UNITED
NATIONS

EP

UNEP/GPA/IGR.4/INF/11

United Nations
Environment
Programme

Distr.: General
4 September 2018

Original: English

Intergovernmental Review Meeting on the
Implementation of the Global Programme of Action
for the Protection of the Marine Environment

from Land-based Activities

Fourth session

Bali, Indonesia, 31 October and 1 November 2018

Our Nutrient World: The challenge to produce more
food and energy with less pollution. Global Overview
of Nutrient Management.

Note by the Secretariat

The present document has been issued without formal editing.



Our Nutrient
World

The challenge to produce more food
and energy with less pollution

Prepared by the Global Partnership on Nutrient Management
in collaboration with the International Nitrogen Initiative

)
c
()
=
()
(=2]
(1]
c
(1°]

=

)
c

Ig
o

)
=

=2
c
o
S

Ig
>
-
(<)
>

o

©

o]

©

o




Published by the Centre for Ecology and Hydrology (CEH), Edinburgh UK,

on behalf of the Global Partnership on Nutrient Management (GPNM) and the
International Nitrogen Initiative (INT).

ISBN: 978-1-906698-40-9
© Centre for Ecology and Hydrology, 2013.

This publication is in copyright. It may be quoted and graphics reproduced subject
to appropriate citation.

Recommended citation:

Sutton M.A., Bleeker A., Howard C.M., Bekunda M., Grizzetti B., de Vries W., van
Grinsven H.J.M., Abrol Y.P, Adhya T.K,, Billen G.,. Davidson E.A, Datta A., Diaz R,
Erisman J.W,, Liu X.J., Oenema O., Palm C., Raghuram N., Reis S., Scholz R.-W,, Sims
T., Westhoek H. & Zhang ES., with contributions from Ayyappan S., Bouwman A.E,
Bustamante M., Fowler D., Galloway J.N., Gavito M.E., Garnier J., Greenwood S.,
Hellums D.T., Holland M., Hoysall C., Jaramillo V.J., Klimont Z., Ometto J.P,, Pathak
H., Plocq Fichelet V., Powlson D., Ramakrishna K., Roy A., Sanders K., Sharma C.,
Singh B., Singh U,, Yan X.Y. & Zhang Y. (2013) Our Nutrient World: The challenge

to produce more food and energy with less pollution. Global Overview of Nutrient
Management. Centre for Ecology and Hydrology, Edinburgh on behalf of the Global
Partnership on Nutrient Management and the International Nitrogen Initiative.

The report is available on-line at the following locations:
Www.unep.org www.gpa.unep.org/gpnm.html www.initrogen.org
Www.scopenvironment.org www.igbp.net/publications

Hard copies may be purchased on-line at www.earthprint.com/
For bulk orders contact cechcomms@ceh.ac.uk

About GPNM and INI

The Global Partnership on Nutrient Management (GPNM) is a multi-stakeholder
partnership comprising of governments, private sector, scientific community,
civil society organizations and UN agencies committed to promote effective
nutrient management to achieve the twin goals of food security through increased
productivity and conservation of natural resources and the environment. The United
Nations Environment Programme (UNEP), through the Coordination of Office of
the Global Programme of Action for the Protection of the Marine Environment from
Land-based Activities (GPA), provides the Secretariat of GPNM.

The International Nitrogen Initiative (INI) is a scientific partnership that addresses
the problems of too much nitrogen in some parts of the world and too little nitrogen
in others. It is a joint project of the International Geosphere-Biosphere Programme
(IGBP) and the Scientific Committee on Problems of the Environment (SCOPE).

This Global Overview has been prepared as a scientifically independent process. The
views and conclusions expressed are those of the authors, and do not necessarily
reflect policies of the contributing organizations. As an overview, this report does
not attempt to reach consensus on all issues. Its purpose is to raise awareness of the
challenges, pointing to possible options. It is hoped that the report will stimulate
further collection of evidence and trans-disciplinary dialogue with all stakeholders
as necessary future steps.

The report incorporates outcomes from several meetings, including: the Global Overview of
Nutrient Management Preparatory Workshop (Paris, November 2011), the Global Conference
on Land-Ocean Connections organised by UNEP (Manila, January 2012); the Third Inter-
Governmental Review meeting of the GPA (Manila, January 2012), the side-event ‘Nutrients:
for food or pollution? The choice is ours’ organized by the GPA Coordination Office and GPNM
during the United Nations Conference on Sustainable Development (Rio+20, Rio de Janeiro,
June 2012), the First Stakeholder Workshop toward Global Nitrogen Assessment (London, July
2012), and events at the 11t Conference of Parties of the Convention on Biological Diversity
(Hyderabad, November 2012).

The authors gratefully acknowledge financial support for this process from the Government
of Norway through UNEP, GPA Coordination Office, the European Commission support
through the ECLAIRE project, the UK Natural Environment Research Council for National
Capability Support to CEH and through the Macronutrients Cycles Programme (LTLS project),
the Global Environment Facility (GEF) and other partners through the UNEP/GEF project
‘Global Foundations for Reducing Nutrient Enrichment and Oxygen Depletion from Land-
based Pollution in Support of Global Nutrient Cycle. The activity simultaneously represents
a contribution in support of complementary global objectives (e.g. CBD Aichi Targets) and
regional objectives (including the UNECE Transboundary Air and Water Conventions and
the Regional Water Commissions), drawing on support from the UNECE Task Force on
Reactive Nitrogen (TFRN) and the Global TraPs (Transdisciplinary processes for sustainanble
phosphorus management). We gratefully acknowledge kind inputs and support from Agnieszka
Becher, Kate Mason, Deborah Rayner, Deli Chen, Allison Leach, Mani Sachdev and Wilfried
Winiwarter in preparing this report.



Our Nutrient World

The challenge to produce more food and energy
with less pollution

Prepared by

M.A. Sutton, A. Bleeker, C.M. Howard, M. Bekunda, B. Grizzetti, W. de Vries,
H.J.M. van Grinsven, Y.P. Abrol, T.K. Adhya, G. Billen, E.A. Davidson, A. Datta,
R. Diaz, J.W. Erisman, X.J. Liu, O. Oenema, C. Palm, N. Raghuram, S. Reis,
R.W. Scholz, T. Sims, H. Westhoek & ES. Zhang

with contributions from

S. Ayyappan, A.F. Bouwman, M. Bustamante, D. Fowler, ].N. Galloway,
M.E. Gavito, ]. Garnier, S. Greenwood, D.T. Hellums, M. Holland, C. Hoysall,
V.J. Jaramillo, Z. Klimont, J.P. Ometto, H. Pathak, V. Plocq Fichelet,

D. Powlson, K. Ramakrishna, A. Roy, K. Sanders, C. Sharma,

B. Singh, U. Singh, X.Y. Yan & Y. Zhang







Contents

Foreword vi

Executive Summary vii

Introduction 1

Trends in nutrient supply, their benefits and future availability 8

Global nitrogen and phosphorus pollution 19

Environmental threats of too little and too much nutrients 32

Weighing up the benefits and costs of nutrient management activities 52
Practical options to reduce adverse effects by improving nutrient use 58
Current policies and barriers to change 75

Future needs, targets and opportunities 95

Appendix: National Nitrogen Use Efficiency estimates and aspirational goals 108

Affiliations of contributors inside back cover

I -



Foreword

Nutrients — such as nitrogen, phosphorus, potassium and
micronutrients including calcium, sulphur, copper, zinc
and others— are essential for plant growth, food produc-
tion and ultimately adequate nutrition for humans.

Yet we live in a time of glaring contrasts — of excessive use
of nutrients in some regions and insufficient use in others.

Many sub-Saharan African farmers struggle to access
enough nutrients for quality crop production with knock
on effects as more ecosystems are converted to cropland
to try and maintain sufficient food supplies.

In the developed world and in several rapidly develop-
ing regions of South and East Asia, there is the problem of
excessive nutrient use which is triggering a web of unfore-
seen consequences.

Excessive use of phosphorus is not only depleting fi-
nite supplies, but triggering water pollution locally and
beyond while excessive use of nitrogen and the produc-
tion of nitrogen compounds is triggering threats not only
to freshwaters but the air and soils with consequences for
climate change and biodiversity.

The Global Overview on Nutrient Management ad-
dresses the scientific complexity of how humanity can
rise to these challenges and maximize the opportunities
of improved nutrient management.

Its preparation has forged new links between commu-
nities, gradually building a network of institutions and ac-
tors for better scientific understanding to support future
decision making in this field.

The work underpinning the report is an outcome
from the Global Partnership on Nutrient Management
(GPNM), which was launched during the 17th session
of the UN Commission on Sustainable Development
in 2009 as a global partnership of governments, poli-
cy makers, industry, science community, civil society

Vi

organizations and UN agencies with UNEP providing
the Secretariat.

By building the global partnership, in particular with
engagement of governments, the International Nitrogen
Initiative and other groups the GPNM is sharing and
generating knowledge. Both will be essential if citizens,
companies and governments are to take the transforma-
tive actions needed.

The message of this overview is that everyone stands
to benefit from nutrients and that everyone can make a
contribution to promote sustainable production and use
of nutrients. Whether we live in a part of the world with
too much or too little nutrients, our daily decisions can
make a difference.

Without swift and collective action, the next genera-
tion will inherit a world where many millions may suffer
from food insecurity caused by too few nutrients, where
the nutrient pollution threats from too much will become
more extreme, and where unsustainable use of nutrients
will contribute even more to biodiversity loss and acceler-
ating climate change.

Conversely with more sustainable management of nu-
trients, economies can play a role in a transition to a Green
Economy in the context of sustainable development and
poverty eradication. The Global Overview develops these
essential themes, to prepare societies to take the next steps.

S S

Achim Steiner

United Nations Under-Secretary General
and Executive Director

United Nations Environment Programme



Executive Summary

Key Points
Nutrient Benefits and Threats

B The sustainability of our world depends fundamentally on nutrients. In order to feed 7 billion people, humans
have more than doubled global land-based cycling of nitrogen (N) and phosphorus (P).

B The world’s N and P cycles are now out of balance, causing major environmental, health and economic prob-
lems that have received far too little attention.

B Insufficient access to nutrients still limits food production and contributes to land degradation in some parts of
the world, while finite P reserves represent a potential risk for future global food security, pointing to the need
for their prudent use.

B Unless action is taken, increases in population and per capita consumption of energy and animal products will
exacerbate nutrient losses, pollution levels and land degradation, further threatening the quality of our water,
air and soils, affecting climate and biodiversity.

The Nutrient Challenge

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

B The new effort must cross the boundaries between economic sectors and environmental media, be under-
pinned by scientific and other evidence from a robust global assessment process, share best practices, and
address the substantial cultural and economic barriers that currently limit adoption.

Actions and Outcomes

B The global community of all relevant stakeholders now needs to agree which existing inter-governmental process
is best suited to take the lead in improving nutrient management for the 21t century, or whether a new policy
process is needed.

B One option is to strengthen the mandate of the ‘Global Programme of Action for the Protection of the Marine
Environment from Land-based Activities’ (GPA) to address the inter-linkages between land, air and water, in
relation to the global supply of all nutrient sources and Nutrient Use Efficiency (NUE) across the full chain,
considering their regional variation.

B Nutrient Use Efficiency represents a key indicator to assess progress towards better nutrient management. An
aspirational goal for a 20% relative improvement in full-chain NUE by 2020 would lead to an annual saving
of around 20 million tonnes of nitrogen (20:20 by 2020’), and equate to an initial estimate of improvement in
human health, climate and biodiversity worth around $170 billion per year.

Developing the Mandate

B A central objective of the new inter-governmental effort must be to show how improved management of N and
P at different scales over the whole cycle would simultaneously make quantified contributions toward meet-
ing existing commitments for water, air, soil, climate and biodiversity, while underpinning improved food and
energy security — with net social and economic benefits.

B [nternational consensus and authorization of the global nutrient focus is now essential, emphasizing the need for
a mandate to assess the scientific evidence, share best practices, and work towards inter-governmental agreements
that make quantifiable steps toward the sustainable development of Our Nutrient World.

vii



Too much and too little nutrients

Nutrients feed the world

1.

The world needs nutrients, especially nitrogen (N)
and phosphorus (P), which are essential to raise crops
and animals to feed an increasing world population
(Chapters 1 and 2).

It is estimated that nitrogen and other mineral
fertilizer is essential to feed around half of the
world’s population, and will be fundamental
to ensure global food security through the 21st
century.

Natural nutrient sources and recycling have been
insufficient for increasing human needs since the
19t century. The 18th-19th century agricultural
and industrial revolutions laid the foundation for
exploitation of mined sources of N and P, and for
development of the Haber-Bosch process, where
energy is used to convert otherwise unreactive
atmospheric di-nitrogen (N) into reactive nitro-
gen (N;) compounds.

The 20t century ‘green revolution’” has depended
critically on these additional nutrient sources,
while becoming the basis for an ongoing ‘live-
stock revolution, where relatively cheap grain
and other produce (surplus to regional food re-
quirements) are allowing intensification of live-
stock farming, greatly increasing per-capita meat
and dairy production.

While recent trends in nutrient consumption are
relatively stable in developed countries, growing
human population and rising per capita meat/
dairy consumption as a result of increasing in-
comes are together causing a rapid increase in
nutrient consumption in transitional and de-
veloping countries. It is anticipated that these
countries may account for % of global nutrient
consumption by 2050.

Around 2% of world energy use is dedicated
specifically to the industrial manufacture of N,
mainly through the Haber-Bosch process, so that
N; prices are closely coupled to global energy
prices.

Phosphorus is obtained from mining of finite
phosphate rock deposits, with current world sup-
plies coming from just a few key countries. This
poses potential risks for future supply, given that
there is no alternative to P as an essential plant
nutrient. Parallel risks apply for other mined
nutrients including potassium (K) and micronu-
trients, especially zinc, for which the currently
identified resources have a much shorter lifetime
than for phosphorus and potassium.

Nutrient losses create a global web of pollution

2.

viii

There are major problems associated with high levels
of nutrient use, especially in Europe, North America,

South and East Asia and Latin America (Chapters 3,

4 and 8).

B The efficiency of nutrient use is very low: con-
sidering the full chain, on average over 80% of
N and 25-75% of P consumed (where not tem-
porarily stored in agricultural soils) end up lost
to the environment, wasting the energy used to
prepare them, and causing pollution through
emissions of the greenhouse gas nitrous oxide
(N,0) and ammonia (NH3) to the atmosphere,
plus losses of nitrate (NOj;-), phosphate (PO4>")
and organic N, P compounds to water.

B Oversupply of nutrients, or imbalance between
nutrients, reduces the efficiency of nutrient use.
Efficiency is further reduced by including live-
stock in the food chain, substantially increasing
N and P pollution levels.

B Burning fossil fuels produces a significant addi-
tional N, resource (~20% of human N; produc-
tion) part of which could be captured and used,
but which is currently wasted as emissions of
nitrogen oxide (NOy) to air, contributing to par-
ticulate matter and ground-level (tropospheric)
ozone, which adversely affect human health,
ecosystems and food production systems.

B  Many thresholds for human and ecosystem
health have been exceeded due to N, pollution.
Each of these environmental effects can be mag-
nified by the ‘nitrogen cascade, where a single
atom of N, can trigger a cascade of negative envi-
ronmental impacts.

Insufficient nutrients exacerbate land degradation

3. In Africa, Latin America and parts of Asia there are
still wide regions with too little nutrients. In particu-
lar (Chapters 2 and 4):

B Many farmers do not have access to affordable
mineral fertilizers, where lack of local sources and
poor supply infrastructure increases prices, limit-
ing agricultural yields. Biological nitrogen fixa-
tion and manure recycling are key local nutrient
sources which are not always optimally exploited.

B The inability to match crop harvests with a suf-
ficient nutrient return leads to depletion of nutri-
ents and organic matter, reducing soil quality and
increasing the risk of land degradation through
erosion and of agricultural incursion into virgin
ecosystems.

®  Shortages of water and micronutrients (such as
sulphur, zinc, selenium, etc.) can limit N and
P use efficiency, preventing the best use being
made of these major nutrients.

Key Nutrient Threats

4. Five main threats of nitrogen pollution were high-
lighted by the European Nitrogen Assessment
(Chapter 4). These are adapted here to reflect the



AR QUALITY

3

——C S CTO DT

I ECOSYSTEMS
& AND
ATBIODIVERSITY

NH,

Acidification
Micro-
nutrients

ALNvno 1108

Organic. N

By

—

N&P
NO; & Dissolved
Nitrogen

WATER quALTY

Figure ES1 The five key threats of too much or too little nutrients
(Chapter 4).

global environmental nutrient threats (Figure ESI),

highlighting the complexity of nutrient interactions,

while offering a short-list of the 5 key issues.

This short list of key environmental threats forms the

WAGES of too much or too little nutrients:

B Water quality - including coastal and fresh-
water dead zones, hypoxia, fish kills, algal
blooms, nitrate contaminated aquifers and
impure drinking water, resulting from both N;
and P eutrophication.

B Air quality - including shortening of human
life through exposure to air pollutants includ-
ing particulate matter formed from NOy and
NH; emissions, and from increased concentra-
tions of nitrogen dioxide (NO,) and ground-
level ozone (O3).

B  Greenhouse gas balance - including emis-
sions of N,O plus interactions with other N;
forms, particulate matter and atmospheric N,
deposition, plus tropospheric Oz. N,O is now
also the main cause of stratospheric ozone de-
pletion, increasing the risk of skin cancer from
UV-B radiation.

B Ecosystems and biodiversity — including the
loss of species of high conservation value natu-
rally adapted to few nutrients. Eutrophication
from atmospheric N, deposition is an insidious
pressure that threatens the biodiversity of many
‘protected’ natural ecosystems.

B Soil quality - over-fertilization and too much
atmospheric N, deposition acidify natural and
agricultural soils, while a shortage of N and P
nutrients leads to soil degradation, which can

Fertilizer consumption

(in Tg N and P,0;)

be exacerbated by a shortage of micronutri-

ents, leading to loss of fertility and erosion.
The increased release of N and P into our environ-
ment can be seen in relation to present efforts to
refine ‘Planetary Boundaries” for key global threats.
The huge extent to which N, production and releases
exceed the boundary has already been widely publi-
cized. Efforts are now needed to improve the dose-re-
sponse relationships and quantify regional variation.
This will enable the fine tuning of response, while
noting that sufficient evidence is already available to
justify taking action to reduce these threats.
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Figure ES2 Trends in global mineral fertilizer consumption for
nitrogen and phosphorus and projected possible futures. The amounts
of N and P in 2050 will depend on present-day decisions (expressed as
N and P,0s) (Chapter 2).

Nutrients are an increasing threat
requiring urgent action

7.

Since the 1960s, human use of synthetic N fertilizers
has increased 9-fold globally, while P use has tripled
(Chapter 2). Further substantial increase of around
40-50% is expected over the next 40 years (Figure
ES2) in order to feed the growing world population
and because of current trends in dietary lifestyles,
with increasing consumption of animal products.
These changes will exacerbate current environmen-
tal problems unless urgent action is taken to improve
the efficiency of N and P use, and to re-evaluate so-
cietal ambitions for future per capita consumption
patterns.

The consequences of not taking action include further
global warming effects from increasing atmospheric
N,O (a greenhouse gas which is 300 times more radi-
atively reactive than CO;), continuing deterioration
of water, air and soil quality, shortening human life,
while threatening ecosystem services and biodiver-
sity. The full damage cost has not yet been assessed,
but annual global loss of ecosystem services including
damage to fisheries from coastal N and P pollution-
related hypoxia alone costs an estimated $170 billion



10.

(Chapter 5). Making better use of nutrients will re-
duce these pollution threats, while improving food
and energy production.

The possibility of P shortage in the future represents a
major issue of recent contention (Chapter 2). Global
supply security of P is a prerequisite for food security.
While only 3 countries produce 66% of rock phos-
phate, many countries do not have the physical re-
serves or economic means to obtain them. There are
few countries whose known reserves cover current
P demand for a long period (e.g. Morocco, Algeria:
>1000 years based on current use and reserve esti-
mates), others for a shorter time (USA, China, Brazil:
50 years), while other countries have no notable
reserves (e.g. Germany, Japan). Whether there are
accessible global P reserves to feed humanity for de-
cades or centuries, long-term access to P is a critical
issue that calls for more efficient practices and con-
sumption patterns that waste less nutrients and mini-
mize environmental impacts.

The risk of future shortage of potassium, and of zinc
and other essential micronutrients needs to be fur-
ther investigated, especially as only 20 years of zinc
reserve are currently identified (roughly maintaining
this number since the 1980s, as new reserves have
been identified) (Chapter 2).

Solutions must address N and P
cycles on local to global scales

11.

Nitrogen and phosphorus cycles operate across mul-
tiple spatial scales, from the dynamics of a single field,
through trans-boundary transport of air and water
pollution, to the global increase in N,O concentra-
tions. Such inter-connections require consensus on an
international approach that takes account of local and

regional conditions, while addressing the necessary
improvement in nutrient use efficiency at the global
scale. The role of ‘barriers to change’ also necessitates a
global approach. These include the global scale of trade
in mineral fertilizers, food crops, animal feed and live-
stock products, which can constrain the adoption of
nutrient best practices (Chapters 7 and 8).

12. Major inequalities exist between those parts of the
world using excess nutrients and those that do not
have enough. The key regions where too much nu-
trients are typically used include North America,
Europe, and parts of South and South East Asia and
Latin America. By contrast, many parts of Africa and
Latin America have insufficient access to nutrients,
leading to soil nutrient mining and limiting produc-
tivity. The scale of the differences is illustrated for ma-
jor river catchments in Figure ES3, with these being
exacerbated by differences in nutrient use efficiency
across the full chain.

Key actions to produce more food

and energy with less pollution

13. We identify ten key actions as being central to
improving nutrient use efficiency, thereby improving
food and energy production, while reducing N and P
losses that pollute our environment (Chapter 6).

Agriculture
1. Improving nutrient use efficiency in crop
production,
2. Improving nutrient use efficiency in animal
production,
3. Increasing the fertilizer equivalence value of ani-
mal manure,
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Figure ES3 Some regions use excess nutrients, with the waste causing environmental pollution, while other regions do not have enough. The
map shows estimated net anthropogenic nitrogen inputs according to the world’s main river catchments (Chapter 3).



Transport and Industry

4. Low-emission combustion and energy-efficient
systems, including renewable sources,

5. Development of NOy capture and utilization
technology,

Waste and Recycling

6. Improving nutrient efficiency in fertilizer and
food supply and reducing food waste,

7. Recycling nitrogen and phosphorus from waste
water systems, in cities, agriculture and industry,

Societal consumption patterns

8. Energy and transport saving,

9. Lowering personal consumption of animal pro-
tein among populations consuming high rates
(avoiding excess and voluntary reduction),

Integration and optimization

10. Spatial and temporal optimization of nutrient
flows.

14. These actions must be seen in the context of the wider
N and P cycles, considering acquisition, use and recy-
cling. Efforts are needed to improve the nutrient use
efficiency (NUE) of each stage, such as in crop and
animal production. However, we emphasize the need to
address the full-chain NUE, defined as the ratio of nu-
trients in final products (e.g., human food consumed)
to new nutrient inputs (e.g., Haber-Bosch N,, biologi-
cal N fixation, NO, formation, mined P and N).

15. As Figure ES4 illustrates, each of the component ef-
ficiencies contribute to the full-chain NUE. Actions
promoting the recycling of available N, and P pools,
such as effective recycling of animal manures, hu-
man sewage and NOy capture and utilization (NCU)
technology, all contribute to increasing full-chain
NUE. The options include many technical mea-
sures, such as improved placement and timing for
mineral fertilizer and organic manures, the use of
manure storage and spreading methods that reduce
emissions, and the processing of manures into more
efficient fertilizers.

16. Where we can, our choices as citizens make a big dif-
ference. While some remain undernourished, people
in many countries eat more animal products than is
optimal for a healthy diet. Avoiding over-consump-
tion of animal products (e.g., staying within World
Health Organization guidelines for saturated fats) in-
creases full-chain NUE, reducing N and P pollution,
while benefiting our health. There are many opportu-
nities for citizens of wealthy countries to show how
consuming less animal products can lead the way to-
ward future lifestyles where better dietary health and
environmental quality go hand-in-hand.

17. The global economic benefits for the environment
and human health by avoiding over-consumption of
animal products still need to be quantified. However,

the central role of livestock in contributing to nu-
trient pollution is well established. In the European
Nitrogen Assessment, it was estimated that 85% of
harvested N, was used to feed livestock, with only
15% feeding people directly, while the average EU
citizen consumed 70% more protein than needed for
a healthy diet.

A new intergovernmental focus

18. There is an urgent need to develop joined-up ap-
proaches that optimize the planet’s nutrient cycles
for delivery of our food and energy needs, while
reducing threats to social and economic well being,
including threats to climate, ecosystem services and
human health. This set of multiple connections may
be termed ‘The Nutrient Nexus, where good nutrient
management can be seen as making a vital contribu-
tion to all global change challenges (Chapter 7).

19. Nutrient management is currently addressed in part
by divergent efforts on food, climate, water and air
pollution, and biodiversity, but there is no interna-
tional treaty that links the major nutrient benefits and
threats (Chapters 7 and 8).

20. Existing N and P policies have been most successful
in sectors consisting of few key actors (e.g. electricity
generation, car manufacturing, water treatment), but
have made less progress when engaging many diverse
actors (e.g., citizens’ transport choices, farmer prac-
tices). The challenge of diversity requires long-term
dialogue, education and training, especially utilizing
key actors in nutrient pathways.

21. One option to address the Nutrient Nexus would be
to strengthen the mandate of the intergovernmental
‘Global Programme of Action for the Protection of
the Marine Environment from Land-based Activities’
(GPA). Although GPA has a current focus on the ma-
rine environment, it is already taking a lead in devel-
oping a cross-sectoral approach through the Global
Partnership on Nutrient Management (GPNM).

22. International consensus is now needed (Chapter 8)
that mandates a strengthened GPA or other body to:
1. Establish a global assessment process for nitro-

gen, phosphorus and other nutrient interactions,
between air, land, water, climate and biodiversity,
considering the main driving forces, the interac-
tions with food and energy security, the costs
and benefits and the opportunities for the Green
Economy,

2. Develop consensus on the operational indica-
tors, with benchmarking to record progress on
improving nutrient use efficiency and reducing
the adverse environmental impacts,

3. Investigate options for improvement of nutrient
use efficiency, demonstrating benefits for health,
environment, and the supply of food and energy,

4. Address barriers to change, fostering education,
multi-stakeholder discourse and public awareness,

xi
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is driven by the ‘motors’ of human consumption. Numbered circles highlight the ten key actions to increase Nutrient Use Efficiency (NUE) (Chapter 6).

23.

Xii

5. Establish internationally agreed targets for im-
proved N, and P management at regional and
planetary scales,

6. Quantify the multiple benefits of meeting the
nutrient management targets for marine, fresh-
water and terrestrial ecosystems, mitigation of
greenhouse gases and other climate threats, and
improvement of human health,

7. Develop and implement an approach for moni-
toring time-bound achievement of the nutrient
management targets, and for sharing and diffus-
ing new technologies and practices that would
help to achieve the targets.

An illustration of projected achievable gains is shown

in Figure ES5. Globally, a target for 2020 to achieve

a relative improvement in full-chain nutrient use ef-

ficiency by 20% would deliver an estimated saving of

20 million tonnes of N,. Based on initial estimates,

this would equate to a global improvement in human

health, climate and biodiversity of the order of $170

(50-400) billion per year (Chapter 8).

24. A 20% improvement in full-chain NUE while
maintaining current levels of N input would give
smaller net benefits 70 (15 - 165), with environ-
mental benefits much larger than implementation
cost, although this figure does not include the sub-
stantial additional benefits of increased food and
energy production.
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Figure ES5 The benefits of improved Nutrient Use Efficiency
(NUE). The map shows the N, savings that would be made, per ha of

agricultural land, from a 20% relative improvement in full-chain NUE
(see Chapter 8).



1 Introduction

Nitrogen and phosphorus as emerging global
challenges

Humans have been altering the world’s biogeochemical
cycles for many millennia. Perhaps the largest pre-histor-
ical impacts were related to man’s discovery of fire, with
wide-scale burning and clearance of natural land across
substantial areas of the world. These early changes were
particularly associated with increased pastoralism, fol-
lowed by the development of arable agriculture and the
rise of settled civilizations. Each of these activities further
modified the world’s nutrient flows, altering the cycles of
nitrogen (N), phosphorus (P), carbon (C), sulphur (S)
and many other trace elements.

The scale of these changes has massively accelerated
since the industrial revolution. As is well known from
numerous publications related to climate change, rates
of anthropogenic carbon dioxide (CO,) and other green-
house gas emissions have increased substantially since
1750 (IPCC, 2007). The greenhouse gases include both
methane (CHy), especially from fossil fuel sources and
livestock agriculture, and nitrous oxide (N,O), which is
particularly emitted from agricultural soils. The same has
happened with other emissions to air, such as nitrogen ox-
ides (NOxy), being the sum of nitric oxide (NO) and nitro-
gen dioxide (NO,), which are inadvertently produced by
high-temperature combustion processes, and ammonia
(NHj3), which mainly arises by volatilization from agri-
cultural activities, including both livestock and cropping
practices. In parallel with the increase in emissions to air,
a plethora of human disturbances has mobilized other ni-
trogen compounds, such as nitrates (NO5-) and organic
nitrogen species, as well as phosphorus compounds, espe-
cially phosphates (PO,3-), thereby increasing their trans-
fer into water bodies around the world (Figure 1.1).

Together with emissions of other compounds, such as
sulphur dioxide (SO,) from coal burning, these losses of
N and P to air and water contribute to a web of interlinked
environmental problems. These include climate change,
acid rain, stratospheric ozone depletion, ground-level
ozone, particulate matter in air, and nutrient enrichment
(or ‘eutrophicatior’), threatening both human health and
biodiversity.

While recent scientific and social debate about the
environment has focused especially on CO, in relation
to climate change, we see that this is just one aspect of
a much wider and even more complex set of changes
occurring to the world’s biogeochemical cycles. In par-
ticular, it becomes increasingly clear that alteration of
the world’s nitrogen and phosphorus cycles represents a
major emerging challenge that has received too little at-
tention. While there is much scientific knowledge on N
and P processes, the different parts of the system have not
been sufficiently joined up. This is reflected in both the
assessment of impacts and in the fragmentary nature of

the policies needed to manage them. Disturbance of the
N and P cycles represents a major global challenge, which
needs to be understood and quantified if society is to de-
velop sustainable practices for the future.

Historical context

It is important to emphasize that these threats to envi-
ronmental quality were not the historical starting point.
From the first man-made forest fires through to the
earliest farming systems, human disturbance of nutri-
ent cycles was motivated by the need to ensure food and
energy security. Already in ancient times, there was a
pretty good understanding of the importance of recycling
animal manures. For example, the Roman agricultural
writer Columella pointed out the benefit of ploughing-in
manure immediately on the same day of its application,
so to maximize its effectiveness in the soil, and he even
compared the fertilizer value of different legume species
(Ash, 1941). This relates to the presence of nitrogen-fixing
bacteria associated with the roots of certain legumes and
other plant species. Even though the Roman’s did not un-
derstand the mechanisms, they were making choices re-
lated to the good management of nutrient cycles.

The example of legumes highlights the need to clarify
the different types of nitrogen present in the environment.
All of the N forms mentioned so far, such as ammonia,
nitrates and organic nitrogen compounds are naturally
available in only limited amounts, yet it is these forms
that are needed for the nutrition of most plants and ani-
mals. At the same time, nitrogen is one of the most abun-
dant elements, making up 78% of the Earth’s atmosphere
in the form of di-nitrogen gas (N;). This Ny is, however,
extremely stable and is not useable by most plants and
animals. A distinction can therefore be drawn between
unreactive N, gas and the multiplicity of reactive nitro-
gen (N;) compounds that are more available biologically
or play a role in the earth’s radiation balance. It is these
same N, compounds that also cause the different chemi-
cal, physical and biological impacts on the environment
(Galloway et al., 2003).

Only in the case of certain specialized bacteria, such
as those in soils associated with the roots of particular le-
gumes (Winogradsky, 1893; Hellriegel & Wilfarth, 1888),
are biological systems able to use a part of the energy from
photosynthesis to turn N, into N, compounds, a process
known as biological nitrogen fixation (BNF). (See Box 1.1
for further definitions.)

While managing BNF as a means of enriching the soil
thus represents more than 2000 years of human experi-
ence, this has not been the only source of N, nutrition in
agriculture. With an increasing human population after
the industrial revolution, and linked to the emerging sci-
entific consensus of the role of nutrients for crop growth,
there was a growing realization of the need for extra



Figure 1.1

nutrient sources (von Liebig, 1840; Boussingault, 1856;
Lawes, 1861). Even with effective recycling of plant and
animal manures, the contribution of legumes was con-
cluded to be insufficient to meet increasing food needs.
The developing coal-based economy at that time pro-
vided an additional source of ‘fossil nitrogen’” that could
be used as fertilizer. The presence of N; compounds in
coal allowed the first large scale chemical fertilizer pro-
duction, with ammonium sulphate produced as part of
the coal tar industry (Clow and Clow 1952; Sutton et al.,
2011a). Other fossil nitrogen sources included the mining

Images of altered global nitrogen and phosphorus cycles. A. Electricity generation, releasing NOy to the air (Shutterstock.com);

B. Motor vehicles, releasing NOy to the air (Chantal de Bruijne/Shutterstock.com); C. Food consumption associated with agricultural and waste
losses of N and P (The food for one week of this US family is shown); D. Algal blooms associated with N and P pollution (An image from China prior
to the Beijing Olympics 2008) http://daypic.ru/ekology/61520); E. Coastal ‘dead zones’, with lack of oxygen leading to fish kills as a result of N and

P pollution (© daily news); F. Lack of adequate N and P through continued harvests with little nutrient replacement degrades agricultural land,
reduces long term yields and can lead to land abandonment.

of Chile saltpetre (sodium nitrate) deposits, accumulated
naturally from partial nitrate leaching over geological
timescales. These mineral sources were supplemented by
the harvesting of guano from Peruvian and other seabird
colonies, rich in both N and P, where a lack of rain had
again allowed a reserve to build up over millenia (Sutton
etal., 2011a).

The additional N, sources were not only needed for
agriculture. The main explosives used for mining and in
military conflict are N, compounds, such as dynamite,
nitro-glycerine and TNT (trinitrotoluene), which liberate



Box 1.1 Fertile words: definitions old and new

Words like ‘“fertile; “fertilize, ‘nutrient’ and ‘manure’ may seem very familiar, but they can often have specific mean-
ings. The following explains how the words are used in this report.

Nutrient refers here to the elements needed to support plant and animal growth and develop-
ment. The major nutrients or ‘macro-nutrients, which are needed in greatest supply by plants are nitrogen (N),
phosphorus (P) and potassium (K). Nutrients that are needed in only a small amount are called ‘micro-nutrients’;
these include copper, zinc, molybdenum and many others. Elements like sulphur (S) are needed in larger supply than
the micro-nutrients and are sometimes referred to as major nutrients.

Word Roots: The word nutrient comes from the Latin nutrire, which means ‘to suckle’ It is the same Latin root that allows us to
be nourished with nutritious food.

Fertilize is taken here to mean ‘making fertile, or more productive, in the sense of providing nu-
trients to allow more plants and animals to grow and develop. It is potentially a confusing word, because
of its other meaning, rarely used in this report, related to plant and animal reproduction. Land may be made more
fertile by adding materials like manufactured fertilizers, animal manures, green manures and other organic inputs.

Word Roots: The word fertile comes from the Latin ferre, which means ‘to bear, as in bearing fruit. Adding fertilizer makes agri-
cultural land more productive. Deposition of N, from the air can also increase soil fertility, but this can cause problems when the
atmosphere ends up fertilizing non-agricultural land, freshwater and marine ecosystems.

Fertilizer here means ‘a substance that makes fertile’ because of its nutrient content. The word can
cause confusion because both manures and manufactured compounds containing nutrients are used to make land
more fertile. For many people, all man-made nutrient products are simply called fertilizers. To avoid misunderstand-
ing, we therefore clarify as far as possible by referring to ‘manufactured; ‘chemical’ or ‘mineral’ fertilizers, which all
mean the same. The concepts of ‘mining nutrients’ and ‘mineral fertilizers’ apply to both P and N. In the case of N,
production, humans are ‘mining the atmosphere’

Where humans depend on actually digging up N, and P nutrient sources from the ground (such as the minerals apatite, saltpetre,
coal and guano), we can refer to ‘fossil nitrogen’ and even a ‘fossil nutrient economy’: the Latin root of fossil simply means ‘dug up.

Manure refers here to an organic (carbon-containing) nutrient source that can be applied to the
land to grow crops and build soil quality. Specifically, we refer to recycled organic by-products, especially
animal excreta (mix of feces, urine, and bedding materials) and human wastes (including sewage sludge or biosolids)
either collected locally (e.g. ‘night-soil’) or produced at centralized sewage treatment facilities.

Agronomists often talk about increasing the ‘fertilizer equivalence value’ of organic manures, aiming to achieve the
same efficiency of nutrient use as can be obtained from good practice when using mineral fertilizers. ‘Green manure’
refers to an organic input entirely based on plant material.

Word Roots: The word manure comes from the Middle English word manuren, meaning ‘to cultivate the land’ This word in turn
originates from the Latin manuoperare, meaning ‘to work with the hands’

Reactive Nitrogen (N,) refers to all forms of N except for di-nitrogen gas (N;). The Earth’s atmo-
sphere is made up of 78% Nj: this gas is so stable that it is not usable by most organisms, which instead depend on
small amounts of N, entering the environment.

their stored energy on detonation as they convert back to
unreactive N; gas (Davis, 1941, 1943). Considering both
these agricultural and military needs, the demands on
BNFE, manure recycling and fossil nitrogen deposits con-
tinued to grow.

All these N, sources turned out still to be insufficient.
In his well-known presidential address to the British
Association for the Advancement of Science in 1898, Sir
William Crookes highlighted the emerging food security
challenge (Crookes, 1898). The amounts of wheat needed
to feed the population were steadily increasing, BNF was

considered insufficient, and the fossil nitrogen sources
were becoming depleted. As he put it: ‘When we apply to
the land nitrate of soda, sulphate of ammonia, or guano,
we are drawing on the earth’s capital, and our drafts will
not perpetually be honoured. Instead, there was another
source we should be using: “The store of nitrogen in the at-
mosphere is practically unlimited, but it is fixed and ren-
dered assimilable by plants only by cosmic processes of
extreme slowness. The nitrogen which with a light heart
we liberate in a battleship broadside has taken millions of
minute organisms patiently working for centuries to win



from the atmosphere As he pointed out, the challenge
was to find and develop new chemical processes which
would convert N, to N, on an industrial scale.

Such processes were discovered and developed remark-
ably quickly. In the arc process, N, was oxidized to NOx,
from which nitric acid (HNO;) was produced, by using
an electric spark at high temperature, much in the same
manner that NOy air pollution is formed inadvertently in
the internal combustion engine. As a specific industrial
process, however, it required very large amounts of energy
per kg of N, produced. It was therefore only cost effective
with a cheap source of electricity, explaining the historical
origins of a Norwegian hydroelectricity company (Norsk
Hydro, now Yara) as a major fertilizer manufacturer.
Another energy-intensive process using cyanamide was
also operated for some years (Smil, 2001).

It was, however, the discovery in 1908 of a process to
combine N, and hydrogen (H,) directly, by Fritz Haber,
which allowed the greatest reduction in energy costs,
and was the basis for subsequent upscaling by the engi-
neer Carl Bosch in the now famous Haber-Bosch process
(Smil, 2001; Haber, 1920). In this process, combination
of N, with H, (originally from coal gasification, and later
from natural gas) allowed the large-scale production of
NHj; that has since doubled total global circulation of N;
compounds (Galloway et al., 2008; Erisman et al., 2008;
Fowler et al,, 2013). The importance of the Haber-Bosch
process cannot be emphasized enough: its application can
be considered as the greatest single experiment in global
geo-engineering ever made (Sutton et al., 2011a). By the
1930s, Haber-Bosch nitrogen exceeded the fossil nitrogen
sources (Partington, 1925), with a massive expansion in
global production after the 1950s.

Increased supply of Haber-Bosch nitrogen has allowed
ready access to cheap N, synthetic fertilizers, meeting and
exceeding the food security needs of many parts of the
world. This includes North America, Europe, and major
parts of India, China and Latin America, where food and
feed production rates have increased even faster than hu-
man populations. This has permitted the development
of both more-varied and richer diets, in particular with
an increased fraction of meat and dairy products. The
increased fertilizer supplies were effectively the founda-
tion on which both the agricultural ‘green revolution’ and
the ‘livestock revolution’ (see Chapter 2) were based, in-
creasing high-volume, intensive production. These same
increases in crop production have also allowed agricul-
tural land to be set aside from food production, either as
a means to avoid surplus production or, increasingly, for
the growth of bioenergy and biofuel crops.

Emerging risks

Yet, while the food security concerns of Crookes have
been more than fully addressed in many parts of the
world, we have also inherited unforeseen consequenc-
es. Each of the emissions of N,O, NO, and NHj to air,
and loss N and P compounds to water is a direct conse-
quence of these changes, which have been exacerbated by

the parallel increase in NOy from fossil fuel combustion
(Galloway et al., 2008; Sutton et al., 2011b; Bouwman et
al., 2011; Fowler et al., 2013). The main components of
this cascade of N, forms are summarized in Figure 1.2,
which also shows the major phosphorus flows.

By contrast to these regions rich in N, there are still
major parts of the world where the original concerns
of Crookes still apply. Across much of Africa and Latin
America, as well in parts of Asia, there are still insufficient
N; supplies to meet our food needs. This limits dietary
intake in some of the most poor countries of the world,
while ongoing harvests remove more N, from the soil
than is added, drawing on the soil’s nitrogen capital. In
these regions, there are major questions and challenges of
how best to supply peoples” nitrogen needs for achieving
food security, and it becomes a contentious question to
find the right balance between efforts to increase BNF and
efforts to improve access to manufactured N; fertilizers,
considering all the socio-economic challenges, benefits
and risks.

Crookes addressed nitrogen specifically because of the
very high nitrogen needs of wheat, the main European
food crop. But his points were also valid for phosphorus,
potassium and many micronutrients in other crops. For
each of these, annual harvests were drawing on the soil
capital, and replacement nutrients would be needed.

In the case of phosphorus, there are only small amounts
of P compounds in the air, and we therefore depend on re-
cycled and mined sources. While global biogeochemical
cycling of P has its special complexities, it is mainly con-
cerned with this mobilization of P from geological depos-
its, and then maintaining these in plant-available forms in
agricultural soils, while, as far as possible, limiting P run-
off to water bodies. The main P form available to plants
is phosphate (PO43-), which is now largely supplied from
fertilizers manufactured from mineral phosphate depos-
its around the world. Water pollution problems related to
phosphate have also been exacerbated by its use in deter-
gents. At the same time, the increase in livestock numbers
permitted by the ready availability of Haber-Bosch N,
have led to substantial riverine inputs of P from manure
run-off, which is typically even larger than from human
sewage sources (Syers et al., 2011).

The central debate for phosphorus in recent years has
been whether or not depletion of the world’s phosphate
capital will provide a major risk to world food security
in the 215t century (Cordell et al., 2009; Syers et al., 2011;
van Vuuren et al., 2010; Scholz and Wellmer, 2013). This
debate has focused on the magnitude and future acces-
sibility of the mineral P reserves. Whether or not this
risk is significant, society is faced with major threats. In
the first scenario, insufficient P supplies would lead to
higher food prices, with the food system vulnerable to
shortages, especially in the light of the growing human
population and growing per-capita demand for animal
products. In the scenario that P reserves are not limiting,
the continued relatively cheap price of P would provide
only a weak motivation for many in wealthy countries
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Figure 1.2 Simplified overview of nitrogen (N) and phosphorus (P) flows highlighting major present-day anthropogenic sources, the cascade of
reactive nitrogen (N,) forms and the associated environmental concerns (modified here from Sutton et al., 2011b).

to avoid losses to the environment, with the result that
freshwater and marine pollution problems become even
worse, especially given the anticipated further increase
in human and livestock populations. To these problems
it should be added that, just as with nitrogen, there are
still many parts of the world that already suffer from
insufficient access to P fertilizer sources, limiting food
production and compromising food security, such as in
much of sub-Saharan Africa.

A brief comment should be added about potassium (or
kalium, K) and the diverse range of micronutrients es-
sential for plant growth. The word potassium originates
from ‘potash’ - the ash left under the cooking pot after
burning wood. Traditionally, wood ash was washed to
extract the soluble potassium salts. Such practices point
to a traditional recycling of K sources from biomass, al-
though today (as with phosphorus), most of the K used in
global agriculture derives from mined sources (Chapter
2). Unlike N and P, however, K does not lead to major
pollution concerns. Potassium is not typically limiting
in either freshwater or marine ecosystems, and is only a
minor fraction of atmospheric particulate matter levels.
Similarly, there has recently been less attention to future
K supply given the availability of substantial mineral K
reserves (although see Chapter 2; Scholz and Wellmer,
2013), while in regions like Africa limited availability

of N and P has been raised as a more pressing concern
(Vitousek et al., 2009).

Plant and animal nutrition does, however, depend on
a balanced nutrient supply, and this includes essential but
small contributions from a wide range of trace elements,
such as sulphur, zinc, molybdenum, iron, copper, sele-
nium etc. Shortage of these elements is also relevant to
the N and P cycles, as it can also limit the efficiency with
which these other major nutrients are used.

Bringing together these different issues represents a
major societal challenge that has hardly begun. At the hub
are the biogeochemical cycles of key elements, such as N
and P, which are needed for food and energy security, but
also pollute our environment. It is obvious that there is a
degree of coupling between the supply of N, P and other
nutrients, especially as this links to food security.

However, there are also major differences between the
issues relevant for N and P. Nitrogen represents an espe-
cially complex challenge because of the way in which it
‘cascades’ between different N, forms, such as NH;, NO,,
NOs5-, N,O, organic nitrogen, leading to a plethora of dif-
ferent effects in the environment (Galloway et al., 2003).
These include threats to water pollution, air quality, green-
house gas balance and climate, ecosystems and biodiver-
sity and soil quality (Sutton et al., 2011b). Scientific work
linking between these different threats, and between these



and the benefits of N; use has typically been separated
into different communities. This has limited the extent of
holistic perspectives and the extent to which key synergies
and antagonisms between policies have been addressed.
Although there is a common need to improve N and P
supply to nutrient-limited regions, overall, the issues for
N are rather different to P; the latter focus on the future
scale and accessibility of P reserves and the consequences
of inefficient P use for water pollution.

Purpose of this document

The purpose of this report is to provide a global overview
of these issues, especially for nitrogen and phosphorus.
As such, it provides a step in what needs to be a longer-
term process of scientific integration and stakeholder en-
gagement, as the basis for developing better policies and
management practices from factories and the farmer’s
field to the world’s oceans and atmosphere. As this is an
area that is already rich in scientific studies, our focus is
to see how the different parts fit together in relation to hu-
man decision making. In particular, we address the nature
and scope of current nutrient-related policies, and the ex-
tent to which these are delivering the changes needed. A
clear message emerges that current policies and practices
do not go as far as they should if major threats are to be
avoided (Oenema et al., 2011). We therefore reflect on the
package of actions that could be taken, while considering
the barriers to change.

The bottom line is that nutrients matter. They are criti-
cal to world food security and their inadequate manage-
ment is leading to land degradation, loss of biodiversity,
climate change and adverse impacts on human health.
There are major inequalities between regions, some with
too much and others with too little nutrients. Whichever
way we look at it, ‘Our Nutrient World’ presents a major
scientific, social and political challenge: to produce more
food and energy for a growing world population, while
simultaneously reducing the pollution threats on environ-
ment, climate and human health.
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Trends in nutrient supply, their benefits and

future availability

Nutrients feed the world, but with inequalities and future risks

Summary

2.1

The world needs nutrients, especially nitrogen (N) and phosphorus (P), which are essential to raise crops and
animals to feed an increasing world population. It has been estimated that mineral fertilizer is essential to feed
around half of the world’s population, and will be fundamental to ensure global food security over the 21st
century.

Natural nutrient sources and recycling have been supplemented with additional fertilizer to support increas-
ing human consumption since the 19th century. The 18t-19th century agricultural and industrial revolutions
laid the foundation for exploitation of mined sources of N and P, and for development of the Haber-Bosch
process, where energy is used to convert unreactive atmospheric di-nitrogen (N,) into reactive nitrogen (N;)
compounds.

Approximately 2% of world energy use is dedicated specifically to the industrial manufacture of Nr, mainly
through the Haber-Bosch process, so that Nr prices are closely coupled to global energy prices.

Major inequalities exist between those parts of the world with too much nutrients and those that do not have
enough. The key regions mobilizing excess nutrients include North America, Europe, and parts of South and
South East Asia and Latin America. In Africa, Latin America and parts of Asia there are wide regions with too
little nutrients to meet crop demand and food security needs.

The 20th century ‘green revolution’ has depended critically on these additional nutrient sources, while becom-
ing the basis for an ongoing ‘livestock revolution, where relatively cheap grain and other produce (which is
surplus to regional food requirements) is allowing intensification of livestock farming, greatly increasing per-
capita meat and dairy production.

While recent trends in nutrient consumption are relatively stable in developed countries, growing human
population and per capita meat/dairy consumption are causing a rapid increase in nutrient consumption in
developing countries. It is anticipated that these countries may account for % of global nutrient consumption
by 2050, contributing to a further increase in global nutrient production of 40% to 50%.

Phosphorus is still obtained from mining of finite deposits rich in phosphate, with current major world sup-
plies coming from just a few key countries, posing potential risks for future supply.

The possibility of P shortage in the future represents a major issue of recent contention (Chapter 2). Global
supply security of P is a prerequisite for food security. While only 3 countries produce 66% of rock phosphate,
many countries do not have the physical reserves or economic means to obtain them.

There are few countries whose known reserves cover current P demand for a long period (e.g. Morocco,
Algeria > 1000 years based on current use and reserve estimates), others for a shorter time (USA, China,
Brazil: 50 years), while other countries have no notable reserves (e.g. Germany, Japan).

Whether there are accessible global P reserves to feed humanity for decades or centuries, long-term access to P
is a critical issue that calls for more efficient practices and consumption patterns that waste less nutrients.

The risk of future shortage of potassium, and of zinc and other essential micronutrients needs to be further in-
vestigated, especially as only 20 years of zinc reserve are currently identified (roughly maintaining this number
since the 1980s, as new reserves have been identified).

From food shortage to livestock

circulation. For phosphorus, potassium and trace nutri-

revolution

In considering the transition from pre-industrial to in-
dustrial society, it is worth reflecting on the benefits and
risks associated with increased nutrient use. As outlined
in Chapter 1, the major change has been the shift from a
predominant reliance on recycled and renewable nutri-
ent pools (such as manures and sewage) to mined sourc-
es, bringing previously unavailable nutrients into global

ents, these represent actual mines, extracting geological
deposits. Nitrogen represents a special case, where humans
are effectively mining the atmosphere, applying tools such
as nitrogen fixing crops and the Haber-Bosch process to
bring previously unavailable N, into circulation as N.
Although humans have been altering these nutri-
ent cycles for millennia, the new feature is the increas-
ing reliance on such mined sources, coupled to a massive



increase in the rates of extraction. Two stages of major
change can be distinguished, which together represent a
major revolution in nutrient use by humans.

Stage 1 of the Nutrient Revolution: Technological
Foundations
The first stage of change can be considered as being as-
sociated with the industrial and agricultural revolutions
from the late 18t century. In this case, the development
of machinery and the utilization of power from coal,
boosted agricultural and industrial productivity. The re-
sulting rapid rise in human population and standard of
living has increased total and per-person consumption of
N;- and P-containing products, feeding back to a larger
demand for fossil N and P sources such as coal, Chile salt-
petre and Peruvian guano. For example, before the col-
lapse of the Peruvian guano industry shortly after 1870,
guano exports reached 0.1 million tonnes (Mt = Tg) of N
annually, while ammonium sulphate production and salt-
petre exports each reached 0.3 Mt of N by 1915 (Clark &
Sherman, 1946; Hollett, 2008; Smil, 2001).

As the agricultural and industrial revolutions were
at first limited to Europe and North America, their im-
pact on global nutrient cycles was initially rather mod-
est. Among the first indicators was the local depletion of
guano deposits. At this stage, manure recycling still domi-
nated the main nutrient inputs in European farming. For
example, it has been estimated that by 1900, manure con-
tributed 6 Mt per year, crop biological nitrogen fixation
(BNF) 4 Mt and manufactured fertilizers only 0.2 Mt to
European agricultural soils (Sutton et al., 2011). Globally,
the dominance of manure was even larger, accounting for
an estimated 33 Mt, compared with less than half of this
(14 Mt) from BNF (Bouwman et al., 2011).

Stage 2 of the Nutrient Revolution: Global Extension

The scene had nevertheless been set for increased impacts
at a global scale, as the spread of the agricultural and in-
dustrial revolutions across the world allowed the human
population to grow, requiring even more nutrient resourc-
es. Changes through the later 19t century and the first half
of the 20t century, including development of the Haber-
Bosch process, thus laid the foundation for the second major
stage of change with the ‘green revolution’ from the 1950s.
This is the point at which production of N, and P miner-
al fertilizers increased rapidly on a global scale. The changes
were much larger than previously, firstly because of the near
global nature of the green revolution, especially through
the introduction of high yielding wheat and rice varieties.
In addition, technologies had advanced sufficiently to allow
massive scaling up of access to nutrients, as required by the
new varieties, both through application of the Haber-Bosch
process and through the use of N;-containing explosives
and mechanization to allow nutrient mining on a huge
scale. Between 1950 and 2000, estimated mineral fertilizer
N use increased from 4 to 83 Mt per year, while P fertilizer
use increased from 3 to 14 Mt. This massive change can be
illustrated by the changing ratio of new N, coming from

agricultural BNF to that from mineral fertilizers, which de-
creased from 14:1 in 1900 to 6:1 in 1950, and to 0.5:1 by
2000 (Bouwman et al., 2011).

Just as the 18th century revolution included feedbacks
between different aspects — such as the interplay between
the agricultural and industrial revolutions - so there are
also several consequences of the 20t century green revo-
lution. Perhaps the most significant of these for nutrient
cycling is what might be called the Tivestock revolution’.
This started in developed countries in the 1960s, but is
still rapidly progressing on the global scale. The livestock
revolution can be considered as representing the shift
from traditional land-based livestock practices to the use
of intensively-fertilized grass and grain production to feed
large numbers of livestock in confined feeding operations.
This has allowed a very rapid increase in livestock num-
bers and in the human consumption of animal products
(both total and per capita) linked to much cheaper meat
and dairy products.

The livestock revolution can be considered as an indi-
cator of great success in one of the central objectives of
the green revolution: to increase crop production. The nu-
trient inputs coupled with new crop varieties meant that
grain and grass production increased even faster than the
original needs of human consumption. This allowed an
increasingly large amount of the extra produce to be used
as animal feeds instead of human food, thereby support-
ing rapid growth in the livestock sector.

Trends in nutrient production and consumption

These changes are illustrated globally for nitrogen in
Figure 2.1, where Erisman et al., have estimated the fea-
sible influence of Haber-Bosch nitrogen on the global hu-
man population. In the absence of Haber-Bosch nitrogen,
only limited increases in agricultural productivity would
have been possible and depended only on the estimated
impact of technical measures to improve nitrogen use ef-
ficiency. The increasing dependence of the human popu-
lation on Haber-Bosch nitrogen is clear, especially after
1950. At the same time, this figure illustrates how nitrogen
inputs have increased per hectare, while allowing a near
doubling of per capita meat consumption since records of
the UN Food and Agriculture Organization (FAO) started
shortly after 1960. Figure 2.1 shows that around half the
world population is now alive because of the increased
supply of reactive nitrogen. Although such an estimate is
necessarily approximate, it highlights the massive impact
that N has had in meeting human food needs, thereby al-
lowing the world population to expand rapidly while si-
multaneously increasing per capita consumption.

The overall trends in global mineral N and P fertilizer
consumption, including future projections to 2050 are
shown in Figure 2.2. In both cases, a rapid increase can
be seen since 1960: a nine-fold increase for N and a three-
fold increase for P.

The future scenarios shown in Figure 2.2 should be taken
as indicative of possible changes, and will depend on popu-
lation expansion, human diets (including the proportion of
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Figure 2.1 Changes in world human population as compared with estimated changes in the absence of Haber-Bosch nitrogen, showing parallel
changes in average mineral fertilizer input and per capita meat production (Erisman et al., 2008).

animal products), the possible expansion of biofuels, and
the extent to which more efficient agricultural practices
can be developed (Chapter 8). Similarly, the major increase
in livestock numbers supported will propagate into larger
availability of manure. As of 2000, annual manure use (92
Mt N) is already estimated to have increased by a factor
of 3 since 1900, and is projected to increase by a further
50% (range: 40%-65% depending on the scenario) by 2050.
Whichever way these issues are considered, it will be ex-
tremely challenging for the world of 2050 to avoid substan-
tial further increases in nutrient mobilization compared
with the present (Bouwman et al., 2011).

It is worth noting that both Figures 2.1 and 2.2 show
substantial short-term fluctuations in the overall trend of
increasing N, and P fertilizer use. In particular, there was
a reduction in global consumption of manufactured fertil-
izers after 1990. As can be seen from Figure 2.3, this was
particularly related to the structural changes in the coun-
tries of Eastern Europe after 1989. Rates of nutrient use
in these countries are now only slowly increasing, and
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projected to increase further in the short term (FAO, 2012).
For developed countries, the highest mineral fertilizer in-
puts occurred during the 1980s, with a reduction through
the 1990s related to efficiency improvements, while the
amounts have been relatively stable in the last decade.

A specific dip in 2008 was related to the increase in
world energy price, which directly affected N; prices, pro-
duction and consumption rates. Although this is only a
small feature compared with the overall global increase,
it has provided important lessons related to the need to
improve nutrient use efficiency (Chapter 8).

By far the largest contribution to the overall global in-
crease in nutrient consumption is that originating from

developing countries. This can be seen by considering a
major change in the main consumer regions over the past
30 years. In 1980, developed countries (including transi-
tion economies) consumed around 70% of the global total.
By 2010, the situation had reversed, with the developing
economies consuming 70%. The bulk of the anticipated
increase up to 2050 is also anticipated to be used in devel-
oping countries. In the case of a global increase of 50% in
use by developing economies up to 2050, these countries
would become responsible for over 75% of world nutrient
consumption.

The substantial differences in rates of nutrient con-
sumption between world regions are shown even more
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clearly in Figure 2.4, which expresses the total input of
mineral fertilizers per hectare of arable land. While rates
have decreased by about 20% in developed countries since
1990, substantial increases are seen in Latin America,
South Asia and especially East Asia. The contrast be-
tween Sub-Saharan Africa, with annual inputs around 10
kg per hectare, and East Asia, with inputs at over 400 kg
per hectare for 2010/11, highlights graphically the con-
trast between areas of too little and too much N, P and K.

The importance of food choice in driving these changes
can be illustrated by Figure 2.5, which shows estimated
changes in the amounts of protein consumption projected
to occur between 1970 and 2030. There are major regional
differences reflecting richer diets in North America and
Europe, although it can be seen that China and India have
been fast catching up, with substantial further increases in
per capita animal protein consumption estimated for 2030,
as these countries increasingly aim towards western pat-
terns of consumption. Considering both population growth
and increasing per capita consumption, between 2007 and
2030 a 30% increase in global protein consumption can
be expected. If the entire world population consumed the
North American diet of 2007, this would result in a 320%
increase in global consumption of animal protein. While
such increases may represent a benefit for many citizens in
the developing world, it represents a major challenge for
global nutrient supply and losses as pollution.

One of the central problems to be faced is that increas-
ing nutrient inputs to agriculture tends to greatly reduce
nutrient use efficiency (NUE). This term is defined here

as the percentage of input N that reaches the intend-
ed product, for nitrogen (NUEy) and for phosphorus
(NUEp). The changes over time are illustrated in Figure
2.6, which compares the increase in mineral fertilizer use
for rice crops in India with the crop NUEy and Partial
Factor Productivity for nitrogen (PFPy), which is the
ratio of harvested grain mass to the amount of N fertil-
izer applied. From 1966 to 2008, through the period of
the Green Revolution to near present, mineral fertilizer
N use increased by more than a factor of 15, while PFPy
decreased by around a factor of 6 and NUEy reduced by
60%. The reduction in NUEy;, which in this case was also
associated with imbalanced nutrient supply, means that a
much larger fraction of the N applied is released to the en-
vironment, as a combination of denitrification to N, and
N,O, volatilization of NH3 and leaching of nitrates and
other N; forms. While the green revolution has helped
feed humans, it has thus substantially reduced NUE in
much of the world, while greatly increasing pollution of
the environment. It is important to point out that increas-
ing mineral fertilizer or manure inputs in areas with too
little N is essential for increasing cereal yields from 1 to 3
or more tonne per ha; in these situations the challenge is
still to achieve high NUE with small N losses.

This pattern is even more strongly emphasized by the
livestock revolution, with rapidly increasing livestock
numbers and consumption of livestock products. By in-
creasing the fraction of livestock in the food chain, overall
nutrient use efficiency has decreased substantially, lead-
ing to a further increase in pollution losses (Chapter 3).
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Figure 2.6 The case of N-use inrice in India: changes in partial factor productivity (PFPy, kg grain/kg N mineral fertilizer applied) and nitrogen
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12



2.2 Reactive nitrogen production
from combustion sources

Although the main global sources of terrestrial N, are
fertilizer manufacture and biological nitrogen fixation,
a substantial additional amount of new N, also enters
the environment inadvertently through nitrogen oxide
(NOy) emissions from combustion sources. Compared
with global nitrogen fixation by the Haber-Bosch process
at around 120 Mtonnes (Tg) annually, and agricultural
biological nitrogen fixation of 33 Mtonnes, nitrogen ox-
ides emissions add a further 40 Mtonnes (based on 2010;
Fowler et al., 2013). Although the main focus of attention
for these sources is their adverse effects on the environ-
ment (Chapter 4), they do provide some benefits in the
form of an additional fertilizer source, of which some use
may be made in agriculture.

The problem with NOy as a useful N, source is that
these emissions are emitted directly to the air, so that only
part of the atmospheric deposition is captured by agricul-
tural land and production forests where the inputs can be
used effectively. Similarly, much of the atmospheric N, de-
position from NOy occurs during seasons when it is not
needed for plant growth, as well as to natural ecosystems
where it can disrupt ecosystem functioning, encouraging
N; losses. The result is that the agricultural nitrogen use
efficiency of NOy emissions is anticipated to be low com-
pared with use of mineral fertilizers and organic manures.

Further analysis and technology development are
needed to investigate how to improve the efficiency of
N use produce by combustion processes as NOy (i.e. the
capture of NOy nitrogen for targeted use into intended
products). This may require further investment to devel-
op cost-effective Nitrogen Oxides Capture and Utilization
(NCU) technologies (Chapter 6).

2.3 Constraints on present and
future nutrient use

Challenges for world regions with not enough
nutrients

Major nutrient inequalities exist between different parts
of the world (MacDonald et al., 2011). While some areas
contribute to global environmental problems as a result
of too much nutrients, in other areas shortage of nutrient
availability severely constrains agricultural productivity.
These nutrient-limited regions include much of Africa,
as well large areas of Latin America and South East Asia
(IAC, 2004; Sanchez, 2002; Stoorvogel et al., 1993). The
low levels of available N, P and other nutrients limit food
production and are a major cause of malnutrition in these
areas. Moreover, the shortage of N, P and other nutrients
in these regions leads to depletion of soil nutrient stocks,
posing risks of land degradation, as discussed further in
Chapter 4.

The central challenge for areas with too little nutrients
is to improve access to affordable nutrient sources, while

maximizing the efficiency with which available nutri-
ent pools are used. This points to the need for improved
infrastructure and other measures to improve access to
nutrients for agricultural areas often distant from fertil-
izer production and distribution points. Input subsidies
may also be considered as part of such a package of ac-
tions (Denning et al., 2009). At the same time, efforts are
needed to understand and manage the risks for long-term
sustainability, considering the synergies between manure
recycling, biological nitrogen fixation and imported min-
eral fertilizer sources (Vanlauwe et al., 2011).

The question of how to increase nutrient supply in
nutrient limited areas such as sub-Saharan Africa has
proved to be highly contentious. Some have highlighted
the risks of using mineral fertilizers, suggesting that these
can have adverse effects on farmer economies by requir-
ing a high-cost outlay, while leading to a reduced utiliza-
tion of existing manure resources (NGO Working Group
on Food & Hunger at the United Nations, 2011). For ex-
ample, the suggestion to reduce synthetic fertilizer use has
been made by the International Agricultural Assessment:
‘agroecosystems of even the poorest societies have the
potential through ecological agriculture and integrated
pest management to meet or significantly exceed yields
produced by conventional methods, reduce the demand
for land conversion for agriculture, restore ecosystem ser-
vices (particularly water), reduce the use of and need for
synthetic fertilizers derived from fossil fuels, and the use
of harsh insecticides and herbicides’ (Heinemann et al.,
2009).

Others have emphasized the view that sole dependence
on local manure stocks and BNF is insufficient if farmers
are to produce sufficient produce to feed growing popula-
tions and break out of a cycle of poverty (Sanchez, 2010).
In fact, all agree that the best use needs to be made of
BNF and manure recycling. The central question is there-
fore the extent to which manufactured N, and P fertilizers
should be an essential part of regional nutrient strate-
gies in these countries. This issue is addressed further in
Chapters 6 to 8.

The risk of future phosphorus shortage

A further question that has been the subject of recent con-
tention is whether there is a major risk to world food se-
curity as a result of depletion of mined phosphate sources
(e.g., Syers et al., 2011). Most global agricultural produc-
tion depends on mined phosphate supplies. If these sup-
plies were to become unavailable, global food production
would decrease, leading to a major global food threat. It
is therefore a key issue to assess the risk that phosphate
reserves become substantially depleted or otherwise
inaccessible.

The extent of the possible phosphorus risk has been
particularly highlighted by Cordell et al. (2009). They
identified a parallel between ‘peak oil” and ‘peak phospho-
rus, with the risk that phosphate reserves become large-
ly exhausted during the 21st century. This is illustrated
by Figure 2.7, where Cordell et al. supposed a Gaussian
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distribution of phosphate availability. According to their
model, peak phosphorus supply would be estimated to
occur around 2030, with subsequent decline to one third
of this by 2100. If the future projection of Figure 2.7 were
agreed to be realistic, then addressing future phosphorus
supply should become one of the most urgent priorities
for the future sustainability of humanity.

In fact, the analysis of Cordell et al. shown in Figure
2.7, has been strongly criticised, in that it substantially
over-estimates the urgency of the phosphorus supply risk.
Subsequent analyses by van Kauwenbergh (2010) and
Scholz and Wellmer (2013) have emphasized how mineral
reserves are a dynamically varying term, which are to a
large extent demand driven, as market drivers lead to the
development of further accessible reserves. Phosphorus
is a clear example of this, as shown by the time trend of
global reserves estimated by the US Geological Survey
(USGS) since 1988 (Scholz and Wellmer, 2013; U.S.
Geological Survey, 2012a). In this case, a substantial in-
crease in reserves has been estimated since 2010. The
current estimates of the USGS suggest that, rather than
an estimated life-time of existing reserves of around 100
years, presently identified reserves would last around 370
years at current rates of exploitation (Figure 2.8). For the
purpose of this graph, the estimated reserves expressed
in years, is simply the ratio of currently estimated global
reserves to the current annual mine production.

In this context, it is relevant to distinguish the terms
used. The term ‘reserve’ represents the currently eco-
nomic and accessible fraction of the total resources. By
contrast, the term ‘resources’ refers to total estimated
amounts, that are in-principle feasible for extraction ac-
cording to current technology and concentrations. In the
case of phosphate rock, world resources are estimated at
300 billion tons (U.S. Geological Survey, 2012a), approxi-
mately 4 times the estimated reserves. Subject to future
economics and accessibility, at present rates of produc-
tion, the currently estimated global phosphate resource
would have an estimated lifetime of around 1500 years.
Further exploration in future, combined with improved
and more cost-effective technologies, would be expected
to increase both the estimated reserves and resources.

It is also important to consider phosphorus within
the context of other mineral reserves. This is illustrated
in Figure 2.9, which compares the global reserves of 17
different commodities, based on current rates of mine
production, as estimated by the USGS in 2002/03 and
2010. The first point to note is that the estimates fluctu-
ate between years, with both increases and decreases over
the period shown. As with phosphorus, the estimated
reserves of tantalum, silver and platinum group have all
increased substantially, associated with the market fluctu-
ations (more demand leading to increase in the identified
reserve) as well as improved estimates. By contrast, the re-
serve estimates of magnesium and cobalt (also important
micronutrients for plant and animal nutrition) have de-
creased substantially between the two years, either as a re-
sult of improved estimates or market fluctuations. When
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compared with these other commodities, it is clear that
currently estimated phosphorus reserves (at 370 years)
are projected to be available for a much longer duration.
By comparison, currently estimated reserves of gold, anti-
mony, crude oil and natural gas have a shorter lifetime (12
to 65 years) than phosphorus. However, as noted above,
in all cases the reserve estimates, which respond dynami-
cally to market drivers, need also to be related to the total
estimated resources.

Relating phosphorus to risks for potash, zinc and
other micronutrients

In regards of plant nutrition, it is worth highlighting that
the micronutrient zinc has only 20 years of identified re-
serves currently estimated to available (Figure 2.9), being
only 6% of the duration of estimated phosphate reserves.
This highlights the need to further evaluate zinc reserves.
Nevertheless, it should be noted that, while zinc produc-
tion has increased from 7.2 Mt in 1900 to 12.4 Mt in 2011,
the identified reserves have also increased in approximate
proportion. This means that the lifetime of the estimated
reserves has hardly changed, with a value of 20 years in
1990, and mean value since then of 21.5+2.8 years (1 stan-
dard deviation) (including estimates from Jolly, 1991).
Agriculture uses only approximately 2% of the total zinc
production (the main uses being rubber and chemi-
cal manufacture), with a wide range of other uses. For
these reasons, it is anticipated that further reserves may
be identified or become economical as future require-
ments for zinc production continue to increase. Global
zinc resources are currently estimated at 1900 Mt (U.S.
Geological Survey, 2012b), equivalent to a total lifetime
of 150 years, at present rates, subject to future economics
and accessibility.

It is also worth noting that available potash (potas-
sium) reserves are now estimated as being less than es-
timated in 2002/03. At current rates of mine production
(US. Geological Survey, 2012¢), the identified reserves
would have an estimated lifetime of 257 years, which is
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larger and longer lasting (for details see main text).



substantially less than the currently estimated lifetime of
the identified phosphate reserves. However, it must be
noted that global potash resources are estimated at 250
billion tonnes (U.S. Geological Survey, 2012c¢), equivalent
to a lifetime of around 7000 years at current rates, should
these resources be accessible and economically extract-
able in the future.

In assessing the risks associated with future nutrient
shortages it is also important to consider whether there are
alternatives. In the case of crude oil and natural gas, while
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Figure 2.8 Time course of global annual mine production of
phosphate rock and estimated reserves at current rates of mine
production, also showing the estimates without including Morocco.
Based on Scholz and Wellmer (Scholz & Wellmer, 2013), from the series
of USGS reports (e.g., U.S. Geological Survey, 2012a). The estimated
reserves without Morocco are shown based on current total global
production, assuming that this is market driven. * Calculated as the
ratio of global estimated reserve to annual mine production.

these are of central importance to world economy, they
are not the ultimate product needed by society. Where the
main actual requirement is energy, renewable and other
sources are currently being further developed. Similarly,
where synthetic carbon-based products are the require-
ment, these may also be further developed through coal
and renewable biomass-based sources.

However, the nutrients P, K and Zn are essential bio-
logical requirements; there are therefore no alternatives. In
the case of future limited availability, the only option is to
develop more-effective recycling of existing nutrient pools,
such as with manures, or to improve access to existing soil
stocks. This particularly applies to P, which rapidly be-
comes less soluble in soils through geochemical processes
(‘P sorption’) and is only remobilized for crop use at a slow
rate. Given the lack of alternative sources, these therefore
represent significant risks for future food security over tim-
escales of decades (Zn) and centuries (P and K).

Risks associated with the distribution of phosphate
and potash reserves

Additional risks for P and K may be associated with the
distribution of the available reserves and their future ac-
cessibility. As shown in Table 2.1, there are few countries
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Figure 2.9 Putting phosphorus and potassium (potash) reserves
into context: Changes in estimated reserves of different commodities
as estimated in 2002/2003 and 2010 (Based on Scholz & Wellmer, 2013;
U.S. Geological Survey, 2012a; U.S. Geological Survey, 2012c). * Ratio of
estimated reserve to annual mine production.

whose known reserves cover current P demand for a long
period (e.g. Morocco, Algeria > 1000 years), others for a
shorter time (USA, China, Brazil: 50 years) (Scholz and
Wellmer, 2013; U.S. Geological Survey, 2012a), while
other countries have no notable reserves (e.g. Germany,
Japan). Long-term food security therefore depends on
maintaining trade access to a small number of countries,
such as Morocco, Iraq, China and Algeria, which hold the
largest known reserves. In the case of potash, the main
reserves are distributed across an even smaller number
of countries, with 80% currently identified reserves be-
ing in Canada and Russia. These regional differences may
provide a motivation to develop additional new supplies
from a wider diversity different locations. More detailed
analyses in relation to phosphorus and other elements, in-
cluding the concept of ‘criticality’ in relation to the inter-
national distribution of reserves, are described by Scholz
and Wellmer (2013) and Scholz et al. (2013).

While these timescales may seem like a long time
relative to a human life span, P, K, Zn and other mineral
resources are finite. Running out of economically extract-
able reserves for these essential nutrients would be devas-
tating for humans in future centuries. This would require
them to obtain all their needs for these nutrients from re-
trieving and recycling them from the dispersed deposits
now accumulating in soils and sediments from our cur-
rent uses.
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Table 2.1 Estimated reserves of potash (as K;0) and phosphate rock (as P,05) based on current estimates. Note that estimated reserves are to
a large extent market-driven, and are likely to increase if future markets expand (U.S. Geological Survey, 2012a; U.S. Geological Survey, 2012c).

Mine Estimated Estimated Mine Estimated Estimated
production Reserves years of production Reserves years of
K,O (2011) K,O K,O reserve P,05 (2011) P,05 P,05 reserve
(Mtons) (Mtons) at 2011 rates* (Mtons) (Mtons) at 2011 rates*
Algeria — — — 1.8 2,200 1222
Australia — — — 2.7 250 93
Belarus 5.5 750 136 — — —
Brazil 0.4 300 750 6.2 310 50
Canada 11.2 4,400 393 1.0 2 2
Chile 0.8 130 163 — — —
China 3.2 210 66 72.0 3,700 51
Germany 3.3 150 45 — — —
Egypt — — — 6.0 100 17
India — — — 1.3 6 5
Iraq — — — — 5,800 4
Israel 2.0 40 20 3.2 180 56
Jordan 1.4 40 29 6.2 1,500 242
Mexico — — — 1.6 30 19
Morocco and — — — 27.0 50,000 1852
Western Sahara
Peru — — — 2.4 240 100
Russia 7.4 3,300 446 11.0 1,300 118
Senegal — — — 1.0 180 189
South Africa — — — 2.5 1,500 600
Spain 0.42 20 48 — — —
Syria — — — 3.1 1,800 581
Togo — — — 0.8 60 75
Tunisia — — — 5.0 100 20
United 0.43 22 51 — — —
Kingdom
United States — — — 28.4 1,400 49
Other countries — 50 — 7.4 500 68
World total 37.0 9,500 257 191.0 71,000 372
(rounded)

* Ratio of reserve to annual mine production

Whether there are accessible global P, K and Zn re-
serves to feed humanity for decades or centuries, long-
term access to these nutrients is a critical issue that calls
for more efficient practices and consumption patterns
that waste less nutrients.

Future risks to reactive nitrogen availability

It is also essential to consider the implications of re-
source scarcity on future N, availability. In principle, the
amount of N, in the atmosphere is so large that it pro-
vides a virtually unlimited reserve from which to manu-
facture N,. With approximately 3.9 x10° Mtonnes N in the
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atmosphere, and current rates of the Haber-Bosch process
at 120 Mtonnes per year, it would take around 800,000
years to reduce atmospheric N, levels by 1%, from 78% to
77% if none was denitrified back to N, during this time.
By comparison, it has been estimated that total Chile
saltpetre resources amount to 220-900 Mtonnes (Lamer,
1957), equivalent to 35-150 Mtonnes as N. If this were the
only source to meet current rates of N mineral fertilizer
use, the salpetre resource would be fully depleted within
3-15 months.

A much more pressing limitation is the high energy re-
quirement of splitting the triple bond of the N, molecule



to form N; compounds. At present, it is estimated that
industrial N fixation uses around 2% of world energy
supply. The sustainability of N, industrial production is
therefore closely linked to energy prices, as illustrated by
the consequence of increased oil prices during 2008 on
the prices of manufactured fertilizers. Technically, there
is no requirement for fossil carbon sources to make in-
dustrial N;: the need is for energy that can also be pro-
vided by other sources, including renewable or nuclear
energy. However, as fossil fuel reserves begin to become
less available, a smooth transition to such other sources
will be needed if N, manufacture is to continue meeting
food demands.

In principle, future technologies may also be anticipat-
ed that will allow cost-effective small-scale production of
ammonia, which may also form part of a package to use
ammonia as a chemical store to buffer intermittent sup-
plies of electrical energy. With the potential availability of
such small scale processes, it becomes feasible to envisage
the integration of ammonia production and renewable
energy generation, which could meet local needs for both
fertilizer supply and energy storage (Section 6.6).
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3

Global nitrogen and phosphorus pollution

A growing pollution web requiring urgent action

Summary

There are major problems associated with high levels of nutrient use, especially in Europe, North America, South and
East Asia and Latin America.

The consistent addition of reactive nitrogen (N;) and phosphorus (P) by anthropogenic sources has altered the
natural biogeochemical cycles of these elements. Human activities have increased N emissions to the atmosphere
and the N and P emissions to soils and waters (ground waters, rivers, and coastal waters). In addition, they have
altered the natural balance between carbon, nitrogen, phosphorus and silica, especially in coastal waters.

The efficiency of nutrient use is very low: considering the full chain, on average over 80% of N and 25-75% of P
consumed (where not temporarily stored in agricultural soils) end up lost to the environment. This wastes the
energy used to obtain these nutrients, while causing pollution through emissions of the greenhouse gas nitrous
oxide (N,0) and ammonia (NHj3) to the atmosphere, plus losses of nitrates (NOj5), phosphate and organic N
and P compounds to water.

The inclusion of livestock in the food chain substantially reduces overall nutrient use efficiency, leading to large
pollution releases to the environment and requiring more N and P to sustain the human population than would be
required by plant-based foods. Globally, the 80% of N and P in crop and grass harvests that feeds livestock ends up
providing only around 20% (15-35%) of the N and P in human diets, which emphasizes these inefficiencies.

Burning fossil fuels produces a significant additional N; resource (~20% of human N, production) that could
be captured and used, but which is currently wasted as emissions of nitrogen oxide (NOy) to air, contributing
to particulate matter and ground-level (tropospheric) ozone that adversely affect human health, ecosystems
and food production systems.

Since the 1960s, human use of synthetic N fertilizers has increased 9 fold globally, while P use has tripled. Further
substantial increase of around 40-50% is expected over the next 50 years in order to feed the growing world popu-
lation and because of current trends in dietary lifestyle, increasing consumption of animal products.

These changes are expected to increase N and P emissions to the environment, especially NH; and N,O emis-
sions to the atmosphere and N and P losses to fresh and coastal waters, exacerbating current environmental
problems unless urgent action is taken to improve the efficiency of N and P use, and to re-evaluate societal
ambitions for future per capita consumption patterns.

The consequences of not taking action include further warming effects from increasing atmospheric N,O, with
other N, and P forms leading to continuing deterioration of fresh water and coastal seas, air and soil quality,

shortening human life, while threatening ecosystem services and biodiversity.

In this chapter we provide an overview on the present
fluxes and levels of global nitrogen (N) and phosphorus
(P) pollution. First we describe the fluxes in the global N
and P cycles and then we discuss the current trends and
some scenarios for future, underlining the key uncertain-
ties and challenges. The effects of N and P enrichment in
the environment are then consider in Chapter 4.

3.1 Global nitrogen and phosphorus
cycles

When introduced into the environment reactive nitrogen
(N;) and phosphorus (P) can contribute to a number of
environmental concerns, including water eutrophica-
tion, air pollution, soil degradation, climate change and
biodiversity loss (Fig.1.2 Chapter 1, Chapter 4). Since the
1960s, with the ‘nutrient revolution’ and the Tivestock
revolution, the human use of synthetic nitrogen fertiliser
has increased 9 fold globally and the use of phosphorus
has tripled (Chapter 2). This consistent addition of N, and

P by anthropogenic sources has altered the natural bio-
geochemical cycle of these elements to such an extent that
is difficult to quantify all of the consequences and result-
ing interactions (Vitousek et al. 1997; Sutton et al., 2011a;
van Vuuren et al. 2010).

In this section we describe the global N and P bio-
geochemical cycles at the present time (year 2000-2010)
quantifying the nutrient fluxes on the basis of recent stud-
ies published in the literature. A diagram summarising
all the fluxes is provided for N (Figure 3.1) and P (Figure
3.2), together with an accompanying table reporting the
references for each flux (Table 3.1 and Table 3.2 for N and
P respectively).

When assessing the global nutrient cycles two issues
need to be taken into account. First, discrepancies among
different studies exist in the quantification of nutrient
fluxes due to several reasons. The biogeochemical cycles
are complex and generally studies address only part of the
cycle, focusing on some processes. Data at global scale
are scarce, and except for the information that can be



gathered by satellite images or global models, data cover-
age is not homogeneous across the globe. Strong regional
differences exist in terms of environmental conditions,
climate, and anthropogenic pressures. Methodological
approaches differ from study to study and might as well
contribute to the discrepancies in the quantification of
nutrient fluxes. All these aspects explain the differences
in detail in the estimates for some fluxes, highlighting the
need to recognize inherent uncertainty in the quantifica-
tion of the fluxes.

The second issue is the influence of human activity on
the natural cycling of N and P. Humans have created addi-
tional fluxes (‘intended fluxes’), such as the fixation of N,
by synthetic fertilizers to produce more food, and boosted
some natural fluxes (‘perturbed fluxes’), for example by
increasing rates of biological nitrogen fixation, producing
a general alteration of the natural, pre-anthropogenic, N
and P cycles. At the same time, some additional fluxes,
mainly harmful for human and ecosystem health have
been produced (‘unintended fluxes’), such as the emis-
sions of nitrogen oxides (NOy) from the combustion of
fossil fuels. As a result, intended and unintended fluxes
have been added to the natural ones, although most of the
unintended fluxes are essentially natural fluxes that have
been perturbed at different degree by the anthropogenic
activity. In Figure 3.1 and Figure 3.2 the typology of fluxes
are indicated by different colours to show the impact of
the human activity on the nutrient cycle.

Global nitrogen cycle

The current nitrogen biogeochemical cycle is strongly af-
fected by the agricultural system (Figure 3.1 and Table 3.1
for references). This is based on estimates for around the
years 2000-2010. Globally humans introduce 120 Tg N
per year of new N as synthetic fertiliser to sustain crop
and grass production and as feedstock for many industrial
processes (Galloway et al., 2008), in addition to 50-70 Tg
N which is fixed biologically by the agricultural system
(Herridge et al., 2008). Only 20-30% of the N originally
introduced in agricultural soils ends up in food for hu-
man consumption as cereals, vegetables and fruits, while
the rest is used to sustain the livestock production (Billen
et al,, 2013). Similarly, only a small fraction of N input to
the livestock system is then consumed by humans as meat,
whereas a large part is lost or recycled by agricultural soils
(Billen et al., 2013). Losses are represented mainly by am-
monia (NH;) emissions from agricultural and livestock
production systems (37 Tg N per year, Sutton et al., 2013),
soil denitrification (25 Tg N, Billen et al., 2013), and N
leaching and runoft (95 Tg N, Billen et al., 2013). Humans
contribute to the loss of N in the environment also by
food waste, which according to the FAO statistics repre-
sents one third of the food produced globally (Gustavsson
et al, 2011), and by sewage discharges, that are only par-
tially treated. As a result, unintended emissions of N to
soils, fresh waters and the atmosphere are produced.
Fresh waters receive around 39-95 Tg N per year from
agricultural soils (Bouwman et al, 2011; Billen et al.,
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2013). Part of this remains in superficial aquifers, part is
lost to the atmosphere by denitrification, contributing to
the emission of the strong greenhouse gas nitrous oxide
(N,0), and part is discharged to coastal waters (40-66 Tg
N per year, Voss et al., 2011; Seitzinger et al., 2005), where
it fosters local water eutrophication and hypoxia.

Nitrogen fluxes within oceans are only partially
known at global scale as many of the processes involved
depend on microbial organisms and on the availability
of the other nutrients, i.e. carbon (C), phosphorus (P)
and silica (Si). However, it is clear that human activities
have increased N inputs from rivers and atmospheric
deposition, while they have altered the stoichiometry of
C, N, P and Si, especially in coastal waters (Voss et al.,
2013). Globally, ocean N fixation is estimated to be 140
Tg N per year (Deutsch et al., 2007), deposition 30-67
Tg N (Fowler et al., 2013; Duce et al., 2008) and deni-
trification around 100-250 Tg N (Voss et al., 2013), con-
tributing to the emission of 5.5 Tg N as N,O (Duce et
al., 2008). Fish landing represents only 4 Tg N per year
(Maranger et al., 2008).

The effects of human activity on the emissions of N in
the atmosphere are much studied. Combustion is respon-
sible of the emission 0of 30-40 Tg N per year as NOy (Fowler
et al., 2013; Van Vuuren et al., 2011a), which is about five
times the NOy naturally produced in the atmosphere by
lightening (Fowler et al., 2013; Levy et al., 1996; Tie et al.,
2002). Burning fossil fuels produces a significant addi-
tional N, resource (~20% of human N, production) that
could be captured and used, but which is currently wasted
as emissions of nitrogen oxide (NOy) to air, contributing
to particulate matter and ground-level (tropospheric)
ozone that adversely affect human health, ecosystems and
food production systems. Ammonia emissions from ag-
ricultural systems are 37 Tg N per year with a further 15
Tg N from biomass burning, industrial and various waste
sources, as compared to the 13 Tg N per year from natural
systems and oceans, with a total annual emission of 65 Tg
N (Sutton et al., 2013). Finally, N wet and dry deposition
is also influenced by N emissions and is estimated to be
around 70 Tg N on terrestrial ecosystems and 30 Tg N on
oceans annually (Fowler et al., 2013).

In commenting on the major features of the global
nitrogen cycle it is worth to note that, of 180 Tg N in-
put through a combination of manufactured fertilizers
and biological nitrogen fixation annually, only 28 Tg is
available in food human consumption (i.e. 16%), with
only 19 Tg (i.e. 11%) actually consumed, given levels of
food waste prior to consumption. These startling esti-
mates emphasize the inefficiency of the global system. A
further 4 Tg N annually are consumed from the marine
fish catch, though further work is required to put this
in perspective with the contribution of aquaculture to
global N fluxes.

It is relevant to compare the global budget with the sim-
ilar one established by the European Nitrogen Assessment
(Sutton et al., 2011b). In that study, 85% of the N from
crop and grass production was consumed by livestock,
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with only 15% available for direct human consumption.
According to Figure 3.1, the global fraction consumed by
livestock is similar at 82% consumed by livestock, with
18% estimated to be available for direct consumption by
humans. This emphasizes how, like the European cycle,
the global nitrogen cycle is also dominated by humanity’s
use of N to raise livestock.

Globally, a smaller fraction of the N; in food comes
from livestock than in Europe. In Europe, 53% of do-
mestic N; in food comes from livestock, while the global
estimate (excluding marine fish) is only 27%. The ap-
parent inconsistency with the previous figures relates
to a lower estimated nutrient use efficiency for nitrogen
(NUEy) for livestock on the global scale. For this pur-
pose we here estimate several NUE terms, each of which
is defined as the fraction of the input N that reaches the
products at the scales defined. According to Figure 3.1,
livestock NUEy indicates that only 6% of the N, con-
sumed by livestock globally reaches human food (prior
to food waste), as compared with 19% in the European
estimates. Such differences are reflected in the regional
variation in full-chain NUE estimated in Chapter 8 and
the Appendix of this report. Globally, 43% of the direct

N; inputs to agricultural soils (manufactured fertilizer,
biological N fixation, atmospheric deposition and here
including livestock manure) reach harvests and biomass
production for consumption (feed+food), according
to the estimates in Figure 3.1, with the matching crop
NUEy figure for Europe being 58%. These values are
much higher than the global and European values given
above for NUEy for animal production, emphasizing the
critical role of livestock in the low overall values NUEy
along the agri-food chain.

If we consider all sources of anthropogenic N, produc-
tion, including NOy emissions, fertilizer manufacture and
agricultural biological nitrogen fixation (excluding natu-
ral and marine fixation), then this amounts to 227 Tg N
per year. This may be compared with 19 Tg N that is ac-
tually consumed by people (accounting for food waste).
Opverall, this provides a full-chain NUEy from all anthro-
pogenic sources of N, at 8%, emphasizing the necessity
for, and the huge potential of, different options to improve
the efficiency of N; use (Chapter 6)

Finally, it is worth to note that a substantial fraction
(44%) of the N, emitted to the atmosphere as NOyx and
NH; (113 Tg N per year) is estimated to be recycled back
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Table 3.1 Global nitrogen fluxes around year 2000-2010 reported in the literature. The Legend refers to the values reported in Figure 3.1.

Legend | Global Nitrogen Fluxes Tg N/yr | References Cited reference and/or additional
references
1 Fertiliser consumption 120 Fowler et al. (2013) | Galloway et al. (2008), Bouwman et
al. (2011)
2 N, crop fixation 50-70 | Fowler etal. (2013) | Herridge et al. (2008)
3 Crops & grass production 122 Billen et al. (2013)
4 Crops & grass for livestock production 100 Billen et al. (2013)
5 N back to agricultural soils 57 Based on Billen et al. (2013) &
Sutton et al. (2013)
6 NHj; emissions—agricultural system—from 15 Sutton et al. (2013)
crops & grass
7 NHj; emissions—agricultural system—from 22 Sutton et al. (2013)
livestock
8 NH; emissions—agricultural system (total) 37 Sutton et al. (2013)
Crops for human nutrition 22 Billen et al. (2013)
10 Livestock for human nutrition 6 Billen et al. (2013)
11 Fish landing 3.7 Voss et al. (2013) Maranger et al. (2008)
12 Food waste 13 Billen et al. (2013)
13 Human excretion 19 Billen et al. (2013)
14 Waste water treatment 13 Billen et al. (2013)
15 | Sewage 6 Billen et al. (2013)
16 Riverine input to oceans 40-66 | Voss et al. (2013) Voss et al. (2011) & Seitzinger et al.
(2005)
17 Surplus in agricultural soils 120 Billen et al. (2013)
18 | Input from agricultural soils to aquifers and 95 Billen et al. (2013)
rivers
19 Soil denitrification 25 Billen et al. (2013)
20 | Denitrification in aquatic systems 52 Billen et al. (2013)
21 NO emissions from soils 10 Fowler et al. (2013)
22 N,O emissions from soils 13 Fowler et al. (2013)
23 Lightening 2-10 Fowler et al. (2013) | Levy etal. (1996) & Tie et al. (2002)
24 N natural fixation in terrestrial ecosystems 58 Fowler et al. (2013) | Vitousek et al. (2013)
25 NHj; emissions—biomas burning 55 Sutton et al. (2013)
26 NHj; emissions-natural soils 4.9 Sutton et al. (2013)
27 NHj; emissions—natural ecosystems 10.4 Sutton et al. (2013)
28 Combustion 30-40 | Fowler etal. (2013) | Van Vuuren et al. (2011a)
29 Wet and dry deposition on soils 70 Fowler et al. (2013) | Dentener et al. (2006) & Duce et al.
(2008)
30 Wet and dry deposition on oceans 30 Fowler et al. (2013) | Dentener et al. (2006) & Duce et al.
(2008)
31 NH; emissions—oceans (and volcanoes) 8.6 Sutton et al. (2013)
32 N,O emissions from the ocean 5.5 Voss et al. (2013) IPCC (2007) & Duce et al. (2008)
33 Denitrification in oceans 100-250 | Voss et al. (2013) Voss et al. (2011)
34 N, Fixation by oceans 140 Voss et al. (2013) Deutsch et al. (2007) & Duce et al.
(2008)
35 Burial in oceans 22 Voss et al. (2013)
36 | Flux from coastal ocean to open ocean 390 Voss et al. (2013)
37 Flux from open ocean to coastal ocean 450-600 | Voss et al. (2013)
38 Wet and dry deposition of NHy and NOy on 50 Based on Dentener et al. (2006) &
agricultural soils Duce et al. (2008)
39 | Wet and dry deposition of NHy and NOy on 19 Based on Dentener et al. (2006) &
natural soils Duce et al. (2008)
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to agricultural cropland. While this provides a significant
contribution to agricultural N, inputs (22%) and produc-
tivity, it must be recognized that direct fertilization at the
right time is more eflicient, while avoiding the multiplic-
ity of adverse effects described in Chapter 4.

Global phosphorus cycle

The phosphorus biogeochemical cycle involves mainly
terrestrial and aquatic ecosystems, while the interac-
tions with the atmosphere are estimated to be small (Fig.
3.2 and Table 3.2). The estimates which follow are for
around the years 2000-2010. The world’s annual rock
phosphate mining in 2011 amounted to 191 Mt (Scholz
and Wellmer, 2012), which corresponds to about 25 Tg
P per year. Most of the P mined is added to agricultural
soils as synthetic fertilisers (18 TgP for 2011, Heffer and
Prud'Homme, 2012; and 14 Tg P in 2000, Bouwman et
al., 2011), whereas a small quantity is used by indus-
try especially for detergents and food additives. Once
in agricultural soils, P moves through the agricultural
and the livestock production system (Bouwman et al.,
2009) and can build up in soils. Accumulation of P in

agricultural soils is estimated to be around 12 Tg P per
year (Bouwman et al., 2009).

About 4-7 Tg P per year are embedded in food for hu-
man consumption (estimates are based on FAO data and
P average content in food items), part of which is lost with
food waste (Gustavsson et al., 2011). Human excretion ac-
counts for 3-5 Tg P annually (calculated from Van Drecht
et al., 2009), and the quantity of P reaching the rivers by
sewage systems is 1-3 Tg P, including detergents and re-
duction by treatment where present (Van Drecht et al.,
2009; Van Vuuren et al., 2010).

Weathering releases 15-20 Tg P per year (Bennett et
al., 2001; and references herein) and annual soil erosion is
estimated to be 15-26 Tg P (Quinton et al., 2010). A share
of the P made available by weathering and erosion reach-
es fresh waters by leaching and runoff (2-7 TgP per year,
Bouwman et al., 2009, 2011; Van Vuuren et al., 2010).
Once in surface continental waters, part of P is trapped
in sediments in lakes and reservoirs and about 9 Tg P per
year are delivered to coastal waters (Seitzinger et al., 2010;
Beusen et al., 2005; Benitez-Nelson, 2000), where it can
contribute to local eutrophication.
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Figure 3.2 Global phosphorus cycle around the years 2000-2010. The arrows show the phosphorus fluxes across environmental pools and
compartments (green: natural fluxes, blue: intended fluxes, orange: unintended fluxes or substantially perturbed fluxes, more explanation is provided

in the text). The figures in black indicate the phosphorus fluxes in Tg P per year and the figures within brackets are the legend and refer to the
accompanying table including the references for each flux (see Table 3.2). Note that not all figures add exactly, due to the use of different data sources.
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Studies on the P cycle in the ocean have addressed the
quantification of P burial in sediments, which in geologi-
cal timescales produces phosphate rocks. However, they
mainly refer to pre-anthropogenic conditions (Slomp and
Van Cappellen, 2007; Benitez-Nelson, 2000), while the
effects of current P loads to coastal waters and nutrient
circulation within the ocean have not been completely
quantified. The available studies suggest that annual
P burial in sediments could be between 3 and 38 Tg P
(Slomp and Van Cappellen, 2007; Mackenzie et al., 2002;
Benitez-Nelson, 2000).

Although the structure of the global P cycle is rather
different to that for N, it is relevant to compare the two.
With the main source of P being mined deposits, it can
be seen that, of 25 Tg P mined annually, only 3-4.9 Tg
is estimated to be consumed by humans (food waste not
estimated here). This gives an estimated full-chain nutri-
ent use efficiency for phosphorus (NUEp) of 12-20%. Of
the rest, the major losses occur in the steps from mining
to preparation of mineral fertilizer and other P products,
and from mineral fertilizers to crop and livestock pro-
duction. For crop NUEp, including inputs from both new
mineral P fertilizers and recycled P in manures, Figure 3.1

implies an estimate of around 46-52%. This is similar to
the value estimated above for N, with crop NUEy at 43%.
This value of crop NUEp should be seen in the context
that there is also substantial net P accumulation in agri-
cultural soils globally, representing the outcome of many
areas with high levels of P accumulation, and other areas,
such as sub-Saharan Africa with substantial P depletion.

It should, however, be noted that a much smaller fac-
tion of the P in harvests is available for human consump-
tion. Depending on the estimates used, only around 4%
to 15% of the P consumed by livestock becomes available
able for human consumption in livestock products. There
is therefore substantial scope for improving the efficiency
of P supply in the global system, especially considering
reducing losses in mining and P supply, in crop produc-
tion and in livestock production.

3.2 Trends and scenarios

Since the 1960s, humans have drastically increased the use
of synthetic nitrogen and phosphorus fertilisers (Chapter
2) altering the global cycle of the two elements. As a result,
emissions to atmosphere and fresh and coastal waters have

Table 3.2 Global phosphorus fluxes around year 2000-2010 reported in the literature. The Legend refers to the values reported in Figure 3.2.

Some fluxes within the ocean refer to pre-anthropogenic values.

Legend | Global Phosphorus Fluxes | Tg P/yr | References
1 Rock phosphate mining 25 Calculated from Scholz and Wellmer (2012)
2 Fertiliser consumption 14-18 | Heffer and Prud Homme (2012), Bouwman et al. (2011), Bouwman et al. (2009)
3 Sewage 1.3-3 | Van Vuuren et al. (2010), Van Drecht et al. (2009), Mackenzie et al. (2002)
4 Human emissions 3-4.9 | Calculated from Van Drecht et al. (2009), Cordell et al. (2009)
5 Detergents 0.6 | Calculated from Van Drecht et al. (2009)
6 Waste water treatment 4.2 Calculated from Van Drecht et al. (2009)
7 |Harvest and grazing 16 Bouwman et al. (2009)
8 Input to fresh waters 2-7 Bouwman et al. (2009), Van Vuuren et al. (2010), Bouwman et al. (2011)
9 Input from manure 17 Bouwman et al., 2011; Bouwman et al. (2009)
10 | Accumulation in soils 12 Bouwman et al., 2011; Bouwman et al. (2009), (see also Bennett et al. (2001) and
references herein)
11 Deposition on ocean 0.6 Mahowald et al. (2008) (see also Kanakidou et al. (2012))
12 | Weathering 15-20 | Bennett et al. (2001) and references herein
13 Emission of atmospheric P 1.39 | Mahowald et al. (2008) (see also Benitez-Nelson (2000), and references herein)
14 | Riverine input to oceans 9 Seitzinger et al. (2010), Beusen et al. (2005), (see also Mackenzie et al. (2002),
Bennett et al. (2001), Benitez-Nelson (2000), and references herein)
15 | Accumulation in fresh 1-3.1 | Bennett et al. (2001) and references herein
waters
16 | P in food supply-Fish, 0.2 | Estimated using FAOSTAT data
Seafood
17 | P in food supply-Meat, 0.6-2.4 | Estimated using FAOSTAT data; Van Vuuren et al. (2010), Cordell et al. (2009)
Milk and Eggs
18 P in food supply-Cereals, | 2.3-3.5 |Estimate using FAOSTAT data; Cordell et al. (2009) (see also Van Vuuren et al.
Fruits and Vegetables (2010))
19 | Added Food Phosphates 0.5 Estimated
20 | Flux from coastal ocean to | 23-26 |Calculated from Slomp and Van Cappellen (2007), Mackenzie et al. (2002)
open ocean
21 | Flux from open ocean to 25 Calculated from Slomp and Van Cappellen (2007)
coastal ocean
22 | Burial in ocean sediments 3-38 | Calculated from Slomp and Van Cappellen (2007), Mackenzie et al. (2002),
Benitez-Nelson (2000), and references herein
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increased, in addition to the alteration of nutrient pools in
agricultural soils and water sediments. In the previous sec-
tion we have provided an assessment of the current fluxes
of nitrogen and phosphorus (Figure 3.1 and Figure 3.2); in
this section we discuss the trends and some scenarios for
the N emissions to the atmosphere and the associated N
and P emissions to the water system, on the basis of the
available global datasets and modelling activities.

Trends and scenarios for NO, and NHz emissions

Global emissions of NOy and NHj in the atmosphere have
increased sharply in the second half of the 20th century
(Figure 3.3, Lamarque et al., 2010). Between 1960 and
2000, global emissions more than doubled. This trend is
expected to continue for NH; emissions for the total pe-
riod estimated (till 2050), while NOy emissions are pro-
jected to decrease slightly by 2030 (about -5% compared
to values of 2000) with the successful introduction of
abatement devices.

As long as no more stringent emission reduction
measures are taken beyond 2030, emissions will start to
increase again to reach values similar to those of 2000
by 2050 (Figure 3.3, projections are based on the GAINS
model, (Amann et al., 2011; ITASA, 2012a) for anthro-
pogenic emissions supplemented by the RCP database
(IIASA, 2012b) for global emissions of shipping, avia-
tion, forest fires and savannah burning). In the case of
NHj it is also estimated that global climate change may
increase emissions even more in the future, as these are
mainly biogenic volatilization sources which are highly
dependent on temperature. The climate feedback effect

140

has not been so far included in the RCP scenarios,
though it has been estimated that it may increase global
NH; emissions by a further 42 (28-67)% by 2100 (Sutton
et al., 2013).

Similar increasing trends of NOy emissions in the last de-
cades are reported also by the EDGAR database (European
Commission, 2011). With reference to this database, global
NOy emissions have increased by approximately 50% in the
period from 1970 to 2008 (European Commission, 2011).
In the same period the world population has grown by
about 82% (UN, 2012), suggesting a decoupling of popu-
lation growth and NOy emissions (Figure 3.4). However,
this global trend does not reveal regional differences in the
development of emissions, which are relevant for project-
ing into the future. In fact, stringent legislation and slow/
no population growth has led to reductions of NOy emis-
sions from the energy and transport sector predominantly
in Europe, North America and most industrialised coun-
tries (e.g. Japan, Korea). At the same time, growing energy
demand for instance in China and India has produced sub-
stantial increases in NOy emissions, due to the increase of
coal fired power plants and because of the growth in car
ownership and private transport in general.

Also in the case of NHj, the global trend of emis-
sions masks regional differences. In fact NH; emissions
for the European Union are projected to decrease by 2%
between 2010 and 2020, consistent with commitments in
mitigation measures (Sutton et al., 2013), while in North
America, India and China are expected a large increase in
per capita production and consumption and a substantial
increase in NH; emissions (Reis et al., 2009).
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Figure 3.3 Trends and future projections of global emissions of NO, (as NO,) and NH3. Based on data from 1850 to 2000 taken from Lamarque et
al. (2010), with values from 2000 to 2050 based on the results of the EU FP7 project ECLIPSE, 2007-2013 modelling results, (version December 2012),
which takes anthropogenic emissions from the GAINS model complemented for the sectors shipping, aviation, forest fires and savannah burning
by global emission data from RCP 6.0 (Masui et al., 2011) as made available in the RCP database. The inconsistency at 2000 is due to the use of
different published estimates for NHs. The projections shown illustrate feasible futures and do not include climate feedbacks, which are expected

to increase NH; emissions further (Sutton et al., 2013).
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Figure 3.4 Trends of global NO, emissions according to EDGAR (based on European Commission, 2011) in relation to changes in world

population (based on UN, 2011).

Trends and scenarios for N,O emissions

Atmospheric N,O has increased from pre-industrial con-
centrations of 270 parts per billion (ppb) to 319 ppb in
2005, increasing linearly during the last few decades at a
rate of about 0.26% per year (Forster et al., 2007). With an
atmospheric lifetime of 114 years (Forster et al., 2007), the
legacy of increasing N,O concentrations will remain long
after mitigation strategies become effective. The dominant
source of both anthropogenic and natural N,O is microbial
production via nitrification and denitrification, which has
been stimulated by the use of synthetic nitrogen fertilizers
for food production, nitrogen fixation by crops, and pro-
duction of manure from expanding livestock production
(Mosier et al., 1998). The use of synthetic fertilizers is pro-
jected to increase in response to growing human popula-
tion, per-capita meat consumption, and crop-based biofuel
production, which may accelerate the rate of increase of
atmospheric N,O (Davidson, 2012; Reay et al., 2012).

Analysis of sources of anthropogenic N,O sources
since 1860 demonstrated that emissions related to manure
production in agriculture have been important through-
out this period, whereas the mineral fertilizer, nylon, and
transport sources became important only during the last
half of the 20th century (Davidson, 2009). Based on esti-
mates of growing demand for food, including meat and
dairy, and emissions factors from manufactured fertil-
izer use and manure production calibrated with historical
data, N,O concentrations are projected to increase largely
unabated unless major improvements in agricultural effi-
ciencies and/or significant changes in dietary habits of the
developed world are achieved (Davidson, 2012).

The IPCC AR5 has adopted a series of four representa-
tive concentration pathways (RCPs) as examples of a range
of scenarios of internally consistent future projections of
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the major greenhouse gas emissions (van Vuuren et al,,
2011b) (Figure 3.5). There are many combinations of cul-
tural and technological scenarios that could be consis-
tent with each of these RCPs. The RCP8.5 (Riahi et al,,
2011), with a slight acceleration of the rate of increase
in atmospheric N,O concentrations, is a representation
of expected N,O concentrations with growing agricul-
tural production to feed a growing and better nourished
population, but without major new improvements in ag-
ricultural efficiencies. The RCP6.0 (Masui et al., 2011)
projects slower concentration growth rates but no level-
ling off before 2100. The RCP4.5 (Thompson et al., 2011),
with slower concentration growth rates resulting in some
flattening of the N,O projected concentration curve. The
RCP2.6 (van Vuuren et al,, 2011c) projects stabilization
of atmospheric N,O concentrations of about 345 ppb by
2050. Although radiative forcing of the RCP2.6 scenario
is projected to decline to 2.6 W per m? by 2100, this is due
primarily to simulated declines in CO, and CH, and not
N,O emissions beyond 2050 (van Vuuren et al., 2011c).
Instead, this scenario projects continued elevated N,O
production beyond 2050 due to continued high demand
for food and biofuels. These analyses reinforce the diffi-
culty we face to stabilize atmospheric N,O below 350 ppb,
let alone contemplate reducing atmospheric N,O concen-
trations as long as 9-10 billion people must be fed, and
given current trends in dietary consumption patterns.
Davidson (2012) analyzed four additional scenarios
shown in Figure 3.5. Mitigation similar to the RCP6.0 pro-
jections could be achievable if the developed world cuts
per capita meat consumption by about 50% from 1980 lev-
els (scenario 2) or if major improvements in agricultural
efficiencies on the order of 50% are realized (scenario 3).
Projections similar to the RCP4.5 would be achievable if,
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Figure 3.5 Projected atmospheric N,0 concentrations for the four IPCC-AR5 representative concentration pathways (RCPs) and the five
scenarios from Davidson (2012): S1 = FAO population and dietary projections (FAQ, 2006) with no new N,0 mitigation efforts; S2 = same as S1

but also 50% reduction in mean per capita meat consumption in the developed world by 2030 relative to 1980 consumption; S3 = same as S1 but
improvements in agricultural efficiencies that reduce N,0 emissions factors for N mineral fertilizers and manure by 50% by 2050; S4 = same as S3
but also 50% emission reductions in industry and transportation sectors and by biomass burning; S5 = combination of S2 and S4.

in addition to the agricultural efficiency improvements,
the emissions from transportation, energy, industrial, and
biomass burning sectors are also decreased by about 50%
(scenario 4). Only if all of these major changes in efficien-
cies and diet are realized (scenario 5) could a projection
similar to RCP2.6 be realized.

Trends and scenarios for N and P emissions to water

In agricultural soils N and P applied as fertilisers can be
washed off and reach surface waters by runoft or can move

_ 1 500-1000

into the aquifer through leaching, eventually arriving at
surface waters. In developed countries and intensive agri-
cultural regions this diffuse source of nutrients represents
a major cause of water pollution. Regions using excessive
nutrient input have higher diffuse water pollution (Billen
et al,, 2011, Grizzetti et al., 2011). Figure 3.6 shows the
estimated net anthropogenic nitrogen input according
to the world’s main river catchments (Billen et al., 2013).
Values are based on the dataset of the project Global-
NEWS. Figure 3.7 illustrates the estimated phosphorus
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Figure 3.6 Estimated net anthropogenic nitrogen inputs according to the world’s main river catchments (Billen et al., 2013).
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Figure 3.7 Estimated global phosphorus surplus and deficit (MacDonald et al., 2011).

surplus and deficit across the globe (Macdonald et al.,
2011). Sewage discharges contribute as well to the river
nutrient load, especially where the urban waste waters are
not treated. Van Drecht et al. (2009) estimated that the
annual global N and P emissions from sewage could in-
crease from 6.4 Tg N and 1.3 Tg P in 2000 to 12-16 Tg N
and 2.4-3.1 Tg P in 2050.

Part of the N and P that reaches fresh waters is then
discharged to coastal waters, where it can contribute to
local water eutrophication (Chapter 4). According to the
estimates of the model Global-NEWS (Seitzinger et al.,
2010) between 1970 and 2000 the total N export by river
to coastal waters increased by almost 20% and the total
P export increased by more than 10% (Table 3.3). Future
scenarios indicate that by 2030 nutrient load to coastal
waters could change between -5% and +5% for total N
and between -2% and 0% for total P, compared to the val-
ues of 2000 (Seitzinger et al., 2010), with an increasing
risk of potential coastal eutrophication particularly in de-
veloping countries (Garnier et al., 2010).

Besides nutrient loads and concentrations, the effects
of N, and P on the aquatic ecosystem strongly depend

on the relative availability of the two elements. In recent
decades, human activities have altered the natural ratio
between N, and P (Penuelas et al., 2012) and also N,
and P ratio with respect to carbon and silica (Billen and
Garnier, 2007). Even measures to reduce nutrient pollu-
tion in water have resulted in affecting the ratio between
the two elements (for example in Europe, Grizzetti et al.,
2012).

3.3 Future challenges of global
nutrient pollution

Since the 1960s, human use of synthetic N fertilizers
has increased 9 fold globally and P use has tripled. The
drastic increase in the use of synthetic N and P fertil-
izers has perturbed the natural N and P cycles at global
scale (Section 3.1, this Chapter) and altered the natural
stoichiometry between N, P, C (and also Si in aquatic
ecosystems). This poses threats for human health and
ecosystems functioning, as the enrichment of N, and P
in the environment can contribute to water eutrophica-
tion, air pollution, soil degradation, climate change and

Table 3.3 Pastand projected global nitrogen (N) and phosphorus (P) export by rivers to coastal waters estimated by the model Global-
NEWS. Results for two extreme Millenium Ecosystem Assessment scenarios ‘Global Orchestration (globalization and re-active environmental
management) and ‘Adapting Mosaic’ (regionalization and pro-active environmental management). Adapted from Seitzinger et al. (2010).

Year/Scenario Total N load (Tg N/yr) Total P load (Tg P/yr)
1970 36.7 7.6
2000 reference 43.2 8.6
2030 Global Orchestration 45.5 8.6
2030 Adapting Mosaic 41.1 8.4
2050 Global Orchestration 47.5 8.5
2050 Adapting Mosaic 42.0 8.6
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biodiversity loss. All these negative effects are discussed
in Chapter 4.

Further substantial increase of around 40-50% of hu-
man use of N and P synthetic fertilizers is expected over
the next 50 years (Chapter 2) in order to feed the growing
world population and because of current trends in dietary
lifestyle, increasing the rates of consumption of animal
products. As shown by scenarios studies (Section 3.2), this
increase in mineral fertilizers use is expected to drive larger
N and P emissions to the environment, especially NH; and
N,O emissions to the atmosphere and N and P losses to
fresh and coastal waters. These changes in N and P emis-
sions will exacerbate the current environmental problems
unless urgent action is taken to improve the efficiency of
N and P use, and to re-evaluate societal ambitions for fu-
ture per capita consumption patterns (Section 3.2). The
consequences of not taking action include further warm-
ing effects from increasing atmospheric N,O, continuing
deterioration of fresh water and coastal seas, air and soil
quality, shortening human life, while threatening ecosys-
tem services and biodiversity.
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