern phosphorus sustainability movement seems to have been
substantial increases in phosphate rock and phosphoric acid prices in 2007/2008 (Fertilizer
International, 2012c) coupled with short- to mid-term supply risk concerns as put forward
through the peak concept in Déry and Anderson (2007), and later, Cordell et al. (2009a).
Although concerns had been raised earlier (Abelson, 1999; Rosemarin, 2004; Steen, 1998),
recent developments suggest that a combination of factors in 2007/2008 led to the observed
substantial rise in international science and policy awareness. Established magazines such as
Nature, Spiegel, and Scientific American (Gilbert, 2009; Schmundt, 2010; Vaccari, 2009) covered
developments, with images that were easy to grasp for a large audience. In addition, the
inherent fear of civilization decline—to not have phosphate would be nothing short of
agricultural suicide—likely helped give the topic attention and momentum. Further, as
138

phosphorus can be easily linked to other concerns of the 21st century, such as water quality,
energy security, land use and climate change, it represents a convincing case to study as a
proxy in sustainable resource management.

Figure 23. A cartoonist view: From sustainable phosphorus management to peak P (Oudshoorn,
2013).

Assuming that the number of citations a paper receives is a valid proxy for how well it has been
received within a given community, the results of the citation analysis generally suggest an
activating effect between Cordell et al. (2009a) and the beginnings of the phosphorus
sustainability movement. This is further supported by GPRI’s pioneering role as the first global
initiative promoting phosphorus security. Google Scholar search results, and a reflection upon
the majority of the initiatives’ drivers indicate that scarcity concerns based on an impending
peak in rock production or depletion of reserves have become common; this is despite evolved
knowledge and data suggesting no such scenario in the foreseeable future. This begs the
question of whether some efforts are founded on assumptions that do not reflect current
knowledge—A question that is depicted in Figure 23. While no answer is intended on the basis
of the information provided, it nevertheless seems necessary to avoid falling back
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predominantly on the depletion scare when framing reasons for a clear need to improve the
management of P along its value chain (Van Kauwenbergh et al., 2013). It is important to note
that the importance of P or phosphate rock in agriculture is beyond dispute, and so is the need
for more reliable data; however, there seems a need to shift focus on consensus themes
instead, such as more efficiency in production, consumption according to needs, (food) waste,
or environmental externalities (as depicted in Figure 22). These fields seem of similar or larger
interest and point toward equally fertile research topics. Moreover, they may be more
manageable points of entry for stronger stakeholder collaboration.

6.1.7 Opportunities and challenges
In the following, the results of the profiling analysis are discussed in respect to some general
observations about opportunities and challenges within and among the reviewed platforms.
The above suggests that each initiative is characterized by a large diversity of both. We reflect
on the more prominent ones and place them within the broader debate of the functioning of
group efforts concerned with global environmental change as well as their potential impact on
national and international levels.
5.1. Opportunities
Improved understanding
The growing involvement of a larger and more diverse community of stakeholders can provide
for a richer understanding of the phosphorus cycle, its anthropocenic changes, organization of
issues, and priority areas of engagement, hence improving the likelihood of more effective and
acceptable orientations for future action. This involvement in pool learning and experience
building might, by the nature of the process, create new change agents and knowledge brokers
who can take the challenge of how to sustainably manage phosphorus beyond a short to
medium-term focus. In this “here-to-stay-scenario,” it seems important to integrate those
sciences that have traditionally been active in the problem field (such as agricultural sciences)
more strongly with the human-environment system sciences. Moreover, expertise resulting
from projects such as the IGCP Project 156, a decade-long (1977–1988) effort by more than 300
scientists to explore phosphate rock genesis and deposits, or the European Cost Action Project
869, which focused on quantifying the agricultural contribution to eutrophication, seem
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important to integrate in ongoing efforts to improve the nature and scale of the problem as
well as how to approach it.
Global focus
Independent of the action level, no initiative decouples itself from the reality of the nature of
the problem, which is inherently global (Rockström, 2009). This leads to dynamic interactions
on many scales between different initiatives. As most include another initiative or
representative thereof, ranging from participation in meetings and funding all the way to cofounding other initiatives e.g., the European Phosphorus Platform. Although these inter-and
trans-level interactions seem to be currently only loosely structured, they allow for an
important exchange between stakeholders in different world regions that might otherwise not
naturally interact.
Transition processes
It has been argued that there are no effective institutional set-ups or governance structures for
phosphorus (Cordell, undated). As a consequence, researchers and practitioners turned to their
own interim interventions: forming solution-oriented and agenda-setting initiatives that
become a starting point for awareness raising, research, and actions to improve use, reuse, and
recycling of P. There are, however, risks in solo actions that are disadvantageous to the global
community. For example, there are risks involved in individual solutions, such as single
countries engaging in independent negotiations for exclusive supply contracts with phosphate
rock providers. Hilpert and Mildner (2013) argue that resources problems cannot be solved
through unilateralism, yet in the absence of global governance mechanisms or agreements,
new paths need to be taken. The authors suggest discussion platforms, more transparency, and
stronger coupling of international research and development as possible pathways to follow. In
respect to sustainable resource management, it seems, in general, as if there is more to gain
from new styles of cooperation, on all levels, than from the possible losses resulting from it.
Synergies
Phosphorus is closely related to other resource issues and environmental problem fields of the
21st century. This cross-learning opportunity needs to be considered in more detail, particularly
in the light of duplication efforts and time-management. Platforms such as the International
Nitrogen Initiative, The Global Soil Partnership, and the Sustainable Sanitation Alliance offer
entry points for expanded learning. Moreover, insights can be gained from coupled problem
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fields such as those outlined in the UN World Water Development Report (WWAP, 2012) or the
Hirsch Report (2005) on the impacts, mitigation, and risk management of peak oil production.
Challenges
Stakeholder cooperation
As the citation and event mapping results indicate, the majority of research activity to date has
concentrated in developed countries, with the exception of China. Moreover, within the pool of
initiatives presented, only one originated in the South. Most of the initiatives that strive for a
balanced global or regional North-South/East representation acknowledge the challenge
inherent in achieving this goal. For example, EPP is actively advocating for stronger
participation from Southern and Eastern Europe. Beyond the spatial dimension, challenges also
exist in sectorial terms, i.e., generating participatory interest on the part of stakeholders from
practice. Researchers have yet to explore ways to facilitate greater participation from e.g., the
phosphate rock mining and processing industry. Building trust between different stakeholder
groups, respecting cross-cultural differences, and finding a common language to speak to
ensure effective communication are major challenges, with a severe impact on achieving
meaningful inquiry processes into P sustainability, that, if absent, will dwarf any effort to
improving use and reuse (Ulrich et al., 2013a,b). These inherent challenges of interdisciplinary
collaboration are well known (see e.g. Mooney et al., 2013; Stokols et al., 2008); this can also be
said of the interaction between science, policy, producers, and civil society (Bergmann et al.,
2012).
Problem evolution
In order to strengthen the support for these joint efforts, there seems a need to generate
greater shared understanding when framing key issues. The question of phosphate rock
reserves remains greatly debated, particularly as to whether phosphate rock reserve and
resource data should be monitored by a supra-national organization. For strategic resources in
general, Lee et al. (2012) for example suggested a form of trustee relationship where
information would be collected but only made available to a specific consented steward group
in an aggregated form. Such an approach may work given that agreement over said procedure
can be reached amongst key parties. However, endeavors to improve clarity on the systemic
input side should be paralleled by adaptation and risk mitigation strategies that focus on the
inefficient or unequal system throughput and social or environmental externalities resulting
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on the output side (i.e., from waste and losses). Arguably, the sooner the controversial
depletion debate shifts towards mismanagement issues (including more intelligible phosphate
rock reserve and resources accounting), the more likely we may see a larger diversity of
viewpoints engaged and find real solutions (Ulrich et al., 2013b).
Knowledge generation, impact and funding
In order to define the ill-structured problem field of phosphorus sustainability more clearly and
find new ways of moving forward, stakeholders have turned towards pooling the fragmented
experience and knowledge of a diverse group of actors, often under the header of sciencebased mutual learning engagement. Although, in general, the need for stronger linkages
between science and society finds increasing support, both within the science community
(World Science Forum, 2011) as well as from societal stakeholders, successful implementation
remains a demanding and often daunting task, from both methodological and operational
viewpoints. If and what the new formats of engagement between science and the larger
society within the phosphorus domain—often referred to as transdisciplinarity (Hirsch Hadorn
et al., 2008)—can deliver, particularly on the global level, remains to be seen. This is also largely
related to the fact that understanding of transdisciplinarity ranges from a very loose concept
of, e.g., science and practice interaction all the way to a rigorous methodological process
approach. The bridge-building function that science can fulfill in such a setting, also referred to
as science diplomacy, appears significant. Moreover, supportive mechanisms need to be put in
place to ensure that these joint journeys of trial and error will be successful (Pahl-Wostl et al.,
2012). The question of funding in particular plays an important role. A study by Porter and
colleagues (2012) on the impact of research coordination networks (RCN) in comparison to
other funding schemes concluded that RCN support did result in improved networking amongst a
research community, increased interdisciplinary, and more influential publications. However, the
real-world impact of those studies was not broached. A format of transdisciplinarity may allow
for more tangible outcomes on an operational level, yet there are few conventional funding
opportunities available.
To overcome this bottleneck, science-based networks have turned to innovative multi-source
funding schemes. Nonetheless, to provide sufficient resources so that networks can work and
produce effectively will remain a challenge in the future. Newly established funding agencies
such as the Global Research Council may be able to respond to such dilemmas (Suresh, 2012).
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Research management
The size and diversity of most initiatives makes them a daunting management task. To
establish well-functioning mutual learning and action communities across different scales
poses complex requirements for organizers. Differences in problem perception, priority setting,
and language are just a few of the challenges. Moreover, the amount of skills such as cultural
empathy or patience necessary on the part of participants to reduce tensions should not be
underestimated. Further, the growing multitude of initiatives may impair the capacity to create
change, as many seek for similar stakeholder involvement or may even compete for funding.
Hence, pairing the growing momentum with overarching home infrastructure seems
promising, as it may offer a hub where the multiple initiatives can meet for exchange, while at
the same time keeping their unique characteristics. Such a meta-organizational structure,
perhaps under the umbrella of UNEP GPNM or the International Resource Panel, for instance,
has the potential to shift the sometimes sub-optimal conditions in which research, exchange,
and debate currently take place towards a more efficient, resource-effective process.
Facilitating such a transdisciplinary exchange—suggested as a new format of science-practice
crowdsourcing—further has the potential to prevent duplication. Moreover, it may enable
bridging the current gap between some of the initiatives, unite efforts, and ultimately provide
solutions based on a jointly generated, shared and consolidated knowledge base.

6.1.8 Concluding remarks
The aim of this paper was to trace the origin and development of the modern phosphorus
sustainability movement and to profile major platforms, including their opportunities and
challenges. While the movement was originally started as a joint initiative between two
research institutes in Australia and Sweden, it has rapidly evolved into a broadening venture
drawing worldwide attention. Nevertheless, it remains largely northern and science-based,
with significant potential for improved coupling and coordination on a meta-level. Based on
the given observations, and at this critical stage of development, the following steps are
proposed:
• To embrace the South and improve stakeholder cooperation from the phosphate rock,
fertilizer, food, and feed industry;

144

• To find a more balanced approach when communicating the major concerns for
phosphorus sustainability—of which only one may be regional phosphate rock depletion
or declining phosphate rock grade;
• To generate, through transdisciplinary science-practice cooperation, improved, shared
understanding of the underlying problem mechanisms and dynamics;
• To create a repository for continued collective learning on a meta-level for long-term
change.
Clearly, this will not be an easy task. However, to address these issues appears as a promising
pathway for forming a new culture of cooperative learning and problem solving on a global
scale, that, if successful, can lead to lasting solutions.
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6.2 Tackling the phosphorus challenge: Time for reflection on three key
limitations
Abstract
This article addresses the outcomes of the first European Sustainable Phosphorus Conference
in combination with growing efforts by similarly focused networks arising around the globe.
We identify and discuss three areas that are likely to be both limits and barriers in transitioning
toward sustainable phosphorus management. We propose a debate on these limits and
conclude that such reflections may also enhance research and development.

6.2.1 Introduction
In March 2013, more than 300 stakeholders from industry, governmental institutions, NGOs,
and academia in 26 countries gathered in Brussels for the first European Sustainable
Phosphorus Conference (www.espc2013.org). During the event, more than 150 delegates signed
a

declaration

to

launch

the

European

Sustainable

Phosphorus

Platform

(ESPP,

www.phosphorusplatform.eu). Key components, reflected in the conference’s conclusions (see
Table 19), include reducing phosphate demand and input; reusing organic materials naturally
high in phosphorus; recycling phosphates from waste; and redefining the food system (CEEP,
2013).
Hopes are high that such joint coupled action can put the European Union (EU) in the forefront
of improved phosphorus management and recycling—fields in which the EU has been very
active in the past (for urban waste, see, e.g., Pommel and Lasserre, 1982). In today’s context,
important synergies with ongoing efforts have been identified: Horizon 2020 for research and
innovation, and the European Innovation Partnership to reduce Europe’s dependence on raw
materials. The latter is of particular interest, as the EU is almost entirely dependent on
phosphate fertilizer imports, largely from Russia, the Middle East, and North Africa (de Ridder et
al., 2012). As a result, agricultural production is vulnerable to shifts, e.g., in supply or costs, with
potentially serious consequences for the region’s food security.
The ESPP is the newest addition to a growing list of national and international initiatives that
have been registered on the world map to promote phosphorus sustainability over the last six
years. It is, however, not the only network that facilitates exchange to gain an improved
understanding of the phosphorus challenge, i.e., how to use phosphorus more efficiently while
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minimizing impacts on the environment, and incorporating sufficiency and equity
considerations. In the following, the latest history of concerns around phosphorus is briefly
presented before a critical review of the goals and conclusions brought forward by the ESPP is
given.

Table 19. Eight ways to tackle the P challenge

6.2.2 International movement
Research and innovation on adequate management of phosphorus in ecosystems and
connected concerns have a long history and tradition. The wealth of topics covered includes,
inter alia, fertilizer-crop application studies, the dynamics of phosphorus in aquatic and
terrestrial ecosystems, phosphorus recycling from organic wastes, phosphate losses, and the
global phosphorus cycle (see, e.g., Bolin and Cook, 1983; Melillo et al., 2003; Svensson and
Söderlund, 1976; Tiessen, 1995). How these approaches may differ from today’s sustainability
research is perhaps best illustrated by one prominent characteristic: the trend toward a
reframed, wider systemic approach that tries to be even more integrative, both in terms of
stakeholders involved and topics covered. This type of phosphorus research seems to have
mainly started after the price of phosphate rock (together with many other commodity prices)
soared in 2007/2008 (Fertilizer International, 2012c), and with it supply security concerns.
Cordell et al. (2009a) postulated a “peak P” scenario around 2030, based on reserve data that
were shortly after found to be more than four times larger than originally thought (Jasinski,
2012b; Van Kauwenbergh, 2010). Several factors indicate that this work may have been the
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vantage point for the modern phosphorus sustainability movement. Among these pointers are
the paper’s citation report (citations by June, 2013: 360), and the related founding of the Global
Phosphorus Research Initiative (GPRI) in 2008 (http://phosphorusfutures.net). Since then, a
number of platforms have been established in different parts of the world: The Dutch Nutrient
Platform, Global TraPs, the Sustainable P Initiative in the U.S., and the Phosphorus Recycling
Promotion Council in Japan. What they have in common are two characteristics. First, they
embrace the phosphorus issue beyond the focus of environmental pollution and agricultural
management practices. For example, geopolitical factors (Cooper et al., 2011) and justice
questions (Ekardt et al., 2010a; Hein and Leemans, 2012; Weikard and Seyhan, 2009) are being
more widely considered. Second, these platforms share the motivation to find answers to how
to improve use efficiency or recycling through different modes of science. These include
designing collaborative processes among key actors from different scientific disciplines and
parts of society (i.e., industry, administration, NGOs, and decision-makers). In this context, it
may be interesting to recall the vision that Sharpley et al. (2005: 1097) have put forward in

Phosphorus: Agriculture and Environment:
“The evolution of sustainable phosphorus management is an ongoing process that is
the responsibility of all involved; from the farmers to consuming public to policy
makers. . . . Reaching the goal of sustainable phosphorus management is, without a
doubt, the responsibility of all participants; each has its own part to play, its own
unique contribution to make, its own rewards.”
This need to cooperate, communicate, and coordinate more widely is at the center of today’s
efforts. Over the last few years, it has led to a marked increase in networking, research, and
advocacy. It therefore seems to be a good time to reflect upon some issues that are likely to be
both limits and barriers to moving forward.

6.2.3 Reflections on potential limitations
The following reflections on potential limitations may offer an entry point for broader
discussion. It appears pertinent to start with the ESPC postulates “awareness raising” and
“smart cooperation,” as they deserve a closer examination:
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Move away from alarmism: the holistic perspective
Some experts oppose the alarming and sensational tone that is still being applied when
describing the phosphorus challenge (Smil, 2012). Recent media examples of this are the ESPC
movie shown during the conference and publically available from the website, still framing the
challenge as a “we are running out” problem. Similarly, Arte, the French-German TV
broadcasting station, recently featured the phosphorus crisis as “the end of humanity?” Such
communication—while bound to its own sectorial rationalities and logics—contrasts starkly
with the current knowledge on phosphate rock reserves. These have significantly increased
since availability concerns reemerged in 2008 and 2009. It has been shown that there is no
scientific evidence for a global geological shortage (e.g. Van Kauwenbergh, 2010). Industry
holds that the world is not facing a peak phosphate event (IFA). Overlooked residual soil P
(Sattari et al., 2012) or recycling (Ott & Rechberger, 2012) may result in lower primary fertilizer
demand. In the words of Waggaman (1939):
“With the advent of improved mining methods and new chemical and metallurgical
processes, we are continually faced with the necessity of changing our views
concerning what constitutes an available mineral asset. Probably no better example
could be cited to illustrate this fact than the case of phosphate rock. “
The author referred to revised reserve estimates for the U.S., rising from seven to 51 billion tons
in 1939.10 Further, in terms of longevity, phosphate rock is clearly prominent in comparison to
other major commodities (Figure 24). In contrast, it has been proposed that availability and
supply related to, for instance, changing political climate, technological innovation, or
economic development are potential risk factors. Policy action may most likely be required here
in order to mitigate risks and facilitate adaptation. This will in part depend on whether the
impetus to provide convincing evidence on which sound decision-making can be grounded can
come from science.
There are numerous works in the resources domain documenting some possible pathways for
how to go about it (e.g., Hirsch et al., 2005). Possibilities include supporting research that aims
to improve our understanding of rebound effects (such as increases in the costs of phosphate
rock, fertilizer, or transportation). Another approach could be to review import dependency and

10

With a P O content of 32% and 16–32% respectively (referring to an increase from one to five million tons of
elemental P).
2

5
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a cost-benefit assessment of alternatives such as recycling. For conservation purposes, good
practices include increased efforts to reduce losses in production (e.g., in tailings) or more
efficient uptake by plants per applied fertilizer unit. Such approaches may alleviate the
continued dwelling on what might be framed as alarmism in order to receive attention—a
practice that serves only to vastly undermine credibility.

Figure 24. Lifetime of major commodities

Obviously, not everyone will agree with this view. Yet, it may still be of interest to some to
analyze motivations and interests in order to better understand why scarcity concerns prevail.
This might include considerations about marketing, as discussed by Young et al. (2008), who
frame scientific information as an economic commodity. In addition, the debate could tackle
the question of what might be a more effective argument for decision-makers—environmental
pollution or scarcity considerations. Söderholm and Tilton (2012) recently put forth the
argument that environmental externalities and information failures are a greater motivator for
policy formulation around materials efficiency than potential scarcity considerations. Thus,
alarmism seems in fact not necessary to motivate policy action. Lastly, the discussion might
allude to the question of whether “peak P” should be included in the long list of controversial
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alarmism, such as limits to growth, peak oil, or climate change (Brysse et al., 2013; Simon, 1980;
Smil, 2013). In such a setting, its possible catalytic function, its potential for reframing, and even
the underlying anxiety about national decline and societal well-being—or the culture of fear—
can be evaluated.
In this context, debates have arisen around the topic of information failure, the related
question of trust, and which entity should track phosphate rock reserves and in what manner.
The U.S. has the longest track record in terms of publicly accumulating data on world reserves
and resources. Furthermore, this history is likely one of the most stable. Since 1912, 11 individuals
have been largely responsible for producing the phosphate rock reports of both the U.S. Bureau
of Mines and the U.S. Geological Survey (average time each individual worked on reports: 11
years; range: 4–23 years). This expertise and experience should not be neglected when it comes
to working out the necessity of building a new inventory system. This can perhaps be
accomplished in a trust format where only a specifically-appointed steward group would have
access to an aggregated inventory, as suggested by Lee et al. (2012). However, the primary
problem is one of obtaining adequate and reliable information on reserves. Two points seem
crucial: first, standardization of data and a common classification system; second, an
international effort that allows experts from national geology institutes and industry to
participate in a continued appraisal, perhaps under the umbrella of a UN key resource
observatory program. This could alleviate to some degree the persistent problem of vast
differences in what is being measured and how it is being reported. However, a degree of
uncertainty will always remain due to, e.g., proprietary data issues, the rate of new discoveries,
and extraction rates. The recent change in gas reserves after the broad implementation of
shale gas fracking, in fact, exemplifies the persistent uncertainties in all such endeavors. If the
degree of uncertainty is deemed prohibitive for secure supply, planning seems rather a matter
of sovereign decision-making, including the search for risk response mechanisms. This can
include a high recycling rate, which would also have the advantage of local value creation.
In general, it seems important to remember that a holistic approach needs to go well beyond
this scarcity perspective and would thus include more than supply security, innovation, or
value-chain considerations. Rather, it would incorporate, inter alia, farming practice and
governance schemes (for instance, organic farming, GMO, urban farming, or sustainable
intensification), urban water infrastructure and management issues, the impact of changing
diets, and broader environmental concerns (beyond eutrophication—for instance, cadmium,
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biodiversity). Thus it is necessary to look at the full spectrum of natural and anthropogenic
phosphorus (and related) stocks and flows as well as their management and regulation. A
starting point for systemic understanding can be either i) policy analysis to reveal the complex
web of governance action and interests (Ekardt et al., 2010a), or ii) modeling of respective
coupled human-environment systems, particularly under decision-making scenarios (see, e.g.,
Lee et al., 2012; Binder et al., 2009).
More inclusive cooperation within and beyond science
There are several challenges and opportunities inherent when seeking more inclusive
participation for an improved understanding of the problem and formulation of viable
solutions. One challenge is to integrate more stakeholders from developing or emerging
countries, or, as the ESPP recently called for, participation from the EU South. This is particularly
important, as the framing of the challenge and the formulating of sensible solutions in this
region will largely differ from that of the industrialized countries that currently make up the
greater percentage of participants, but also between regions due to, e.g., different societal
needs, geographical variations, or crop and livestock production practices. It is meaningful to
investigate the barriers and drivers that either prevent or facilitate participation, particularly in
the context of asymmetric power or knowledge relationships. Science should reflect more on
these dimensions, which do genuinely include questions of inter- and intragenerational justice
and their conflict potential (Ekardt, 2011; Kals and Maes, 2012).
Another challenge relates to the integration of multi- and interdisciplinary research to generate
a genuine systemic understanding of the phosphorus domain. Stewart et al. (2005) pointed out
how essential more active dialogue between disciplines is if we are to preserve environmental
quality. Because phosphorus sustainability research deals with interactions between natural
and human systems, research today appears to be shaped to a significant extent along
interfaces. This invites participation from science fields that historically have had lower
engagement in these subjects, namely the social sciences and humanities. Their stronger
integration seems essential for transitioning, as their strength, by definition, rests on
understanding and reflecting on the human system (Eigenbrode et al., 2007; Pahl-Wostl et al.,
2013; Ulrich, 2010a). Yet, integration and participation must be desired by all sides, which is not
necessarily always the case. Moreover, it must start from a joint problem-framing process
whereby, e.g., social scientists are already involved before the agenda is set (Hackmann and St.
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Clair, 2012). To realize that a common interest or concern exists for a specific problem, and that
this issue can only be better understood and tackled by pooling the fragmented knowledge of
different disciplines and stakeholders, is primordial.
A paradox in this context appears to be the somewhat dilatory interaction within alreadyestablished fields, mainly from the natural sciences. During the last decades, many important
advances have been made. Major national and international studies were conducted to gain a
better understanding of biogeochemical cycles and their interactions on land and in water (see
e.g. Tiessen, 1995). The goals of these projects, essentially, were to identify knowledge gaps and
provide options for careful management of phosphorus. It seems a great loss not to have these
research communities and this established knowledge base more actively included in today’s
debate. One way to approach this challenge might be to investigate the obstacles to greater
cooperation more closely. Is it a question of too narrow a focus? Is it outside the scope of these
actors? Are they not convinced of the usefulness of the current approaches? Is it a problem of
uncertainty about their role or function? Obviously the problems of interdisciplinary
collaboration are broad and manifold. They include the challenge of finding a common
language, the willingness to leave disciplinary comfort zones, and the lack of bridging
fundamental differences in world views, ontologies, and epistemologies (for the latter, see
Stauffacher and Moser, 2010). All of these may severely hinder a rapprochement. As a start,
Campbell (2013) suggests three solutions: Frist, stick with plain, ordinary language; second,
return to fundamental understandings of your discipline (such as constructing simple stories);
and third, let go of ego (both professional and personal). As long as these barriers are not
clearly understood on both sides, no real holistic (and timely) approach will be possible.
In addition to increased participation from the South, the social sciences, the humanities, and
the natural sciences, participation from practice seems crucial. However, it has to carefully
reflect on the purpose, function, and role of participation (Krütli et al., 2010). Sims and Sharpley
(2005: 1095) formulated the role of science as information broker and communicator. This, in
turn, requires scientists to “understand the practical, economic, and social issues from
industry’s point of view.” Based on the inclusiveness argument, little or only selected industry
participation—as, for instance, is currently the case with phosphate rock producers and
intensive animal production units—leads to skewed and limited knowledge exchange. Again, a
better understanding of the motivations of those involved, and of the reservations of those
who are not, would help create a more balanced process. If all relevant voices are not heard,
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robust policy outcomes will be limited. The question as to how best to bridge cultural and
epistemological differences, as well as how to create trust between these different actors,
remains largely open.
New problem-solving mechanisms
Finally, we turn to a last limitation: the mechanisms that may allow for generating improved
understanding of the problem as well as phosphorus sustainability. Indeed, they may also
provide viable solutions to some of the above-mentioned challenges. In general, sustainability
problems are structurally complex and inherently normative. Transdisciplinarity, understood as
the collaboration of different scientific disciplines with various societal actors, allows for
integrating and evaluating these diverse knowledge systems and values via intense
collaboration over the whole project phase (Hirsch Hadorn et al., 2008). Today, several
networks are either applying transdisciplinarity as a systematic approach to bridging science
with society or are at least cooperating with actors beyond academia, i.e., by working jointly on
a commonly defined project (co-design and co-production of knowledge, see Future Earth,
2013). In doing so, they are pushing the frontiers of scientific method, yet hardly any data are
being recorded. It seems, however, advisable to monitor this social process, particularly as
evidence for how it may work in, e.g., a non-Western, non-democratic, or global context is
currently greatly lacking. Participant observations, surveys, and interviews, coupled with
continuous self-reflection by all involved in such projects, could provide insights on improving
the process, and shed light on the power dynamics and differing interests (see Bergmann et al.,
2012). Such an approach would present an opportunity for a much richer investigation of the
process, particularly for future studies. This could be of particular importance, as phosphorus—
to come back to the key issue—might serve as a proxy for other global resource crises.

6.2.4 Looking forward
This conclusion is based on the initial observation: A prerequisite for successfully tackling the
phosphorus challenge is improved communication, problem framing, and cooperation among
various scientific disciplines and all stakeholders. In all these areas, a great deal remains to be
done. What we currently see in the phosphate sustainability debate is a large investment in a
more cooperative approach of joint learning on national, international, and supranational
levels. Clearly, this holds major challenges, ranging from how to design, build, implement,
manage, finance, and successfully maintain these processes to questions of underlying
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interests, values, trust, and integrity. Yet, the potential arising from these approaches is great.
Addressing limitations, therefore, is likely to do as much practical good as working on new
scientific knowledge.
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6.3 Response to the comments on “Tackling the phosphorus challenge: Time
for reflection on three key limitations”
Abstract
We acknowledge the Journal of Environmental Development for providing the opportunity to
start an open discussion of phosphorus sustainability, as advocated by the ESPC 201 2013. We
consider the main concerns raised by the commentators and maintain our key arguments.
We acknowledge the Journal of Environmental Development for organizing an open discussion
of phosphorus (P) sustainability, as advocated by the ESPC 2013. We thank H. Tiessen (2013) and
L. M. Condron et al. (2013) for taking the time to respond to the issues we raised in our
communication. We welcome the opportunity to consider their main concerns, particularly the
critique constructed by the first commentator regarding “framing a rational debate on
phosphate use”.
The concerns of this paper largely confirm the barriers and limitations of the phosphorus
debate as addressed in Ulrich et al. (2013b) and allow for the strengthening of our key
arguments.
First, we do not consider alarmism to be a “straw man”. Our suggestion to move beyond the
peak debate is based on our observations of persisting arguments in a number of P
sustainability discourse arenas that continue to portray the majority problem as one of
impending global phosphate rock depletion. In contrast to the opinion of the first
commentator, we further argue that this encourages a discourse that is dominated or even
driven by geologic availability, instead of shifting the focus to improved resource management
and stewardship across the P lifecycle, including mitigating the imbalances in P fertilizer access
that a large part of the world’s farmers are experiencing today. We strongly agree that the
formulated alternative focal areas, such as residual soil P, as demonstrated by Condron et al.
(2013); cost; equity; the role of manure as a resource; the contamination of phosphate rock
derivatives with heavy metals; and shifts in demand considerations (e.g., dietary changes)
demand follow-ups in order to better understand the problems and make improvements.
Despite the growing number of efforts that the first commentator rightly pointed out, we
remain convinced that global depletion is not a major cause for concern given new supply
estimates (see also European Commission, 2013; Van Kauwenbergh et al., 2013) and that
dwelling on this issue causes major impediments to successful cooperation.
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We postulate that with revised phosphate rock reserve data, the motivation for addressing the
underlying systemic problems or policy actions may decrease, which would be in line with
historic experiences. We urge against the global “scarcity frame”, i.e., geological depletion, in
contrast to supply security problems that are often man-made. By “frame” we refer to a
concept introduced by Entman (1993): a way of selecting and rendering certain aspects of a
problem more tangible. Clearly, there are a number of additional frames that are possible and
available. Again, the first commentator offered some alternatives, such as “just access”, “food
security”, etc., frames that are, in fact, being discussed today. Moreover, the approach of the
European Union, reducing import dependency, may be considered to be another workable
alternative because it encourages a serious attempt to open up new P sources through
recycling. Our central point here is the need for researchers to place more attention on framing
the problem (including disambiguation) and its implications (e.g., for media and government
agencies). In this respect, phosphorus sustainability is indeed coupled with energy security
concerns and limits-to-growth considerations, among others.
We would be happy to respond to concerns raised regarding “unscientific language”, yet we
admittedly failed to grasp the meanings implied ("scientific" as in disciplinary bias or
imperialism, see Fara, 2010). This likely demonstrates that we have not convincingly made our
point regarding the human dimension of the challenge (referring to the simplistic model of
human behavior implied in the scarcity frame), including the need to tackle this issue through
improved interdisciplinary interactions that go beyond past and current efforts. The framing
concept introduced above demonstrates the added value of the social sciences (apart from
others mentioned in our paper, e.g., equity and international relations). Evidence suggests a
clear need to improve our understanding of research and management in the broader context
of vested interests, power structures, and poverty, which are largely understudied P research
fields. While this is easy to say, it will require a major effort by all stakeholders to find a science
that reflects the complexity of the issues we are dealing with and (scientific) languages that
will operate across the disciplinary and sectorial divides, potentially leading to languages that
deviate from the imperatives of natural science communication, i.e., complementing the
discourse (on cross-cultural issues, see e.g. Flessner, 2010). Montgomery (2004) suggested that
there are issues larger than science to be tackled if the desire to overcome disciplinary
differences more effectively and equitably is real. If we cannot converse democratically, these
“walls and towers” will prevent the necessary rapprochement. Interestingly enough, the
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reaction of the first commentator serves as clear example of problems that may arise from
cross-disciplinary interactions and their potential effects: misunderstandings caused by talking
at cross purposes and even unnecessary frustration for those involved. This impedes the
improved cooperation needed for a serious exchange of ideas. These challenges are broadly
discussed in the literature, as are the tools to overcome them (see, e.g., Fischer et al., 2011;
Sievanen et al., 2012).
In summary, to transcend the current limitations of the discourse, we can only invite the P
research and practice communities to engage more closely with a broader group of scientists
and practitioners, as well as the public at large, in tackling the multi-layer, multi-scale P
challenge. We are convinced that this will open a path to an actionable, effective response to
the major concerns raised.
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7. General discussion and concluding remarks
This thesis had two goals. First, it aimed to explore processes that could be meaningful in
rendering phosphorus use more efficient, effective, and sufficient while reducing unintended
social and environmental consequences. Second, it explored what knowledge and insights are
required in order to obtain a better understanding of the problem and the related challenges,
thus informing decision-making. This has been done by drawing on five sub-topics via interand transdisciplinary approaches within the scope of scarcity and pollution.
In this concluding chapter, we discuss and synthesize selected insights gained and relate them
to our guiding questions, stressing future research and practice needs. Three areas appear to be
of particular importance. They are represented by the following questions: 1) Is peak
phosphorus still an opportunity in the making given growing evidence that the concept is an
unfounded assertion, 2) what are the lessons learned from the participatory approaches, and
what are the future options, and 3) is the diversity approach utilized a workable answer to the
proposed challenges?

7.1

Peak phosphorus: Still an opportunity?

This thesis began with the assumption that peak P can be an opportunity to improve
phosphorus management and stewardship. Since 2010, however, a growing body of literature
suggests that there will be no imminent phosphate rock depletion within the next 20 to 30
years, as stated by Cordell et al. (2009a). Nevertheless, the peak concept is still widely used, and
the debate surrounding the concept remains ongoing. Therefore, our impression of peak
phosphorous merits discussion, particularly because the concept seems to have important
implications for the direction and success of future research and practice efforts (cf. Chapters
6.1 and 6.2). Moreover, at the writing of this concluding section in October of 2013, considerable
attention is again being paid to the phosphate rock depletion concerns and the related scarcity
implications. For example, the European Union published an in-depth report on sustainable
phosphorous use (EC, 2013), and several papers were released on the topic of reserve depletion
(Edixhofen et al., 2013; Koppelaar and Weikard, 2013; Mohr and Evans, 2013; Van Kauwenbergh
et al., 2013).
Unfortunately, much of the modern evidence indicating sufficiently large phosphate rock
reserves (Jasinski, 2013; Van Kauwenbergh, 2010) or discussing the problems of the peak
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concept (Scholz and Wellmer, 2013) is being ignored or challenged despite the further assertion
of many experts from the phosphate rock mining and fertilizer production industries that
resources and reserves are large (IFA). Undoubtedly, the task of science is to scrutinize results
and thus advance the understanding of a particular topic. However, science’s task is also to
take changing realities into account. The continuation of peak discussions thus points to
severely dysfunctional communication on the topic.
Neglecting to include extant information, i.e., in the form of historic knowledge (cf. Chapter 4)
of depletion scares appears similarly dysfunctional. The reasons for this neglect, perhaps
arising from insensitivity or strategic thinking, cannot be determined here. Likewise, the
question of whether this neglect is a sign of modern arrogance, implying that “it is the conceit
of all contemporaries to think that theirs is a time of particular momentous changes” (Appleby,
1998: 1), remains open. Based on our results, the uncertainty surrounding reserve numbers is
partially natural and partially human-made. The first explanation is related to the fact that “to
know ultimate reserves, we must first have ultimate knowledge” (Adelmann, cited in Smil,
2008: 168). Obviously, this is not possible. The second explanation is related to deficiencies in
data reporting and data comparability. Here, improvements should be possible if the related
industries comply.
Resources pessimists are correct in pointing out the absence of strict standards for reserve
monitoring and reporting. Reserve numbers are perceived as being highly uncertain (Elser and
Bennett, 2011). The general scope of this concern also includes the lack of transparency
regarding how the data are generated. This situation has arguably created a considerable
degree of mistrust between some scientists and actors within the phosphate rock industry. In
view of the importance of this question for the overall topic of phosphorus security and
sustainable use, this must be resolved. A comprehensive reassessment of phosphate rock
reserves on a global level that was conducted by the geological services and phosphate rock
industry actors of the various countries involved (Van Kauwenbergh, 2010) could provide a way
of resolving this mistrust. It should be noted that the last comprehensive assessment of this
kind dates back over 25 years (Cook and Shergold, 1986).
History suggests that resource depletion concerns have haunted humanity for thousands of
years (Tilton, 2003). Well-known early examples include the concern over timber scarcity in 18th
century Germany (Brandl, 2013), exhausting British coal mines in the 19th century (Jevons, 1866)
and the 1908 Conference of Governors in the U.S., one of the earlier high-level, policy-relevant
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accounts of resource conservation. Since then, many other inquiries conducted at various
national and international levels have followed (Brobst and Pratt, 1973), e.g., those regarding oil
(Minerals Policy Commission, 1952). Today, we are using these resources in quantities larger
than ever before. Also to this day, it seems that all predictions regarding the exhaustion of the
world’s ore reserves have been answered by the mining industry’s increased production. Thus,
it is no surprise that Bender (1986: 154), the former head of the German Geological Service
(BGR), concludes that “For the foreseeable future, the physical depletion of mineral resources
will not be a global problem.” Instead, the question of cost seems to be the determining factor.
For phosphorus, the prohibitive cost paradigm was calculated to be 11,000 USD(1975)/t when
extracting phosphorus from granite (Wells, 1975). Moreover, the concept of exhaustion was
found to be incorrect because data indicated that about 30,000 million tons of usable P existed
on Earth (Wells, 1975).
Phosphorus’s repeatedly proclaimed depletion permits us to discuss it under the heading of
alarmism. Predictions about general environmental doom have been made many times in the
past. They can be divided in two groups: those, that are true but not believed (based on Greek
mythology, these are called Cassandra predictions) and, in contrast, predictions that are false
but are perceived to be true, i.e., alarmism. Controversy usually arises in the form of skepticism
of one position or another. Prominent examples that have appeared widely in the literature
include forest decline, climate change, ozone alarmism, Malthusian population growth and
collapse, acid rain, limits to growth, and oil (WEC, 2013). These have been elaborated on by
many, e.g., Simon (1980), Oreskes and Conway (2010), Brysse et al. (2013), and Jacques et al.
(2008). In their history of false environmental alarms, Uekötter and Hohensee (2004: 19-20)
argue that they are a problem of intellectual, political, and moral dimensions. Based on their
eight case studies, they determined four characteristics of alarmism: a) alarms were neither
provable nor disprovable, b) alarms lost their impulse for change over time but did not
necessarily vanish, c) alarmism appeared to be effective in generating short-term action but
offered little guidance regarding general problem resolution. Perhaps, their most controversial
finding in this context states that the consequences of false alarms for alarmists were small
and that exaggeration has hence become acceptable.
Whether peak phosphorus can be termed alarmist is thus a crucial question. While this
question cannot be answered in full, we find that peak phosphorus has an alarmist nature (cf.
Chapter 6.3). It therefore appears dysfunctional to place it within the center of a rational debate
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on sustainable use and demand because it alludes to a problem for which there is, at this time,
no evidence. Moreover, our findings suggest that past indications of phosphate rock reserve
depletion were quickly rectified. Nevertheless, in view of the importance of P to agriculture, we
like to point to an important argument made by Pacala et al. (2003: 1187):
”We must rely on environmental science to alert us to an even wider set of possible
disasters, many of very low probability, so that we as citizens can decide which cause
us most worry, and which mandate action.”
The historical record of environmental alarmism suggests that the phenomenon is highly
unlikely to disappear (cf. Chapter 4). Therefore, decision-makers and scientists should retain
their high sensitivity to this phenomenon while ensuring that data and responsive processes
are in place to react to these concerns. Essentially, when the reasons for concern are of such a
nature, they can put our most basic needs, such as food security, at risk. As Tilton (2003)
compellingly put it:
“The optimists cannot prove the pessimists wrong, nor can the pessimists prove the
optimists wrong. So perhaps the most reliable prediction about the future threat of
mineral depletion is that the debate will continue.”
We conclude that in order to create an informed debate, industry must communicate more
actively, and the scientific community must communicate more cautiously.
Our discussion here does not imply criticism of caution in general. Past results suggest little
awareness among many people of their daily dependence on minerals (Brobst and Pratt, 1973).
Today, this may be even more true. Clearly, there is a need for a greater awareness of where our
most important resources come from and the problems involved when they are produced,
used, and disposed of. This is especially important in the field of agriculture because people’s
lives are increasingly estranged from their natural surroundings.
In general, from a 2013 perspective, the peak debate suggests that the situation can neither be
completely termed cornucopian nor one of imminent depletion. Both resource optimists and
resource pessimists have arguments that must be considered, particularly when taking various
scales and timeframes into account. Externalities (pollution) weigh heavily in some parts of the
world, while in others, resource input (scarcity) is of greater concern. However, it seems fair to
conclude that the peak concept has helped put the spotlight on an important mismanagement
issue. It cannot be denied that as unsubstantiated as it may be, it has nevertheless raised
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awareness about an important resource and element, without which life on Earth as we know
it would not be possible. Furthermore, it has raised many valid points regarding the
problematic interrelationships and dynamics involved, some of which were well-known in the
past (reserve uncertainty, agricultural resource dependence, eutrophication), while others were
not (justice). Finally, it has started a debate about developing sustainable production and
consumption patterns (Dawson and Hilton, 2011; FAO, 2013; Institution of Mechanical
Engineers, 2013; UNCTAD, 2013) and made P a boom area for sustainability research (cf. Chapter
6.1). How the field will develop remains difficult to forecast, including whether and when it will
bring about large-scale action. Our results suggest that sufficiently large barriers remain to
prevent this.

7.2

Participatory processes on regional and global scales: Lessons learned and
future options

In this section, emphasis is placed on the lessons arising from the two participatory approaches
applied, action research on a regional scale and transdisciplinarity on a global scale.
We have highlighted the fact that both action research and transdisciplinarity are participatory
approaches and intervention methods that aim at achieving a better understanding of and
solving societal problems by means of cooperative analyzes and mutual learning between
stakeholders within science and practice. They are not considered conventional scientific
approaches. As a result of how these processes are set up, the researcher becomes a facilitator
of mutual goals. Action research, in contrast to trandisciplinarity, is considered an established
scientific approach, having a much longer history and legacy to draw from (Lewin, 1946). It has
been particularly applied by behavioral scientists and psychologists in the context of a wide
range of topics (e.g., management, education, environment, and health), with the aim of
developing cooperative problem-solving strategies on a community level (Greenwood and
Levin, 1998; Peters, 1997; Walker, 2005). Action research can be considered a form of research
that precedes transdisciplinarity (Stokols, 2006).
The action research approach applied in the first contribution was evaluated as being
meaningful by a large portion of the participants. Moreover, the inquiry format and subsequent
learning affected the decision of one important stakeholder to continue working with a
resource-pollution coupling approach. This thesis was largely bound to its explorative nature,
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which resulted in a clearly defined time period of only several months of inquiry, and thus, we
could not expand the stakeholder inquiry to the broader transboundary level. This level,
encompassing the entire drainage basin, is based on a realistic account of the biogeochemical
processes and a decision-making perspective. It is important because a large portion of the
related nutrient losses occur not only in Canada but also in the U.S. We thus suggested, in the
tradition of action research being a repeated process of reflection and learning (Quigley et al.,
1997), continuing the process in a transdisciplinary format, which would allow us to include
additional important actors more substantially.
It is widely recognized that human inquiries are case-specific because they create knowledge
through the unique interaction between the various stakeholders embedded in a particular
context. The ultimate benefit of such a study (cf. Chapter 2) emerges through creating a deeper
understanding of the local circumstances, complex-bound local knowledge, and a more
accurate problem framing in the specific setting. We understand the study in the Lake
Winnipeg Basin to be an entry model for improved problem understanding, and it may have
applicability in similar settings in which related problems exist. Moreover, it has become clear
that a large potential for improved management exists, particularly as it relates to losses and
waste. Perhaps most importantly, it became clear that it is equally important to create a much
better understanding of any potential depletion problems, as well as a comprehensive view of
phosphorus use, impacts, needs, and flows on a global scale. This must be done in order to
inform the local context regarding the complex international links in more detail, as well as
how these interrelations may affect local planning (Ulrich, 2009, 2010b).
The global transdisciplinary process, i.e., the Global TraPs Project (cf. Chapter 5), differs from the
action research approach in several ways: the research question; the (strong) transdisiplinarity
approach, which implies equal co-leadership between science and practice on all project levels;
the global scale; the larger number of participants; and the 5-year time frame (2010-2015).
Furthermore, it is distinct from any previous transdisciplinary processes because it is the first
one to be implemented on a global scale. No information is available regarding whether action
research was ever attempted on this scale, but it seems doubtful. Another important difference
is that the transdisciplinary approach has been lacking any form of evaluation thus far. It is not
necessarily a must to evaluate participatory processes or validate them via internal quality
assessments, as we have done in the first contribution. However, doing so can be revealing
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because the information gained may lead to process improvements. Accordingly, it increases
the chances of attaining the cooperative goals.
It has been argued that in general, the impacts of transdisciplinary processes have not been
sufficiently explored (Walter et al., 2007). Clearly, this relates to the local scale. If this trend also
continues on the new global scale, there is much to be lost in missing an opportunity to learn
about barriers and limitations, as well as space to improve. The limitations and opportunities
we presented in this thesis are thus of an observational nature and presented from the
perspective of a facilitating scientist between 2010 and 2012. However, as we have argued in
the previous chapters, it is of interest to evaluate transdisciplinary processes “on the go” (e.g.,
after completing the various project phases), not merely at the end. This need becomes even
more apparent when projects span a multi-year timeframe. Feedback “on the go” will allow for
formulating new entry points regarding how to improve or restructure the project based on
what has been learned since the project began. Such accompanying evaluations would create
space for adaptation and would certainly improve conceptual and theoretical process
development (Wickson et al., 2006).
The lack of transdisciplinary research on the global scale is not accidental. Several factors may
help to explain this. First, transdisciplinarity is still an unconventional scientific approach, and it
is demanding on many levels (Gray, 2008). Second, it is not always clear how well these
processes actually work in terms of outcome quality or in which cultural setups they work more
or less well (cf. Chapter 6.1). Third, design requirements and process implementation are
already challenging on the local and regional scales (Lang et al., 2012; Pohl and Hadorn, 2008),
but on a global scale, they become several orders of magnitude larger and thus daunting tasks.
We have outlined these challenges; the two largest ones appear to be a) of an organizational
(managerial and financial) nature and b) related to having all relevant stakeholders and the
right level of competence involved (Schusler et al., 2003).
There are various ways of building upon our criticism and the limitations mentioned in
Chapters 6.1-6.3 constructively: The first area of future inquiry concerns process development
on the international level. Obviously, given its pioneering nature and the fact that it is
conducted under adverse conditions (e.g., low funding and unequal participation from
phosphate rock and livestock producers), the current approach is a trial-and-error effort. Thus,
additional work is needed to determine how to best improve organization and participation.
This may appear to be less a scientific issue than a managerial one, but in transdisciplinary or
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sustainability research, it is essential because the effects are quintessential to the kind of
science done and its quality, validity, and explanatory power.
The question of whether a regional approach is better than a global approach when addressing
questions of sustainable use and reuse may not be very helpful and can most likely only be
answered with an unsatisfactory “It depends.” All levels have their advantages in terms of
learning and solution-solving potential. Obviously, because the phosphorus cycle and the
phosphorus supply and demand structures are highly interwoven global phenomena, a global
approach is necessary. Regional approaches are equally necessary, as explained above. Thus, we
deem both scales important and find them complementary. The decision to adopt a regional vs.
a global approach is a question of choice. Some major factors involved in this decision are 1)
which P-related problem is of primary importance in a specific context, 2) what kind of
questions are deemed relevant by the stakeholders, and 3) what type of resources (in terms of
time, finances, experience, and networks) are available. The last factor is particularly essential
because a well-functioning transdisciplinary process is time-consuming and requires a high
level of patience and acceptance of various cultures, interests, and values on the part of all
participants. Nevertheless, we found the greatest challenges within both approaches to be a)
respect for the global nature of the problem when addressing a regional phosphorus challenge
and b) respect for the phosphorus problems and challenges in various regions when focusing
on the global scale, and c) to generate and keep a true global perspective. This last challenge of
a true global perspective and picture is likely to increase further as production and
consumption of phosphoric acid, fertilizer production, and fertilizer use are changing and
shifting to world regions that still appear less in focus (see Figure 25).
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Phosphoric acid capacity by world region
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Figure 25. Phosphoric acid production capacity by world region, illustrating an 80% capacity
increase from 2009/10 to 2016/17 and major capacity shifts to Asia and Africa (Data Source: IFDC,
2013).

As far as these experiences can be generalized, it appears fair to conclude that these
approaches should be welcomed by all parts of society, but more openness is required. We
found both action research and transdisciplinary to be highly valuable because they brought
together a large number of stakeholders to work toward one aim and integrate various
worldviews and ways of knowing. Because there is not one phosphorus problem or challenge
(cf. Chapter 1), there is not one perspective on the problems, and there is not one solution. As a
result, complementary worldviews and problem perceptions can generate a more complete
picture of the problem examined and thus lead to better solutions. One conclusion arising from
this study is that much of what was presented would not have been possible without the
constructive cooperation of several industry stakeholders and the partnerships that arose from
these processes. Above, we have argued that stewardship is about cooperation and sharing
(e.g., knowledge sharing). Fostering greater cooperation in the form of participatory action
research or transdisciplinarity is one form of taking responsibility for problem resolution. In the
context of global change and global challenges, this is a shared responsibility and a shared
opportunity for actors on all levels.
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7.3

Diversity: Walking the line

Our introductory questions (cf. Section 1.4) stressed the notion that the multi-facetted
problems related to phosphorus scarcity and pollution are not just regional but global
phenomena and require complexity assessments on multiple scales and across scales for
improved understanding. Thus, interdisciplinarity was conceived of as a precondition of
tackling sustainable phosphorus management issues because it seeks to cross disciplinary
boundaries and synthesize the various aspects of one problem into a more complete whole.
This need, to span across disciplinary, sectoral and international boundaries is also increasingly
recognized in the global change community (Rice, 2013). We found that the interdisciplinary
approach resulted in valuable insights. Due to their complementarity, they provided for a more
complete view of the studied problem.
However, there are currently limitations to this diverse approach. We highlight two. One is
related to data availability. What has become particularly apparent from the uranium study is
the fact that the absence of (robust) data in one or more fields or disciplines (i.e., phosphate
rock reserves, U content, and production data) strongly affects the overall conclusions.
Improving data availability must therefore be a priority for future research. Because
quantitative findings have a delusive persuasive effect on non-experts because it is hard for
them to understand how to interpret them, it is of the utmost importance to ensure that all
assumptions are being communicated transparently.
The other limitation is related to achieving greater acceptance from other scientific disciplines.
One major result of this study is the recognition that the story of phosphorus makes a strong
case for integrating environmental history and the humanities generally within sustainability
science and global change research. This need is becoming increasingly recognized (Hulme,
2011; Jäger et al., 2013; Pahl-Wostl et al., 2012). History challenges conventional problem solving
approaches, which usually ask, “What is the problem, and how can we fix it?” The question of
how we came to be in such a position in the first place is, in contrast, rarely asked. Nevertheless,
in order to move forward, without simply acting based on symptoms (scarcity, pollution) but
also based on their underlying causes, a sophisticated understanding of past developments is
necessary. This need may clash with the belief on the part of some that historical lessons are
nothing new or are not applicable, because the past problem analyzed was in a vastly differing
context than the world we live in today. We find such arguments difficult to believe. While
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history does not repeat itself, it often rhymes (Mark Twain). Obviously, we cannot blindly
transfer past happenings to today’s situation without properly reflecting upon the modern
context. Also, it is clear that lessons from the past are not necessarily good indicators of the
future. Nevertheless, we are convinced that history, particularly if repeated, as is the case with
phosphate depletion, can help us build a case for transitions. Bender (1986: 154) stated that
“planning for the future also requires a knowledge of what was neglected in the past and what
the consequences were.” We insist that to continue to neglect this body of knowledge
produced by professionals often truly at home in the field (e.g., phosphate rock geologists and
fertilizer producers), is risky. A major problem with this type of research may well be its
acceptability within the international science community, where more often than not, only
truly new information counts. Considering lessons of the past to be old news and to devalue
results or studies on these grounds seems questionable. Therefore, even more openness and
tolerance will be required in the future because not only the social sciences but also history are
engaging in socially relevant natural resources problems “to separate the true from the false,
the certain from the uncertain, and the doubtful from that which cannot be accepted” (Goethe,
1906: 453).

7.4 Concluding remarks
For phosphorus to be “a servant to man,” it requires proper handling (Monsanto, 1950). We
found that continued interdisciplinary research and interface work will be necessary to
understand the natural and anthropogenic phosphorus cycles more comprehensively. We
further found that while interdisciplinary research is necessary, it will not be sufficient.
Transdisciplinary research, if adequately designed and implemented, is a valuable scientific
approach to building bridges between otherwise fragmented and often self-contained
heterogeneous knowledge pools. We deem both approaches essential because we are only at
the beginning of understanding the problem’s complexity. We further see them as positive
add-ons to the many ongoing disciplinary works that generate knowledge regarding
sustainable phosphorus management and stewardship. Box 1 adds to the results and
suggestions offered in the individual chapters and summarizes major orientations arising from
these two approaches.
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Table 20. Summary of major orientations arising from this thesis
•

Inter-and transdisciplinarity should be more widely accepted by all parts of society. This
requires a larger degree of tolerance and openness on the part of established
disciplines, the scientific publication system, but also wider stakeholder cooperation.

•

Future research should
o
o
o
o

•

include the evaluation of transdisciplinary processes “on the go”,
improve overall data availability,
generate a sophisticated understanding of the past and of historic scarcity
cases,
take account of the processes and causes underlying current unsustainable
practices.

The phosphorus story makes a strong case for integrating environmental history into
sustainability or global chance science, and, in more general terms, the humanities.

•

A comprehensive phosphate rock resources appraisal should be made to resolve the
geological cornucopian vs. scarcity debate.

•

Past and present resource knowledge should be anchored and stewarded into the
future.

•

Past scarcity concerns, discourse, and research should be more strongly considered in
the current phosphorus security debate.

•

To generate an informed and rational debate, the phosphate rock industry should
communicate more actively, and the scientific community more cautiously.

The meaning of sustainable phosphorus management and stewardship has become clearer
over the course of this research. Both concepts imply finding those measures that do the most
good (in terms of nutrition) for the greatest number, with the least environmental impact in
the here and now, as well as elsewhere and in the future (the sustainability perspective). If the
measures are inefficient; the positive effects are not apparent, particularly for those in the
greatest need (such as small-holder farmers); and environmental impacts are significant, then
questions arise regarding how this can happen and who lets it happen. For the most part, these
questions do not have a single answer. Obviously, there is no panacea for this situation. It is the
task of science to provide the best available information regarding these questions by
examining the entire process of resource extraction, use, disposal, and dissipation as a
dynamic, deeply interwoven system. The current efforts by many investigators are taking
account of the processes and causes that underlie the problems of human-environment
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interactions. They will result in improved understanding. It is the task of well-informed
policymakers to decide whether and what kind of measures should be implemented.
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