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Preface
Overcoming hunger and meeting the nutritional
needs of almost 7 billion people, rising to over 9
billion people by 2050, is a central challenge for
this generation. Equally critical will be to achieve
this in a way that keeps humanity’s footprint within
planetary boundaries.

also generate services
such as flood mitigation,
groundwater recharge,
erosion
control
and
habitats for plants, birds,
fish and other animals.

Water scarcity is self-evidently one of the key
factors that will limit food production. This is
especially the case in South Asia and sub-Saharan
Africa, where malnutrition and food insecurity are
already widespread. In these areas, the livelihoods
and well-being of poor communities are critically
dependent on their farm produce and the ecosystem
services from the local landscape that support their
livelihoods and income.

It also requires intersectoral
collaboration, because
only then can policies and practices change. The
overarching recommendation of this synthesis is that
future sustainability requires an integrated approach
to managing multipurpose agroecosystems in a
landscape or river basin setting.

This background document and synthesis on An
Ecosystem Services Approach to Water and
Food Security is part of UNEP’s contribution to the
global food crisis, pledged to the United Nations
Secretary-General and developed in collaboration
with the International Water Management Institute
(IWMI) and other partners. Together, we identified
and explored the links between ecosystems, water
and food, and illustrate how resilient ecosystems
can support and increase food security.
It is clear that enormous opportunities exist to
increase food production in ways that make optimal
and sustainable use of water and other resources.
This means that we can feed a global population
without massive and irreversible damage to our
ecosystems. It also means that ensuring food
security, managing water resources and protecting
ecosystems must be considered as a single policy
rather than as separate, and sometimes competing,
choices.
This approach calls for a fundamental shift in
perspective and a deeper understanding of the
enormous economic importance of ecosystems
and the broad suite of services they provide. For
example, well-managed agroecosystems not only
provide food, fiber and animal products, they
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These ecosystems–whether they are wetlands or
forests, arid pastoral lands or rice fields–represent
the future of food security and resilience against
shocks while offering a way towards achieving
the Millennium Development Goals (MDGs) and
beyond.
This document does not come in isolation. It is also a
contribution to UNEP’s wider work and partnerships
on The Economics of Ecosystems and Biodiversity
(TEEB) and a transition to a low-carbon, resourceefficient Green Economy.
Together they are all part of the urgency to evolve
the sustainable development agenda forged in a
previous century to reflect the new challenges and
also the emerging opportunities of the 21st century.

Achim Steiner
UN Under-Secretary-General and Executive Director
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Foreword
By 2050 the world will need to produce
approximately 70% more food than at present to
cope with growing population and dietary changes.
This is going to put agricultural production systems
and the environment under ever increasing pressure.
Competition for the water that we use to grow our
food is also increasing. In fact we are facing a
paradox of having to grow more food with less
water. Additionally, we will have to do this causing
less environmental impact than we do now. These
critical issues define a critical challenge for the next
30 years or more. Achieving food security is the
product of many variables, including management of
water, land, aquatic resources, crops and livestock.
Lasting food security – a food supply system that
can stand up to environmental and economic
shocks – requires a holistic approach, with healthy
ecosystems as a foundation. The recent world food
crises demonstrated the vulnerability of our food
supply and the need to improve its sustainability
and resilience. Too little attention has been paid
to the importance of healthy ecosystems as key
components of our food production systems. More
resilient ecosystems can support a wider range of
ecosystem services, including water management
functions that are crucial for stable food security,
and become more diverse and more productive.
Thus water management for food security cannot be
sustainable without paying attention to ecosystems,
their functions and services as part of the natural
resource base supporting agriculture. Overcoming
natural resource management problems and
adapting to climate change will only be achieved
by understanding and managing the dynamics of
water across the whole landscape of interlinked
ecosystems. Ecosystems provide food both in their
natural state and in managed landscapes. Climate
change and overexploitation, especially of water
resources, threaten the productivity of ecosystems.
Given that the majority of the world’s poor are
directly dependent on ecosystems for food, they are
the most vulnerable to environmental degradation
and climate-related shocks.

Ecosystems also provide
a host of services that
underlie food and water
security. In particular,
many ecosystems provide
water
management
functions that are crucial
to a stable food supply
–these include water
storage, purification and regulation functions as
well as flood control. Ecosystems also need water
to support their functioning, but currently ecosystems
are not considered a priority water user or even
a water user at all in many countries. One of the
main factors limiting future food production will be
water. Water underlies many ecosystem services,
including biomass and crop production, as well as
supporting and regulating services. It is also a key
ingredient in enhancing food production – not just
through irrigation, but through better management
of rainwater and water for livestock and aquatic
food sources.
Solutions to water access, land degradation,
nutrient management and ecosystem services have
to be developed with a view to what works for
communities across landscapes, not just what works
on the farm. The International Water Management
Institute (IWMI) aims to improve the management
of land and water resources for food, livelihoods
and the environment and targets water and land
management challenges faced by poor communities
in the developing world. In the new CGIAR strategic
research program Water, Land and Ecosystems,
IWMI and partners focuses on three critical issues:
water scarcity, land degradation and ecosystem
services. The current document on Ecosystems
for Water and Food Security is an important
contribution to assessing the important role of
ecosystems in increasing resilience and providing
food in a sustainable way to future generations.
Colin Chartres
Director General
International Water Management Institute
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Executive Summary

provided to each of these needs in order to sustain
both functions.

Challenges for Food Security
With a growing global population expected
to reach 9.1 billion in 2050 and the increasing
impacts of climate change, sustainable use of
water and ecosystems for food security is a
great challenge. It is important to gain a better
understanding of the functioning of terrestrial and
aquatic ecosystems and their interrelation with the
availability and quality of water. This calls for a shift
in the management of ecosystems and the water
within them for food security. Agricultural production
systems have to be recognized and managed as
a landscape of interlinked agroecosystems with the
potential for multiple functions

Recognizing Agroecosystem
Services

Climate change impacts on ecosystems and
thereby on water and food security are highly
uncertain, and most forecasting scenarios
suggest greater vulnerability to damage, reduced
ecosystem services, and undermined resilience.
Building resilience to climate change and other
shocks needs to be mainstreamed into agricultural
planning to ensure food security targets. This is
especially important for vulnerable populations with
low adaptive capacity: poor women and marginal
social groups in geographical areas at risk, with
limited resources, poor social networks, and low
access to education, health care and other services.

Recognizing the multiple functions of agroecosystems
and the many services they provide is essential
to fostering an integrated approach to natural
resources management, agricultural production,
and food security. The sustainable management
plans of various agroecosystems ranging from hyperarid and dryland agroecosystems to wetlands and
aquatic ecosystems require strong policy support
and incentives for users. The services provided by
ecosystems can be optimized through appropriate
land use planning that takes into account the limits
of each ecosystem’s carrying capacity, while
multiple users need to be brought together in
common management arrangements to sustainably
reconcile the needs of food production and
ecosystems services for a growing population. Thus
food production can be made more sustainable;
more productive in terms of producing more
food, services, and benefits per unit of land and
water; more resilient to climate change and other
shocks; and more compatible with sustaining other
ecosystems and their functions and services, such as
wild biodiversity.

Many drivers of global change affect water
availability and thus agroecosystems and food
security, by limiting or taking away the water
necessary for maintaining ecosystem functions.
This is a challenging development since ecosystem
functions and food security go hand in hand:
healthy ecosystems enhance food security while
degraded ecosystems decrease food security.
Healthy ecosystems are particularly important
for the poor who predominantly directly rely on
ecosystem services. Water is the important link
between agroecosystems and food security and
it is important that the right balance of water is

The ecosystem services framework provides a
useful umbrella for this endeavor as this can only
be achieved by healthy agroecosystems. Intersector collaboration at ministerial level is essential
to ensure good ecosystems care while providing the
necessary food and services to communities. The
situation now calls for a more balanced approach
in managing food security and its interrelation with
ecosystem services: worldwide, ecosystem services
are in a poor state and agroecosystems have lost
their capacity to recover from stress. Food security
is further threatened by reduced yields associated
with depleted water quantity, reduced water
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quality, and degradation of other natural resources.
These factors also negatively impact on a range of
provisioning, supporting, regulatory, and cultural
ecosystem services.
However, solutions are available. Policy makers can
help to safeguard ecosystem services. Accounting for
the benefits and costs of the full range of ecosystem
services in policy-making and greater emphasis on
natural resources and water use efficiency in food
production will promote better decision making
towards more sustainable farming. In arid regions,
new or local cultivars and appropriate land and water
management practices can increase productivity and
restore degraded lands. In other areas the provision
of livestock herders with incentives can help to keep
and improve the environmental services of semi-arid
rangelands. The integration of crop, tree, livestock,
and in some cases aquaculture farming, can enhance
resource recovery and reuse of resources for feed or
soil fertility
Wetlands across the world play a critical role in
the provision of freshwater for human consumption
and agriculture, while both fresh and saline waters
provide food security by supporting fisheries,
aquaculture, and other related activities. Urgent steps
are needed to protect the rich wetland ecosystems
with their multitude of functions and services, as well
as the livelihoods and well-being of the dependent
communities. Monitoring of wetland functions and
services is crucial to ensure the continuation of
wetland ecosystems and their important role in flood
protection, biodiversity, food provision, as well as
many other critical ecosystem services.

Tackling Water Scarcity in
Agroecosystems
To share a scarce resource and to limit environmental
damage, it is imperative to limit future water use.
Important pathways to growing enough food with
limited water are to increase the productivity of
water in irrigated and rainfed areas, in animal
husbandry and in aquaculture; improve water
management in low-yielding rainfed areas; change
food consumption patterns; and (possibly) through
enabling trade between water rich and water
scarce countries and areas. Increasing water use
efficiency of crop, livestock, and aquatic production,

x

while preserving the functioning of water bodies
in a context of increased demand for food and
energy, is a real challenge. Consideration of the
various ecosystem functions in irrigated and rainfed
agroecosystems is crucial, as is effective water
governance at different and appropriate scales to
help ensure sustainable use of water resources.
Water storage options along the continuum, from
soil and groundwater to natural wetlands and dams,
can make water more accessible at different spatial
and temporal scales. This is especially important in
rainfed agriculture, where other water management
options and appropriate farming practices can help
increase agricultural and water productivity through
various water management options. Support should
be given to systems and approaches that ensure
high water productivity as well as gender and social
equity and contribute to closing the water cycle to
the benefit of many ecosystem functions.
Sustainable livestock production systems should be
encouraged in order to respond to changing diets
and the increased demand for animal products while
maintaining environmental flows and ecosystem
services. The resulting improved livestock water
productivity would allow more animal products and
food to be produced without increasing the volume
of water depleted.
For aquaculture, various practical approaches
and policies for enhancing water use have been
developed in different geographical settings all
of which have potential to be useful elsewhere.
Greater awareness of these amongst producers
and policy-makers could encourage more costeffective water management strategies that would
concomitantly reduce animal, environmental and
public health risks.

Managing Agroecosystem
Services for Food Security
To ensure food security it is important for decision
makers to support the management of agroecosystem
services by taking appropriate policy measures that
encourage the use of technologies and approaches
such as sustainable land management, integrated
water resources management, and more sustainable
agricultural practices by female and male farmers.
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For sustainable water use, water managers must
consider agriculture as an ecosystem with all its
services, and in turn consider how these services
may be impacted by water. Agroecosystems are
huge providers of food, animals, products, services,
and incomes and, if they are well managed, in
sustainable ways, to maintain ecosystem functions
and benefit from the full range of ecosystem services
could ensure food security.

landscape can be hampered if agricultural
activities are viewed in isolation and receive
disproportionally more water. The capacity of
multipurpose agroecosystems will be enhanced,
when the water quantity and quality are adequate
for the whole range ecosystem services, which will
lead to greater environmental sustainability, more
equity and result in higher economic efficiency in
the long term.

This calls for a shift in the management of water
from water for food to water for multifunctional
agroecosystems, considering the whole ecosystem
base of provisioning, regulatory, cultural, and
supporting services. More research is needed on
tools to analyze the potential at various spatial scales
and over time in order to define an appropriate and
practical management approach.

Key Recommendations

Many of the recent synthesis assessments on
environment and water suggest that concerted global
actions are needed to address the root causes,
while local efforts can reduce human vulnerability to
shocks and chronic food insecurity. There is scope for
actions at all levels: local, national and river basin
levels. Recognizing the multiple ecosystem services of
agroecosystems, coupled with elements of Integrated
Water Resource Management (IWRM) at the basin
scale, considering all sources of rain, surface and
groundwater, can be a powerful and sustainable
response to freshwater scarcity. Because agriculture
accounts for more than 70 percent of global water
use, agroecosystems are a logical target for water
savings and demand management efforts.
To ensure that we have enough water for food and for
a healthy planet, we must go beyond implementing the
known improved techniques, incentives and institutions,
and invest in understanding the various ecosystem
functions and services, as well as their interaction,
in the agroecosystems, that cover so much of the
earth’s surface. An ecosystem services perspective
to agriculture can also help in the consideration of
agronomic questions such as crop choices and soil
fertilization, but institutional and market issues need to
be addressed in these choices too.
Water plays a significant role in the support and
regulation of various other services provided
by agroecosystems. These uses of water in the

Integrated water resources management can
contribute to long-term food security by providing
water for agroecosystems and for non-agricultural
ecosystems. More resilient ecosystems can support a
wider range of ecosystem services, including water
management functions that are crucial for stable
food security, and become more diverse and more
productive. This requires the following changes
in the valuation and management of ecosystems,
water resources, and food security:
•

Valuation of ecosystem services from agroecosystems and non-agricultural ecosystems, so that
these can be used to understand incentives and
trade-offs.

•

Management of agriculture as a continuum of
agroecosystems that not only produce food, but
also deliver a whole range of other ecosystem
services necessary for long-term food security,
in a larger and diverse, tree-rich landscape.
The integration of crop, tree, livestock, and
aquaculture production can lead to resource
recovery in the form of manure for soil fertility
and fish feed, as well as crop residues and tree
fodder for livestock feed.

•

Management of all rain and runoff water sources for multifunctional agroecosystems at river
basin level to support the widest range of ecosystem services. With higher water productivity
in terms of ecosystem services (water for agroecosystems), ecosystems will in turn be more
efficient in terms of regulatory and supporting
services for water (agroecosystems for water).

•

Application of adaptive Integrated Water
Resources Management supported by capable
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and empowered institutions to provide water
for non-agricultural ecosystems (water for nature/environmental flows) and agroecosystems
(water for food).
•

Collaboration between sectors: multiple services from agroecosystems require support from
authorities and experts in, for instance, agriculture, environment, water, aquaculture, forestry,
fisheries, livestock and wildlife management.
This is required at local, basin, national and
international scales.

water management to bridge dry spells, careful
nutrient management, innovative field practices
and adapted cultivars. More ecosystem services could be provided by crop-tree-agroecosystems, if (a) diversity within the cropping system
as well as in landscapes is promoted, (b) habitat integrity and connectivity are maintained, (c)
the right infrastructure is selected, and (d) effective supporting institutions are in place for water
management and collective action.
•

In aquaculture and fisheries the provision of
healthy aquatic ecosystems with clean and
oxygenated water for physical support and
respiration, seed and feed. If managed well,
such aquatic ecosystems need, and in return
will also provide, regulation of detritus, waste,
nutrient cycling and carbon sequestration. In
capture fisheries, maintaining migratory routes
and breeding habitats as well as sustainable
fishing practices are important. More ecosystem services can be provided in multipurpose
aquatic ecosystems such as livestock-aquaculture integration, rice-fish culture, aquaculture in
irrigation and water management systems, and
wastewater-fed aquaculture.

•

In livestock systems animal management strategies to improve animal health and survival can
reduce herd sizes, while feeding strategies such
as the use of crop residues and other waste
products, tree fodder, proper selection of fodder crops and implementation of grazing management practices can increase livestock water
productivity, while water quantity and quality
can be conserved by, for instance, water point
management. More ecosystem services can be
provided in, for instance, mixed crop-livestock
systems with multipurpose crops and by integrating livestock in irrigation systems.

Specific opportunities to enhance food security and
increase water productivity include:

xii

•

Strategic placement of multipurpose trees in agricultural landscapes to tighten water, nutrient
and carbon cycles that sustain soil and water
productivity, thereby reducing pressure on the
remaining forest resources.

•

In dryland agroecosystems with locally adapted
cultivars, the holistic utilization of water and nutrients, provisions for herds and integrated treecrop-livestock management are all crucial to
guarantee ecosystem services in the long term.

•

In wetland ecosystems the development of
synergies with fisheries, aquaculture, livestock
grazing, and horticulture and strategic enhancement of tree cover without compromising
the water regulating functions and other ecosystem services of the wider catchment, including
groundwaterutilization.

•

In crop systems, where the highest potential is
in increasing rainfed crop production, yield increases can be obtained over vast cropland
areas with targeted surface water and ground-
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1.

INTRODUCTION

1.1	Background and
Justification

ecosystem services can be an essential contribution
to the sustainable improvement of food security.

Globally, about one billion people, mostly from
developing countries are under-nourished. Most
of these people live in countries that are not selfsufficient in food production, in particular in South
Asia and sub-Saharan Africa. The livelihoods and
well-being of these people is critically dependent
on their farm produce, and on the local landscape
with its ecosystem functions, to provide ecosystem
services that sufficiently support their livelihoods and
income. Water is a key driver of several ecosystem
functions, including biomass and crop yields, as
well as various supporting and regulatory ecosystem
services. It is also a principal input in enhancing
food production, irrigation being a well-established
method of improving yield in many parts of the
world. Use of irrigation in sub-Saharan Africa is still
at a low level while rainfed agriculture remains the
dominant mode of subsistence agriculture. Ninetyfive percent of agriculture in sub-Saharan Africa
and sixty percent in India is rainfed (CA 2007).
Productivity from rainfed agriculture remains low
due to limited soil nutrient availability, occurrence
of pests and diseases, and spells of minimal or no
precipitation at critical growing periods. Several
of these factors are related to degradation of
ecosystems. In key parts of the tropics, agriculture
has continued to expand into forest and woodland
areas, reducing tree cover and compacting soil,
causing higher run-off (Ong and Swallow 2003).
With the impact of climate change, spatial and
temporal variability in production is expected to
increase, while overall food production is projected
to decrease, especially in sub-Saharan Africa,
because an increase in magnitude and frequency of
drought and floods (Parry et al. 2007). Improving
water productivity in sub-Saharan Africa and in
other vulnerable regions of the world is one key
avenue to gaining food security for these regions.
Maintaining healthy ecosystems to ensure water
availability and the continuance of other regulatory

The understanding of linkages between ecosystems,
water, and food production is important to the health
of all three, and managing for the sustainability
of these connections is becoming increasingly
necessary. In many places, changes in the global
water cycle, caused largely by human pressures,
are seriously affecting ecosystem health and
human well-being (MA 2005). Widespread land
degradation driven by bad agricultural practices
is seriously limiting food production (Bossio and
Geheb 2008). Forest clearing or deforestation for
agriculture has hydrological consequences and can
lead to land degradation through salinization, soil
loss, and waterlogging (Falkenmark et al. 2007).
Fisheries and aquaculture, major sources of protein
in many developing countries which provided more
than 2.9 billion people with at least 15 percent of
their average per capita animal protein intake in
2006 (FAO 2009a), are threatened by ecosystems
degradation caused by over-fishing, habitat
degradation, pollution, invasive species, and
disruption of the river flow by dams. These pressures
have caused a severe decline in fish species and
production particularly in inland fisheries, thus
threatening an important food and nutrition source
for poor rural men, women, and children (UNEP
2010). Beef, poultry, pork and other meat products
provide one-third of humanity’s protein intake, but
also consume almost a third (31%) of the water
used in agriculture globally (Herrero et al. 2009).
Furthermore, pro-poor initiatives to ensure equal
access to land, water and other natural resources
and to their benefits have become crucial in the
context of increasing commercial pressures on
land. Whereas the question of rights is essential
to ensure food security for future generations;
ecosystems, water, and food production also have
to be managed wisely to prevent irretrievable losses
in ecosystem services and overall food production
(Falkenmark 2008).
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Over the last few years, the international community
has released several publications which highlight
the need to improve water management for food
production (crops, livestock, fish etc.). Some of these
have been summarized in an Appendix and include
the UNEP report on Ecosystem management and
the environmental food crisis (Appendix 1), FAO’s
work on Water, Food and Ecosystems (Appendix 2),
Millennium Ecosystems Assessment (Appendix 3),
GEO 4 (Appendix 4), Comprehensive Assessment
of Water Management in Agriculture (Appendix 5),
World Water Development report (Appendix 6),
International Assessment of Agricultural Knowledge,
Science, and Technology for Development (Appendix
7), and the Inter-governmental Panel Climate
Change reports. Each of these reports has played
a significant role in developing the understanding
of policymakers, scientists, and the international
community on the environment and water. Each
report has a specific focus, which creates a lens that
it uses to view the interactions between water and
the environment. The publications have focused on
issues such as efficient irrigation, ecosystems, climate
change and now there is a need to review all these
reports, complement them with new publications,
and produce a consolidated message assessing
the importance of ecosystems in managing for
sustainable water use in food production. Global
change, with driving factors including population
growth, increasing wealth and increased variability,
e.g. due to climate change causing shocks, needs
to be addressed in view of the integrated relations
between ecosystems, water, and food production.
This document draws from the tools and ideas
expressed in the above reports, which have since
been complemented by international publications,
and seeks to synthesize their results and transcend
the information contained therein.
As predicted by the various reports, the timely
supply and availability of food, fuel and water,
and the deterioration of ecosystem services, are
growing concerns. The recent global food shortage
and other simultaneous shocks that hit the world
resulted in soaring food prices leading to increased
attention worldwide to food security. This trend is
continuously aggravated by population growth.
Feeding a world population of 9.1 billion people in
2050 will require raising overall food production by
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some 70 percent over the period from 2005/07
to 2050 (nearly 100% in developing countries)
(FAO 2009b), in addition to global and national
mechanisms ensuring equitable access to land and
agricultural products. Adding ecosystem restoration
makes the challenge even more complex as the cost
of restoration is generally extremely high compared
with the cost of preventing degradation and not all
services can be restored (MA 2005a). Increasing
food production translates into significant increases
in the production of several key commodities. This
will not be possible with the current agricultural,
livestock, forestry, and fisheries practices which
are limited by insufficient amounts of renewable
freshwater per capita and ecosystems degradation.
Hence one way of securing sufficient and affordable
food for all is a revisit of our current agricultural,
livestock and fisheries practices, as water scarcity
and ecosystems degradation may jeopardize the
world’s ability to meet the needs of its people and
their health. The rapidly increasing and potentially
infinite demand for natural resources, trees, land,
and water for the production of biofuels may put
a severe burden on ecosystems, whereas climate
change may contribute to more frequent and more
intense global shocks. These challenges could be
addressed by recognizing that agriculture provides
ecosystem services beyond food production and
making policy and management decisions that
act upon that. In practical terms this would mean
improving agricultural management, linking to
downstream aquatic ecosystems and creating and
managing multi-functional agroecosystems (Gordon
et al. 2010).
As part of its contribution to the global food crisis,
UNEP pledged to the UN Secretary-General to
produce a policy document on Ecosystems for
Water and Food Security, to which this publication
provides background and further reading.

1.2 Scope
The target group of this publication consists of
high and mid-level professional staff in Ministries
of Environment and other relevant government
and inter-governmental bodies, as well as other
professionals in other institutions e.g. NGOs,
bilateral organizations, and UN Agencies.
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The purpose of this document is to show how
sustainable ecosystems, explicitly including
agroecosystems,
are
essential
for
water
management and food production. This document
provides background evidence illustrating the
3-way interdependence between ecosystems,
water and food security, demonstrating how
ecosystem management can be improved to ensure
water availability and to avoid future food crises.
By looking at the world as a range of ecosystems
(from pristine nature to highly intensive agriculture)
and recognizing their variety of ecosystem services,
agroecosystem functions can be managed
sustainably for current and future food security. It
has become widely accepted that food security is
not only a matter of food production but also an
issue of equal and secure access to the means
of production and to food products (FAO 2010).
This document focuses primarily on how to achieve
sustainable food production from a biophysical
perspective and does not address per se the key
social and institutional issues related with food
security1. Several of those are however highlighted
throughout the text in order to remind the reader that
these remain a critical component to ensure food
security for the poor and socially-disadvantaged
groups.
It is hoped that this document will help policy makers
to understand agriculture in terms of ecosystem
functions and services and provide background
and guidance for sound decision making in order to
create efficient ecosystems for water management
and for food production. In this, it builds on the
new paradigms or views on the environment and
the water sector as developed in various recent
assessments (MA 2005; CA 2007; UNEP 2007,
2009b, 2010; McIntyre et al. 2008; WWA
2006, 2009; Nellemann et al. 2009). Central to
these new paradigms or views are:
•

1

Ecosystem Services – ecosystems provide important services to the agriculture sector and
society. When ecosystems are viewed in terms
Similar considerations hold true for water security or water safety, more
commonly addressed in drinking water supply literature. In addition, another
topic that is relevant but will not be discussed in much detail here is the
concept of carbon sequestration and the role of ecosystems in storing carbon.

of the services that they provide (regulatory,
supporting and cultural ecosystem services in
addition to provisioning services such as food
production), it shows their economic and political significance, thus the ecosystem service
approach is more likely to generate an understanding of why and how ecosystems need
integrated management and some require protection.
•

Environmental Flows – Stemming from the concept of ecosystem services, environmental flows
in the context of this report are the water flows
– at the right time, with the right amount and of
the right quality – necessary to sustain certain
ecosystem services, in particular those related
to downstream wetlands and aquatic habitats.

•

Agriculture as an ecosystem: agroecosystems –
This idea views agriculture as a set of human
practices embedded in and part of its own ecosystem that has certain ecosystem needs, functions and services and interacts with other ecosystems. It moves away from viewing agriculture as an isolated activity towards regarding
it as a part of many interconnected landscape
elements.

•

Climate change as a water sector driver –
Because climate change has experienced a
meteoric ascent in public awareness and in
funding for study, all of these reports include an
aspect of the effects of climate change on the
water sector (see Chapter 2 for more details).

•

Food security as outcome of sustainable ecosystem management – By applying the ecosystem
services framework to agroecosystems, water
can be managed in a more sustainable way,
increasing food security and livelihood benefits
while minimizing (or ideally reversing) environmental deterioration.

This report on ecosystems for water and food
security will take an ecosystem perspective, where
agroecosystems are seen as providers of food
security and of water, contrary to other studies that
place ecosystems more at the receiving end.
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1.3. Relationship between
Ecosystems, Water, and
Food
This document is structured to show the relationships
between ecosystems, water, and food (Figure 1).
Hence it starts with chapters on food security (2),
ecosystems (3) and water (4) that each provide more
insight into the reasons why an integrated ecosystem

approach is required and what this should entail.
These are also the three main areas (separate
sectors in some countries) that require change: food
production (crops, fish, livestock), environmental
protection and sustainable management, and water
resources management, respectively. The synthesis
chapter (5) then explains how agroecosystems
provide water and other services for food security.
There is some deliberate overlap between chapters
so they can be read independently.

agroecosystem	
  
ecosystem	
  
water	
  

water	
  

food	
  
agri-‐	
  
culture	
  

ecosystem	
  
services	
  

food	
  
security	
  

Figure 1. Water and food as dimensions of ecosystems (left), with agriculture as subset of food (production), and the role of water for food security and other ecosystem
services in an agroecosystem (right).
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2. FOOD SECURITY
2.1 Introduction: Hunger,
Access, and Ecosystem
Impacts
Food security, meaning access to adequate food
for all, at all times, requires inter-alia sustainable
and increased production and productivity in the
agricultural sectors well as more equitable distribution
of food produced. Hence food security is the product
of many variables including physical factors such as
climate, soil type and water availability; management
of these and other natural resources (water, land,
aquatic resources, trees and livestock), at the level
of fields, landscapes and river basins; and losses
and waste along the value chain. It also requires
adequate policies and institutions in the many sectors
that influence the ability of men and women to
produce and purchase food, and the ability of their
families to derive adequate nutrition from it.

Photo: Stuart W Bunting

According to the FAO High Level Experts panel on
Food Security (FAO 2009b), “agriculture in the 21st

century faces multiple challenges: it has to produce
more food and fiber to feed a population expected to
grow by over a third (or 2.3 billion people) between
2009 and 2050, more feedstock for a potentially
huge bioenergy market, contribute to overall
development in the many agriculture-dependent
developing countries, adopt more sustainable
production methods and adapt to climate change”.
The latest FAO estimates indicate that over the
same period agricultural production needs to grow
by 70% to feed this population, because of a shift
in demand towards higher value products of lower
caloric content, and an increased use of crop output
as feed for the rising meat demand (FAO 2009b). At
the same time the adaptation of the agriculture sector
to climate change will be costly but is necessary for
food security, poverty reduction, and the maintenance
of ecosystem services. In such a context sustainable
use and management of water and biodiversity
resources in agroecosystems play a decisive role in
providing food and income for a growing population
(Nellemann et al. 2009; FAO and PAR 2011).

Harvesting fish in peri-urban Ho Chi Minh City, Vietnam.
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A sustainable increase in food production has to
be coupled with pro-poor policies which give to
men and women the rights and means to access
the resource base for sufficient and adequate food
production or the rights and means to access food
products. More than 40 countries already have
the right to food entrenched in their constitutions
(McClain-Nhlapo 2004). A rights-based approach
to food security requires identifying men and women
more at risk of hunger and creating the enabling
environment for them to produce or access food,
through targeted policies.

Despite 10 years of global commitment to reduce
hunger, the number of hungry (as measured through
MDG target 1A) remains more or less the same as
estimated during the base year of 1990 (Figure 2).
Significant gains have been achieved in the past
twenty years, as the relative share of hungry people
has decreased from around 20% of developing
country populations in 1990 to a current 15%
(FAO 2010), though according to other sources this
seems to be rising again. Still, about 925 million
people do not have sufficient food and 98% of these
live in developing countries (Figure 3). Sixty-five

FAO Hunger Map 2010

Figure 2. Trends in numbers and percentages of undernourished people in the world for the period from 1969 to 2009, compared to the MDG target of halving the number
of hungry people (based on FAO 2010).
Prevalence of undernourishment in developing countries

Source: FAOSTAT 2010 (www.fao.org/hunger)

Prevalence of undernourishment in developing countries (2005-07)
Very high (undernourishment 35% and above)
High (undernourishment 25-34%)
Moderately high (undernourishment 15-24%)
Moderately low (undernourishment 5-14%)
Very low (undernourishment below 5%)
Missing or insufficient data

Figure 3. Prevalence of undernourishment in developing countries (2005-2007) (FAOSTAT 2010; www.fao.org/hunger).

6

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

percent of the world’s hungry live in India, China,
Democratic Republic of Congo, Bangladesh,
Indonesia, Pakistan, and Ethiopia. Women account
for about 60% of global hunger. Malnutrition and
hunger-related diseases cause the death of about
7 million children annually. Child malnutrition costs
developing countries 20 to 30 million USD per
year. Apart from lack of calories, diets deficient in
zinc, vitamin A, iron, and iodine impair the health
of up to 2 billion people. Achieving food security
for all is necessary and vital for human well-being
globally (WFP 2010).
The sudden increase in food prices that 2006/07
brought, was largely unanticipated, and has
become a driver in water and food sectors (von
Braun 2007). It was caused by a variety of factors
including “rising demand, shifting diets, droughts,
increased cost of agricultural inputs, and policies
that encourage use of agricultural land and output
for bioenergy production” (WWA 2009). This has
resulted in an increased burden on the poor, who
already spend one half to three quarters of their
income on food. Major food producing countries
have restricted exports of food to keep costs down
domestically, which has raised international food
prices even more. While increased food costs will
likely push governments to invest more in agricultural
productivity, this will take years to offset the current
high food prices (WWA 2009).
Efforts to meet the MDG of halving hunger
(compared to 1990) in 92 developing countries by
2015 will have significant impact on water flows,
possibly on water quality and most likely on waterdependent ecosystem services. Global estimates
on the water needed for meeting the MDG target
on hunger suggest that the current appropriation
of circa 4,500 km3 annually for food, needs to
increase to 6,700 km3 annually by 2015 and to
8,660 km3 by 2030 (Rockström et al. 2007). Some
of this additional water needs may be mobilized
through water savings such as improved water
productivity, in particular in currently low yielding
agroecosystems. The distribution pattern of water
is uneven and inequitable. There are fundamental
differences in opportunities between as well as
within countries, depending on whether they are
projected to be under absolute water stress, with
limited opportunity to develop either rainfed or

irrigated food production systems to meet in-country
food demand, or potentially have opportunities
in either rainfed agricultural management, or in
irrigation development (Rockström et al 2009).
Access and control over land, water and produced
capitals (e.g. financial capital, technologies) are
also key factors to achieve the MDGs and increase
water productivity in a way that will benefit the
poor, notably women (UN 2009). These different
opportunities for the appropriation of water for food
security may have quite different impacts on water
resource appropriation in different countries, as well
as on downstream flows, ultimately affecting various
water-related ecosystem services and functions. A
comprehensive analysis of the need for water for
food, and the potential impacts on water-dependent
ecosystem services in various landscapes is not yet
available on aggregated global level.

2.2 Drivers and Future
Prospects
Demand for the world’s increasingly scarce water
supply is rising rapidly, affecting its availability for
food production and putting global food security at
risk (Rosegrant et al. 2002). The increasing world
population and their improving wealth as major
drivers of future change will continue to increase
pressure on the natural resource base (Godfray
et al. 2010b). Inequities in access to land, trees
and water are likely to increase in the absence of
policies ensuring equitable rights for all. The average
availability of land, forest resources and water per
person will continue to decline, especially for the
poor men and for women, which in turn compels
us to increase equitably the efficient use of natural
resources. Another major driver is climate variability
that causes shocks to the food and other systems,
such as finance, energy and health systems. The
poor, women and marginal groups are particularly
vulnerable to loss of livelihood and assets and hunger
in the face of climate variability and change (Cannon
et al. 2003). Variation in climate vulnerability
is place-based, depending on social inequality,
unequal access to resources, poor infrastructure, lack
of representation, and inadequate social security,
early warning or planning systems (Ribot 2009).
In the Millennium Ecosystem Assessment, drivers
were defined as any natural or human-induced
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Figure 4. Expected areas of population growth and decline 2010-2050 (IWMI, based on UNFPA 2010).

factor that directly or indirectly causes a change
in an ecosystem (Carpenter et al. 2006). Such
drivers can be observed at global and local scales,
ultimately putting direct or indirect pressure on the
management of our natural resources (Nelson et al.
2006). Key global drivers discussed in this section
center around food security, and, to a limited extent,
energy, as major influences affecting water demand
and increasing pressure on ecosystems.

2.2.1 Demographic drivers
Obviously, the main driver relating to food security
is demographic pressure: in order to feed 9 billion
people by 2050, food production has to increase.
Since a higher number of people means the
consumption of more resources and population
growth under current scenarios will lead to reduced
food security, increased water use, more pollution of
the natural resources and ecosystem degradation.
This will result in destruction of natural habitats such
as forest, in favor of land for people and crops. As
access to forest resources declines there is pressure
on rural people to derive forest products, such
as fuel, fodder and timber from farm land, often
meaning that these products compete with food
crops if not tightly managed (Muthuri et al. 2005).
Agroecosystems tend to use more water than
natural ecosystems, and higher production is often
associated with higher water use, so that increased
food requirements for a growing population put a
huge stress on water resources (CA 2007). The
challenge is therefore to improve water productivity
at the landscape or river basin level, especially for
the rapidly growing populations in the drier areas
of many developing countries (Ong et al. 2006).
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In the developing world, populations are rapidly
increasing, reducing food security and nutrition (von
Braun 2007). In Europe and East Asia, populations
are aging rapidly2, and in much of the developed
world, populations are stable or declining (WWA
2009). Water resources development cannot
keep up with population growth and hence water
scarcity, defined as less than 1000 cubic meters
available water resources per capita per year, is
increasing (Khosh-Chashm 2000). Unfortunately,
most of the population increases will occur in water
stressed areas with fragile ecosystems–in Africa
and the Middle East, hence further increasing local
water scarcity (Figure 4).
One of the traditional coping strategies to deal with
environmental stress has been migration, another
important demographic driver. While earlier reports
suggested that climate change would be a main
driver of migration, in reality socio-economic
circumstances are the key determinants (Tacoli
2011). Hence migration could be defined as an
adaptive response to diversify sources of income.
As people become more vulnerable to variability
in natural resources, mobility patterns may change
with regard to distance, duration and type of
migrants. International migrants have an impact
on urbanization in their country of origin, as they
tend to invest in small and medium towns, attracting
local, often seasonal, migrants (Tacoli 2011).

2
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While aging populations might appear to be outside of the drivers affecting
the water sector, older people require more medical help, and water that is
better sanitized (WWA 2009). This will increase the water needs of aging
populations slightly, though this effect is most likely marginal as compared
to that of global population growth.

While in certain parts of the world, sheer population
growth and aggravated social inequities lead to
reduced food security, in the wealthier parts of
the world, higher consumption per person further
increases food demand (von Braun 2007). In terms
of grain equivalent (GE), consumption generally

varies between 1–1.5 kg GE/person/day for a
vegetarian diet (using 1000–1500 liters of water)
and 4–5 kg GE/p/d in wealthy societies (meat
rich diet; using 4000–5000 liter). Under current
agricultural practices this would also result in an
increasing demand for land (up to 200 million ha
additional by 2030) (Bindraban et al. 2010b).
This does not even consider the impact of people’s
need for fibers and fuel in the light of generally
declining forest area. Since 2000, production of
biofuels, particularly ethanol and biodiesel for use
in the transport sector, has tripled and is projected
to double again within the next decade (FAO
2008a). This increase has been driven largely by
policy support measures in the developed countries,
seeking to mitigate climate change, enhance energy
security, and support the agricultural sector. If the
world switches from fossil fuels to the production
of biofuels, this will have immense impacts on
ecosystems and water availability (de Fraiture
et al. 2008; Bindraban et al. 2009a). Currently
biofuels account for 0.2% of total global energy
consumption, 1.5% of total road transport fuels, 2%
of global cropland, 7% of global coarse grain use
and 9% of global vegetable oil use (FAO 2008b).

Photo: Karen Conniff

In 2008 the world’s population was split evenly
between urban and rural dwellers. By 2030
there will be 1.8 billion more urban dwellers,
and 100 million fewer rural inhabitants (WWA
2009). Urbanization, foreseen to continue at an
accelerating pace, is expected to account for 70
percent of world population in 2050. As people
move to cities, their energy needs increase as
urban middle and upper classes begin to use
personal cars for transportation, use more electricity
at home, and consume more energy-intensive diets
(more meat and processed foods) (Kearney 2010).
Demand for aquaculture products like fish and
shrimp continues to rise (CA 2007), endangering
the health of aquatic ecosystems in many areas
(Hoanh et al. 2010). Wealthier urban inhabitants
are likely to consume both more calories and higher
protein diets (especially dairy and meat products
that have higher water requirements per calorie)
than their rural counterparts (von Braun 2007; de
Fraiture and Wichelns 2010). This will increase
and concentrate food demands (Cirera and Masset
2010). Urbanization also increases the reliance on
sanitation and water storage as more people need
water in one place. This in turn will increase water
pollution and increase the amount of pollutants
that the water is exposed to. In addition, large
urban areas covered with impervious surfaces
will increase the risk of flood disasters. Increases
in energy consumption will put more pressure on
the environment to generate more energy (e.g.
hydropower). People living in cities also produce
more waste in higher concentrations than those in
rural areas. They tend to use products that require
more processing, and consume food that needs to
be transported longer distances, both of which cause
more pollution. Urbanization and the increase in the
world’s population both lead to increased trade.
Trade of agricultural commodities has impacts on
ecosystem services at the production end, distant
from the point of consumption of the products. Trade
will grow in importance, both between rural and
urban areas and internationally between countries.

In parts of Ethiopia, manure is not used to enhance soil fertility, but for cooking.
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These shares are projected to rise over the next decade.
While two thirds of the world’s poorest people still rely
on fuel wood and charcoal as their major source of
heat and cooking, representing over 40% of wood
removal from forest globally (FAO 2006), biofuels
have contributed to higher food prices, with adverse
effects on consumers (von Braun 2007).

2.2.2 Climate change and other
shocks
While there is increased pressure due to human
population increases, additional uncertainty is due
to other factors such as weather variability caused
by climate change and other external shocks (e.g.
sudden rise in food prices, or epidemics). The United
Nations Framework Convention on Climate Change
defines climate change as “a change of climate that
is attributed directly or indirectly to human activity
that alters the composition of the global atmosphere
and that is in addition to natural climate variability
observed over comparable time periods” (Pachauri
and Reisinger 2007). The Fourth Assessment
Report of the IPCC concluded that current global
climate change was primarily anthropogenic and
likely to result in profoundly negative consequences
for a majority of the world’s population (Pachauri
and Reisinger 2007). While the effects of climate
change on food security, ecosystems and water may
be overtaken by the impacts of population growth,
the two may reinforce each other and worsen the
vulnerability of many poor people in the world. This
may be further aggravated by other external shocks
such as local food shortages, sudden increases in
food prices and financial crises, and the ability of
poor people to cope may be undermined by chronic
vulnerability, low education, and exposure to disease.
Predicting the effects of global climate change is a
process that is daunting in scale and uncertain at best
in its application. Several predictions are generally
agreed upon however: first, that the average global
temperature will increase at an accelerated rate,
and second, that weather events will become less
predictable, more severe, and probably more frequent
as well. Some ecosystems are more vulnerable to
these changes than others, but in many cases their
resilience will be exceeded, leading to irreversible
losses of biodiversity and various ecosystem services
such as the regulation of pests and water flows
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(Fischlin et al. 2007). Climate change is predicted
to affect agriculture and forestry systems through
higher temperatures, elevated carbon dioxide (CO2)
concentration, precipitation changes and increased
pressure from weeds, pests and disease (FAO
2009d). In the short term, the frequency of extreme
events such as droughts, heat waves, floods and
severe storms is expected to increase.
Water links earth’s atmosphere, land masses, and
oceans through the global hydrological cycle.
Aside from providing one of the key ingredients of
life on planet earth, the hydrological cycle has a
great many other important functions, which include
energy exchanges, erosion, climate regulation,
and the transference of bio-active chemicals. The
effects of climate change on the hydrological
cycle are nearly impossible to predict on a local
scale, but certain global changes are likely (Jung
et al. 2010). There is consensus among climate
scientists that warming will accelerate the global
hydrological cycle, resulting in changes in stream
flow, precipitation, atmospheric water content, soil
moisture, ocean salinity, and glacier mass balance.
As agriculture is mostly dependent on the hydrologic
cycle, food production will be greatly affected
by changes in precipitation, soil moisture, and
evapotranspiration. Local agricultural production
may increase or decrease under conditions of
climate change, depending on geographic features
such as elevation, latitude and other circumstances.
However all current quantitative assessments
indicate that climate change will adversely affect
food security in developing countries, particularly
Africa, and increase the dependency of many
of these countries on food imports. It is estimated
that climate change will reduce Africa’s potential
agricultural output by 15–30 percent by the 2080–
2100 period (FAO 2009d). Poor female and male
farmers have a low ability to cope with extreme
climatic events and climatic variability due to small
landholding, less control over water, lack of access
to capital, reduced participation in decision-making
and less access to adequate information.
Climate change will have a variety of effects on the
water sector. Water planners will be less able to use
historical data to plan, design, or operate hydrological
systems, though new prediction models are under
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development, which will enable policy solutions (CA
2007). Additionally, extreme hydrologic events such
as floods, droughts and storm surges will become
more common, appear in new places, and appear
with increased intensity and frequency (Solomon et
al. 2007). In most places, unpredictable weather
variability will decrease the availability of water, even
if it is more abundant: drought-flood cycles may result
in increased annual precipitation, but decrease the
ease of access to water. Under these circumstances, it
becomes highly important to capture and store the water
so that it can be used for food production. Otherwise,
more crops and livestock may be lost through floods
and drought (Bates et al. 2008). Coupled with impacts
on water quality, fresh water systems are particularly
vulnerable to negative impacts of climate change
(Bates et al. 2008). The increase in the average
temperature may benefit some areas, but on the whole
reduce the arable land area leading to decreased
food production (Parry et al. 2007). Furthermore, this
will disproportionately affect Sub-Saharan Africa (de
Wit and Stankiewicz 2006), where food production
per capita is already lowest (McIntyre et al. 2008).
In general, arid and semi-arid regions are predicted
to experience significant temperature increases and
reduced precipitation (Sivakumar 2005). Climate
change will also adversely affect ecosystems by
changing the climatic conditions that they rely on,
which may result in decreased biodiversity, decreased
ecosystem services and reduced human well-being in
many areas of the world (UNEP 2007). On the other
hand, while climate change can be seen as a driver of
food and water security, agricultural food production
also has its own effects on climate change. There is also
increasing evidence for linkages between reduction in
tree cover and rainfall, that may extend much further
than previously thought (Makarieva et al. 2010). For
example, the reduction of forest areas in East Africa
is one of the main causes of more frequent droughts,
which currently affect large parts of the region (UNEP
2006b). More examples of the impact of agriculture
on climate change are given in Appendix 8.
Other than food crises, economic crises have
large impacts on food security, ecosystems and
the efficiency of water use. The recent worldwide financial crisis increased the occurrence of
protectionist policies, decreasing world-wide food
trade and reducing the amount of money devoted
to development projects and technological research

and development. It has also focused people’s
attention away from environmental and hydrological
issues, and much more towards financial issues,
a change in attention which in turn tends to have
negative consequences on food security. The recent
rise in world food prices has driven 110 million more
people into poverty. Over the next several decades,
food prices are predicted to rise by another 30–
50% due to the inability of food production to keep
up with growing demand (Nellemann et al. 2009).
Development aid to agriculture decreased by some
58% between 1980 and 2005, even though
total official development assistance increased
significantly by 112%- over the same period (FAO
2009c). This meant that the share of aid funds
going to the agricultural sector fell from 17% in
1980 to 3.8% in 2006, with the same downward
trend observed in national budgets.

2.3 The Necessity of
Ecosystems and Water
for Food Security
Ecosystems provide food both in their natural state
(for instance through capture fisheries and forest
products) and in the form of managed landscapes
(such as in crop systems, through agroforestry,
livestock keeping and aquaculture). To feed a
growing population, food production has to grow
too, which in turn means that more water is needed
to sustain agricultural, aquaculture and livestock
production systems. Water is one of the main
factors limiting future food production, particularly
in the poorest areas of the world where access
to water, and its timely availability, is a problem.
Over 1.6 billion people live in areas of physical
water scarcity and without changes in management
this figure could soon grow to 2 billion (Figure 5).
With the same practices, increased urbanization
and changed diets, the amount of water required
for agriculture to feed the world population would
have to grow from 7,130 km3 (today’s amount)3
to between 12,050 and 13,500 km3 by 2050,
representing an increase of 70–90% (CA 2007).
The Millennium Ecosystem Assessment (www.
maweb.org) sought to catalogue the state of the

3

This is more than the 4,500 km3 for food as estimated by Rockström et al.
(2007) in Section 2.1.
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Rice is an important crop for food security that needs a lot of water.
Little or no water scarcity

Approaching physical water scarcity

Physical water scarcity

Economic water scarcity

Not estimated

Definitions and indicators
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Abundant
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to use,
withmeans
less than
water from
rivers withdrawn
Figure 5. Areas
physical
economic
water
scarcity water
(CA 2007).
Little relative
or no water
scarcity
that25%
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are abundant
relative toforuse, with less than 25%
human
purposes.
of water from rivers
withdrawn
for human purposes. Physical water scarcity means that water resources development is approaching or has exceeded sustainable limits: more
• Physical water scarcity (water resources development is approaching or has exceeded sustainable limits). More than 75% of
than 75% of riverriver
flowsflows
are withdrawn.
Approaching
physicalindustry,
water scarcity
means thatpurposes
more than(accounting
60% of riverfor
flows
are withdrawn
andflows).
these This
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are withdrawn
for agriculture,
and domestic
recycling
of return
water water
availability
water demand—implies
areas relative
are not to
necessarily
scarce.
water scarcity indefinition—relating
the near future. Economic
scarcitytomeans
that water resourcesthat
are dry
abundant
water use,water
with less
than 25% of river flows withdrawn, but
• Approaching physical water scarcity. More than 60% of river flows are withdrawn. These basins will experience physical water
lack of human,
institutional,
and financial capital limits access to water and malnutrition exists.
scarcity in the near future.
• Economic water scarcity (human, institutional, and ﬁnancial capital limit access to water even though water in nature is available
locally to meet human demands). Water resources are abundant relative to water use, with less than 25% of water from rivers
4
withdrawn
for human purposes, but malnutrition exists.

environment and assess the consequences of
the expense of reductions in other ecosystem services,
Source: International Water Management Institute analysis done for the Comprehensive Assessment of Water Management
in Agriculture
Watersimwell-being
model; chapter(Appendix
2.
ecosystem
changeusing
on the
human
such as those supporting or regulating other things
3), including its effects on food production. The MA
that people need (such as drinking water, flood and
points out that the significant increases in provisioning
drought protection, nutrient recycling and regulation of
services (largely the goods used by people) achieved in
pests and disease). We are thus facing a tremendous
recent times, and in particular food production through
challenge where we need to develop agriculture
agriculture, to a large extent has been achieved at
to feed the world, use water and allocate water to
agriculture much more efficiently, and develop new
4
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More on ecosystems, agroecosystems, and ecosystem services in Section 3.1.
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water resources while ensuring that ecosystems
continue to provide environmental services.
The rural poor and marginal groups have a greater
direct reliance on ecosystem services. They also have
less capacity to cope with degraded ecosystems
services and therefore are more and more
immediately vulnerable to ecosystem degradation
(WRI 2005). However, food production does not
necessarily have to come at the expense of other
services (Bennett et al. 2009) and cases exist
where investments in sustainable agriculture can
actually raise food production while also benefitting
ecosystem processes (Pretty et al. 2006). Hence
there is a need for a better managed and balanced
delivery of ecosystem services. This means that in
some places and cases you might have to reduce
some services at the expense of others, while in other
cases you might be able to find win-win situations.
The ecosystem services approach (Section 3.1 and
Appendix 1) is useful both in focusing attention on,
and in finding better ways to manage, the wide
range of processes that an agricultural system or
landscape can generate and could help better
identify beforehand what the services are that will
be impacted by a specific intervention (Section 5.2).
The current situation of ecosystem degradation from
the impact of over-withdrawal of water for agriculture
is already one characterized by dried-up and polluted
rivers, lakes and groundwater. For example, more
than 50% of wetlands have been lost during the last
century (IUCN 2000). If the same practices continue
to be used it would result in inevitable degradation or
complete destruction of the terrestrial freshwater and
coastal ecosystems that are vital to life itself. Instead,
appropriate strategies, safeguards, options and
technical solutions need to be developed in order to
ensure that water can provide for diversified incomes
and food security. These strategies should be based
upon a better understanding of the functioning of
ecosystems, be they terrestrial, aquatic, or marine,
and their interrelation with the availability and the
quality of water.
For agriculture to feed the world water allocated
to agriculture (crops, fish, livestock) must be used
more efficiently and new water resources must be
developed while ensuring that ecosystems continue

to provide environmental services. More specifically
as it is essential to take the following measures
(based on FAO Netherlands 2005):
•

Increasing water productivity and ecosystems
preservation: Efforts to improve food security and
rural livelihoods must focus on raising water productivity in both rainfed and irrigated agriculture
and on increasing the availability of affordable,
environmentally acceptable water, especially for
the poor, women, and marginal groups, in a way
that generates maximum socio-economic returns.

•

Harnessing new water supplies: Surface and
groundwater supplies for agriculture and water
storage capacity will have to increase significantly to meet growing food and energy requirements
in the context of climate change.

•

Ensuring access to food and improving nutrition:
Access to food at the individual, local and continental levels should be ensured through pro-poor
policies. Domestic development policies (including subsidies and implicit taxes), international assistance programs and international trade agreements will have to acknowledge and support the
centrality of agriculture-based development in
these policies.

•

Increasing investments: Gender sensitive investments are needed to meet the demand for food,
to increase the productivity and development of
water, preserve the ecosystems services and to
improve the livelihoods of rural women and men.

•

Increasing ecological food production in/for cities: Environmental regulations and parallel investments in municipal and industrial waste treatment
are needed to improve the quality of river water
and their related ecosystems, ensuring better quality water for food.

•

Developing more consistent, comprehensive water, ecosystems and food policies: Governments
need to intensify efforts to prepare medium and
long-term water, ecosystems and food policies
at the local, national and regional levels, which
integrate the differentiated needs, interests and
perceptions of communities, and especially poor
men and women.
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•

Increasing research: More research is required
to develop new and situation-adapted technologies that maximize water productivity, ecosystems
management and poverty alleviation in irrigated
and rainfed areas. This should be accompanied
by integrative disciplinary and sector-specific
knowledge and gender-sensitive approaches to
help understand and develop institutions for management, operation, and maintenance.

2.4 Conclusion: Challenges
for Food Security
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current rainfall variability and extreme climate events
through increased water storage, early warning
systems, and better post-harvest processing and food
storage will improve the capacity of vulnerable groups
to adapt to future climate change, especially when
this is done through an ecosystem services approach.
Policy makers have a role to play in safeguarding
ecosystem services and food producing systems from
climate change uncertainties.

With a growing global population expected to reach
9.1 billion in 2050 and the increasing impacts
of climate change, sustainable use of water and
ecosystems for food security is a great challenge (Section
3.2). It is important to gain a better understanding of
the functioning of terrestrial and aquatic ecosystems
and their interrelation with the availability and quality
of water (Section 3.3). This calls for a shift in the
management of ecosystems and the water within them
for food security. Ecosystems have to be safeguarded
and used wisely as they provide the backbone of
all environmental services needed in achieving food
security and are particularly important for the poor,
women, and marginal groups. Agricultural production
systems have to be recognized and managed as a
landscape of interlinked agroecosystems with the
potential for multiple functions (Section 3.4). Land
management and tree cover in catchment areas
play a critical role in water yield and sediment flow
(Carroll et al. 2004). Trees could play a strategic role
in agricultural landscapes to increase infiltration and
penetration of water, but appropriate species and
management options must be used.

Efforts to improve food security and rural livelihoods
must focus on giving the capacity to female and male
farmers to raise water productivity in both rainfed and
irrigated agriculture (Section 4.3) and on increasing
the availability for all of affordable, environmentally
acceptable water that generates maximum socioeconomic returns (Section 5.3). This means considering
access to water, land, technologies and inputs, and
looking at increasing productivity and broadening
the scope from local food production to food security.
At the same time there is pressure from global drivers
such as urbanization, change of diets, and climate
change. Many drivers of global change affect water
availability, which in turn affects agroecosystems and
food security by limiting or taking away the water
necessary for maintaining ecosystem functions. This is
a challenging development since ecosystem functions
and food security go hand in hand: healthy ecosystems
enhance food security while degraded ecosystems
decrease food security. Healthy ecosystems are
particularly important for the poor who predominantly
rely directly on ecosystem services (sub-section 3.1.2).
Ecosystem services and food production both rely on
water and it is important that the right balance of water
is provided to each of them is negotiated in order to
sustain both functions (Section 5.1).

Climate change impacts on ecosystems and thereby
on water and food security are highly uncertain, and
most forecasting scenarios suggest greater vulnerability
to damage, reduced ecosystem services, and
undermined resilience. Building resilience to climate
change and other shocks needs to be mainstreamed
into agricultural planning to ensure food security targets
(FAO 2009b). This is especially important for vulnerable
populations with low adaptive capacity: poor women
and marginal social groups in geographical areas
at risk, with limited resources, poor social networks
and low access to education, healthcare and other
services. Efforts to improve their ability to deal with

The continuous provision of food under global
change at the individual, local, national and
regional levels can only be ensured by targeted
investments and adaptive national and international
policies. Domestic development policies (including
subsidies and implicit taxes), international assistance
programs and international trade agreements will
have to acknowledge and support the central role
of ecosystem services, agricultural development and
water management. Investments are needed to meet
the demand for food, to increase the productivity
and development of water, preserve the ecosystems
services and to improve the livelihoods of rural people.

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

3.

ECOSYSTEMS

3.1 Introduction: Concepts
and Definitions
The concepts of nature, ecosystem, agroecosystem
and ecosystem services are often interpreted
differently by various interest groups. For easy
reference, a glossary with short definitions is included
at the end of this document (before the references),
while this section provides some additional details.

3.1.1 Ecosystems and
agroecosystems
An ecosystem is a dynamic complex of plants,
animals, microorganisms and their nonliving
environment, of which people are an integral part
(UNEP 2009a). The benefits that we as humans
derive from nature, such as timber and food, or
water and climate regulation, are all ecosystem
services. There are several types of ecosystems
that provide these services: mountain and polar,
forest and woodlands, inland water, drylands,
cultivated, urban, coastal, island, and marine (MA
2005d). In this document, we consider a continuum
of ecosystems ranging from pristine (‘nature’), not
subjected to any human intervention, up to those
highly impacted by people, such as intensive
agriculture that can take place in entirely artificial
environments. Currently, there is actually very little
left of pristine areas, some argue as little as 11%
of the terrestrial surface can be called “wild”, and
most of this is actually barren land or deserts (Ellis
and Ramankutty 2008).
Agriculture is thus also an ecosystem, with plants,
animals, microorganisms interacting with its nonliving environment, and from which primary
and secondary products are appropriated by
humans (Fresco 2005). In this document we
therefore refer to these agricultural ecosystems as
‘agroecosystems’. In this continuum from pristine to
heavily human impacted ecosystems, certain types
of ecosystems are particularly relevant to our scope

of water and food security. These include inland
water areas competing with agriculture over water,
and impacted by agricultural use of e.g. fertilizers
and pesticides; drylands with the limited availability
of water and often lack of nutrients and organic
matter; and cultivated land, but largely restricted to
those used for agriculture. Natural forest and forest
management are hardly discussed in this document,
while forest-like plantations such as coffee and
rubber are considered as agroecosystems and thus
included in the continuum. Each type of ecosystem
has its own particular issues of vulnerability and
management related to specific ecosystem services
(Table 1). In addition, ecosystems throughout the
range of more or less anthropogenic influences can
play a role in food security.
Table 1. Various services provided to human populations from three types of
ecosystems (after MA 2005d).
INLAND WATER
Rivers and other wetlands

DRYLANDS

CULTIVATED

Fresh water

Food

Food

Food

Fodder and grazing

Fiber

Pollution control

Fiber

Fresh water

Flood regulation

Fuel wood

Dyes & resins

Sediment retention and
transport

Medicines

Timber

Disease regulation

Local climate regulation

Pest regulation

Bee pollination

Biofuels

Cultural heritage

Medicines

Recreation and
ecotourism

Nutrient cycling

Spiritual values

Cultural heritage

Nutrient cycling
Recreation and ecotourism
Aesthetic values

Aesthetic value

Freshwater is considered as the bloodstream of the
biosphere (where land and soils would be the bones),
driving critical processes and functions in forests,
woodlands, wetlands, grasslands, croplands, and
other terrestrial agroecosystems (Figure 6), and
maintaining them, while keeping them resilient to
change (Costanza et al. 1997). The presence
and absence of water in the landscape very often
determines the characteristics of several supporting
and regulating functions, e.g. preserving nutrients
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and removing pollutants, just like blood does in the
human body (Falkenmark 2003a). Physical processes
like evaporation (creating clouds) and condensation
(precipitation) influence chemical interactions with
soils by dissolving and transporting salts and solids,
thereby providing terrestrial and aquatic ecosystems
with water and nutrients (Figure 6).
Ecosystems are shaped by water flows and therefore
ecosystem services are also shaped by water
flows. In any given landscape the characteristics
of the landscape and its location determines
water flow paths, quantities and qualities, which
in turn determines vegetation, habitats and fauna
(Figure 7). Seasonality in rainfall combined with
temperature and the landscape characteristics
(slope, soil, bedrock) affects water availability and
the resulting ecosystem services. In this document
we consider water as a crucial part of ecosystems
and in particular will make an attempt to define
ecosystem water services (Chapter 5). Water plays
various, but always crucial, roles in agroecosystems.
The importance of water quality is notably clear in
aquatic ecosystems, obvious habitats where fish
and other aquatic animals are caught. Terrestrial
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ecosystems and catchment land-use practices
influence – at various spatial and temporal scales
– the hydrology and quality characteristics of water
resources. In turn, these water resources are critically
important in governing which types of species can
survive in certain habitats.
An agroecosystem perspective also helps to
give value to ecosystem services (see below).
According to FAO, agroecosystems are ecosystems
in which humans have exercised a deliberate
selectivity and modified the composition of existing
living organisms (OECD 2003). Together these
agroecosystems cover over a third of total global
land area. Agroecosystems are different from
unmanaged systems as they are intentionally altered
and often intensively managed for the purpose of
providing food, fiber and other products and
services. Agroecosystems both provide and rely
upon important ecosystem services (Zhange et al
2007).
There is a large amount of overlap between the
services provided by agroecosystems traditionally
considered as ‘natural’ and those traditionally
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Figure 7. The hydrologic cycle in an agroforest ecosystem.

considered as agriculture. For example, planted
forests or tree plantations are sometimes classified
as ‘forests’ whereas in terms of ecosystem services
they are simply long standing mono-cultures with
a high level of provisioning services (e.g. timber,
fruits, rubber). On the other hand, planted trees may
bring a wealth of additional ecosystem services in to
agricultural production systems. Recent assessments
suggest that almost half of all agricultural land has
more than 10% tree cover, indicating that trees
outside forests are a mainstream component of
agricultural landscapes (Zomer et al. 2009) that
may provide forest functions to some extent. Tree
cover in farming landscapes can have a large
impact on infiltration and penetration of water and
hence catchment hydrology (Carroll et al. 2004).
But when tree cover is changed, other ecosystem
services besides water flow may also be affected
such as forest habitat connectivity for some species,
pollination, carbon storage, and even agricultural
productivity (Harvey et al. 2006). The impact of
changing tree cover on various ecosystem services
depends on its amount, spatial configuration,
species composition and management, so there is
a need to get beyond generalizations and look at

tree cover at the landscape scale in order to meet
specific objectives, including the consideration of
trade-offs and synergies amongst the ecosystem
services affected (Pagella et al. 2011).
Also grasslands are normally managed by people,
hence far from ‘natural’ particularly if livestock
are grazing. In fact, almost all so-called natural
ecosystems are influenced by people as hunters,
gatherers and foragers actively manage the
landscape to facilitate their harvesting of food and
other useful products (Bharucha and Pretty 2010).
At the other end, heavily human-managed systems
can provide many ecosystem services. For example,
sustainable paddy-aquaculture systems provide
more ecosystem services (not only provisioning
services) than the production of rice and fish alone.
The idea of agriculture as an ecosystem has been
explored in detail by the International Assessment of
Agricultural Knowledge, Science, and Technology
for Development IAASTD (Appendix 7; McIntyre
et al. 2008). In addition to providing food,
agriculture delivers fiber, fuel, fodder, a variety of
other goods and ecosystem services, and fulfills
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various social and cultural roles. Aquaculture has
been an integral part of many agroecosystems
for hundreds of years, producing additional food
and cash crops to supplement grain and livestock
production, making more efficient use of feed and
fertilizer inputs and facilitating nutrient retention
and recycling from manure, agricultural and food
processing by-products and domestic wastewater.
Agriculture is a major employer; globally 40% of
livelihoods depend on it (McIntyre et al. 2008). It is
especially crucial for poor women who have fewer
other income-earning opportunities (UNFPA 2009).
The various types of agroecosystems are determined
by the environment (e.g. climate and soil type) in
which they are situated, but also by the farming
system used (Appendix 9.1, 9.2). Agroecosystems
are continuously evolving due to changing external
conditions (Appendix 9.3).

3.1.2 Ecosystem services
Ecosystems and their multiple services provide the
fundamental basis for human well-being, society
and economy (WRI et al. 2008). Ecosystems
services are thus the key also to local and global
development opportunities and all people,
worldwide, are dependent on ecosystem services for
their survival and quality of life (UNEP 2009a). The
global community can only fare well if the functions
and production capacity of the ecosystem services
of our environments can be maintained. As stated
in MA (2005) most landscapes (and seascapes) on
earth are affected directly or indirectly by human
actions. Very few areas (or any, if you take into
account atmospheric pollution) can be defined as
un-disturbed by human interventions (Appendix 9.4),
which is another reason for considering a continuous
range of agroecosystems in this document. As the
size of the human population increases, demand
for ecosystem services is projected to increase as
well. At the same time, the sustainable production of
most services is under threat and, in many places, in
decline (Brauman et al. 2007). Their access is also
constantly reshaped under increasing commercial
pressure on land and forests. Because many of the
world’s ecosystems are already highly degraded,
restoring their productive capacity requires
revegetating the planet. In many cases fencing and
no-grazing strategies can greatly support vegetation
recovery, but during the first couple of years the new
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vegetation needs to be irrigated, which will compete
directly with the water demand for food production
(Fresco 2005). Revegetation or restoration of natural
ecosystems is complex and requires good planning.
Even under humid conditions and with significant
investments, success is not guaranteed if monitoring
is not carried out properly. In Australia, efforts to
revegetate tropical rainforest lacked success mainly
due to lack of frequent monitoring and maintenance
with only half the area that had been designated to
be reforested actually forested six to 11 years into
the program (Kanowski et al. 2008).
In this document we adopt the categorization of
ecosystem services as proposed by the Millennium
Ecosystem Assessment (2005) and used by UNEP
(2009a) and other organizations in their policies.
Ecosystem services can be grouped into four
different types and these services might be of
different importance to local livelihoods depending
on gender, age, caste, religion or social group:
•

Provisioning services are perhaps the most recognizably valuable in terms of human use and
are thus most frequently monetized. These include
food, freshwater, fiber and fuel, biochemicals,
and genetic materials, e.g. fish harvested from
an ocean or other body of water (Appendix 10).

•

Regulatory services are slightly less tangible
and therefore can be more difficult to assess
economically. These include climate regulation,
water regulation (i.e., hydrological flow),
water purification and waste treatment, erosion
regulation, pollination and natural hazard
regulation; e.g. the protection a mangrove provides
a city from storm surges. In some instances, these
systems can be replaced by technology but often
at a higher cost than maintaining the original
service (Cairns 1995). Regulatory services
can be brought into markets and evaluated in
financially driven decision-making processes by
exploring the costs of substituting for them. For
example, a watershed’s purification functions
can be monetized and compared to the cost
of substituting a water treatment facility to fulfill
these needs for a community (Appendix 11).
Some ecologists, however, have argued against
this logic, suggesting that humans cannot fully
substitute for the functions of these regulating
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goods and services. Groundwater recharge and
climate regulation are examples where an individual’s benefits from these services is not directly
linked to the cost of using them (MA 2005). By
estimating the value of an ecosystem’s market
and nonmarket goods, hidden social and environmental cost and benefits can be made visible
(Wilson and Carpenter 1999). This might also
apply to regulatory services.

systems, especially as they contribute to multiple
services and biodiversity (Ehrlich and Mooney
1983). This dilemma is one of the central issues
of debate on the valuation of ecosystem services
(Ehrlich and Mooney 1983; Heal 2000;
Pimentel et al. 2001; MA 2005; Kremen and
Ostfeld 2005). Nevertheless, in many cases the
costs of replacing services has been shown to
exceed the costs of restoring or sustaining them,
particularly with regards to water.
•

Cultural services can be spiritual and inspirational, recreational, aesthetic, and educational, e.g.
the recreational benefit of a lake for fishing. Some
are relatively easy to value (e.g. recreation) but
others are less-tangible and often difficult to quantify or monetize. In the case of pastoral livestock,
cultural values are often singled out as a separate
livelihood asset class, overriding economic valuation in terms of development and land management, and taking into account “antiquity, role in
the agricultural systems, farming techniques, role
in landscape, gastronomy, folklore and handicrafts” (Gandini and Villa 2003).

•

Supporting services are functions that operate on
a long-term time-scale. They include soil formation, and nutrient cycling. All of these services
can be divided into direct market goods (such
as water for domestic use) and nonmarket goods
(such as soil formation) (Wilson and Carpenter
1999). Some non-marketed goods and services
can accumulate or increase on large or global
scales; in these cases, individuals may need minimal incentives for maintaining production of such

Provisioning	
  services	
  
Regulatory	
  services	
  
Cultural	
  services	
  
Suppor:ng	
  services	
  

Now, instead of considering agricultural food
production as one of many (provisioning) ecosystem
services, we propose in this document to consider
agroecosystems as providing their own ecosystem
services. Hence if the agroecosystem is degraded, the
various ecosystem services will decline, affecting current
and future agricultural productivity and livelihoods. In
agroecosystems, the system is managed currently to
enhance specific desirable ecosystem functions, for
example the provision of crop yields, fuel, fodder,
or fibers, sometimes at the expense of other types of
ecosystem services (Gordon et al. 2010; Figure 8). For
example highly mechanized intensive agroecosystems
can yield 10–20 tons of maize per hectare with large
inputs of agro-chemicals and sometimes irrigation.
These inputs may be associated with depleted water
for other users, be it humans or ecosystems, and agrochemicals may have negative downstream impacts on
soil and water quality. Other systems such as aquatic
systems, grasslands for grazing and tree plantations
may be managed at larger spatial scales to provide
a suitable landscape and habitat for the maximum
harvest of a particular species. The provisioning
capacities of a landscape rely on the supporting and
regulating characteristics.
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Figure 8. In most agricultural systems (right), provisioning ecosystem services are increased at the expense of regulatory, cultural and supportive ecosystem services, as
compared to natural ecosystems (left) (adapted from CA 2007 and Gordon et al. 2010).

Nutrient	
  	
  
cycling	
  

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

19

Soil	
  	
  
forma:on	
  

While many ecosystem services are known to be
important to agriculture, the mechanistic details
of their provision, or reduction, remain poorly
understood (Kremen 2005) and we lack ways to
measure the quantities of many ecological services
in a manner similar to measures of marketed goods
and services in the economy (Dale and Polasky
2007). However, the provisioning services that
we can measure depend upon a wide variety of
supporting and regulatory services, such as soil
fertility and pollination (MA 2005; NCR 2005),
that determine the underlying biophysical capacity
of agricultural ecosystems (Wood et al. 2000).
Agroecosystems also receive an array of ecosystem
disservices, i.e. costs (to the environment or the
users) rather than benefits of ecosystems, such as
herbivory and competition for water, which reduce
productivity or increase production costs (Zhange et
al. 2007).
While figure 8 is a visually powerful qualitative
comparison between two different types of land use
and their ecosystem services, economists have tried
to value ecosystem services in monetary terms for
more detailed quantitative comparisons. UNEP hosts
The Economics of the Environment and Biodiversity

(TEEB), an international initiative to draw attention
to the global economic benefits of biodiversity
(http://www.teebweb.org/). Valuing ecosystem
services is an important tool when considering the
costs and benefits of different options for achieving
water and food security. Many goods and other
provisioning services come from non-agricultural
land. When making decisions on water allocation
or land use, the whole range of ecosystem services,
their benefits (values) and costs (social, financial,
water) have to be taken into account (TEEB 2010).
Well-balanced decisions can then be made about
trade-offs and, ideally, ecosystem services can be
enhanced (Bennett et al. 2009).
While focused on biodiversity, TEEB assessed
other ecosystem services as well (Table 2). For
example, wetlands in particular make for highly
valuable ecosystems, yielding high benefits by
providing and regulating water. This is even clearer
in a recent detailed evaluation of the ecosystem
services provided by different land cover types
in the Mississippi Delta (Batker et al. 2010). The
study shows the total economic value of ecosystem
services in wetlands range from 7,121 to 31,762
USD per hectare per year, much higher than values

Table 2. Estimation of the average value of ecosystem services of terrestrial biomes (in Int. $/ha/year- 2007 values, adapted from van der Ploeg et al. 2010). Empty
cells mean insufficient data.
Ecosystem services

Tropical forests

Other forests

Woodland

Grass

Wetlands

Lakes and rivers

Food production

121

496

68

54

709

94

Water supply

300

152

378

1,598

3,361

1,466

45

22

433

373

25

4

3,218

Water flow regulation

19

1

Extremes

92

Provisioning

Other provisioninga
Cultural

291

1,337

Regulatoryb
4,660
1,569

Other regulatory

1,711

143

Supportingc

1,008

399

Total (Int.$/ha/year)d

5,088

1,261

432

792

686

1,460

99

2,104

1244

15,752

2,642

7,433

Other provisioning services include raw materials, and genetic, medicinal and ornamental resources.
Regulatory services include water flow regulation; waste treatment and water purification; moderation of extreme events such as floods, droughts and storms; and other
regulatory services such as influence on air quality, climate regulation, erosion prevention, pollination, and biological control.
c
Supporting services include nutrient cycling, habitat services and maintenance of genetic resources.
d
Total (van der Ploeg et al. 2010) may differ from calculated sum because of rounding.
a
b
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for open water or wooded areas, while agriculture
has the lowest values, by a considerable margin
(see Appendix 12.1 for more details).
Another important finding from TEEB is the contribution
of forests and other ecosystems to the livelihoods
of poor rural households, only partly reflected in
the values for provisioning ecosystem services of
natural ecosystems in Table 2. There is significant
potential to contribute to poverty reduction through
conservation efforts. While agriculture, forestry and
fisheries together do not usually make out a large
proportion of a country’s GDP (e.g. 6, 11 and
17% in Brazil, Indonesia and India, respectively),
ecosystem services can contribute more than half
the GDP for poor households (89, 75 and 47%,
thus benefitting 18, 25 and 165 million people
in Brazil, Indonesia and India, respectively) (TEEB
2010).
Non-agricultural ecosystems are also important in
food security, especially for the poor. In addition
to fisheries, a host of other wild animals and
plants play an important role as many vulnerable
communities obtain a significant amount of food
from the ecosystems that surround them (Foresight
2011; Appendix 10). Estimates on the importance
of these ‘wild foods’ vary from 1 billion consumers
to 20% of protein in at least 60 poor countries
(Bennett and Robinson 2000). These are probably
underestimates as consumed non-cultivated
plants and animals persist in agroecosystems as
well, providing important supplementary food,
particularly for the very poor at times of food stress.
At the same time, many ‘natural’ ecosystems are
actively managed to facilitate hunting and gathering
(Bharucha and Pretty 2011).

3.2 Challenges to
Agroecosystem
Management
The impacts of population growth and other
demographic changes on ecosystems are substantial
and vary over time. Population growth is one of the
largest drains on the environment, simply because
more people mean the consumption of more
resources. This results in the conversion of natural
ecosystems into land that is more habitable and
arable. Increasing populations put more pressure

on ecosystem services causing those ecosystems to
break down. Migration has the potential to further
over-stress ecosystem services as large groups of
people temporarily reside in areas where they will
gather firewood, hunt game, and produce large
amounts of waste, such as happens in cases of war
refugees. Migration in response to degradation is
undertaken most frequently by men; leaving women
with more responsibilities in the absence of men.
Degradation further compounds the work necessary
in the traditional sphere of women’s activities such
as in firewood and water collection.
Greater understanding and appreciation of the role
of the services provided by a variety ecosystems,
including agroecosystems, could help break the
cycle of declining food production, increasing
degradation, increased expansion of crop and
grazing land, and further diversion of water
to agricultural production, all of which further
decrease resilience and increase vulnerability.
UNEP (2009a) promotes an ecosystem approach
to the integrated management of land, water and
living resources that provides a sustainable delivery
of ecosystem services in an equitable manner.
For food security in the short term, provisioning
services are crucial, but to secure access to food
for all in the future and long-term, regulatory and
supporting services are as important. The ecosystem
approach requires adaptive management, as its
implementation depends on local, national or even
global conditions. Hence, the UNEP Ecosystem
Management Programme (Appendix 1) is working
towards a cross-sector approach that integrates
landscape elements in agroecosystems and nonagricultural ecosystems, and manages these towards
delivery of the full range of ecosystem services.
Agroecosystems have an important role to play
in food security but also in their impact on other
ecosystems. When compared to other groups
of ecosystems, or biomes, the total value of
ecosystem services from cropland is relatively low,
even for food production alone. For example, in
the Mississippi Delta the total value of agricultural
land ranged from 195 to 220 USD/ha/year, 85
USD/ha/year of which was from food production,
which fell behind most other ecosystem types
(including forest and in particular wetlands where
food production was valued at 145 to 3,346
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USD/ha/year) (Batker et al. 2010; Appendix
12.1). Other studies found higher values for food
production in cultivated systems: 667 USD/ha/
year in South Africa, 1,516 in El Salvador and as
high as 3,842 and 7,425 USD/ha/year in Israel
(van der Ploeg et al. 2010). However, it is not clear
how this would compare to the average values of
other biomes as listed in Table 2. Also reported in
the TEEB studies, wetlands had very high values
per unit of land for food production as well as for
other ecosystem services. Previously, Costanza et
al. (1997) had suggested that wetlands provide so
much more valuable food per hectare annually, that
the total global value of food from wetlands was
estimated at 84.5 billion dollars, while four times
the area in cropland was calculated to produce
75.6 billion dollars (Appendix 12.2). This can only
partly be explained by the difference between high
value fish and shrimps versus low value grains. The
discrepancy is also a reflection of the relatively low
number of studies done on the value of ecosystem
services in agriculture. Still these various estimates
do point at a real underestimation of the benefits of
non-agricultural ecosystems for food production and
possibly food security.
These distortions in economics occur, in part,
because land and water use planning are based
on limited sector-based considerations which do not
factor in the overall values of all services that any
ecosystem delivers. Hence agricultural land has such
a low value in terms of output because it tends to
be managed for a single service (food production)
and often with significant negative consequences
on other services (e.g. through pollution). Another
reason might be that the value of food production
is measured in terms of market prices whereas the
value of other ecosystem services often reflects
avoided societal costs that are normally much
higher but for which there are not market places
(with the exception of carbon). Nevertheless, food
production, irrespective of its relative economic
value, will always remain a priority as people also
need lower value staple crops for food security.
But the limits to what the land can produce using
contemporary methods and ways of thinking have
been reached and land degradation, partly driven
by poor agricultural land and water management
practices, further limits productivity gains (Bossio
and Geheb 2008). Consequently, crop yields could
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fall 5–25% short of demand by 2050 (Nellemann
et al. 2009) pushing food prices up as a result.
Managing agricultural land to deliver multiple
services considerably improves values derived.
For example, added value can be obtained from
improved services such as carbon storage, erosion
control, water retention, waste treatment, and cultural
and recreational values including tourism. Most of
these added services do not conflict with agricultural
production but in many cases can improve both
its productivity and sustainability (Sections 3.4
and 5.4), with beneficial impacts on surrounding
ecosystems as well. For instance, the on-site costs
of nutrient depletion (including soil loss through
erosion) of the agricultural sector in sub-Saharan
Africa varies between countries from less than one
to more than 20% of the agricultural gross domestic
product (Drechsel et al. 2004). The off-site costs,
especially of erosion, can be much larger, affecting
a variety of non-agricultural ecosystems and their
services (Enters 1998). Protecting these services by
reducing soil, water and land degradation appears
to be a cost-effective investment. Payments for
environmental services (PES; sub-section 5.2.3) and
other finance mechanisms could be good incentives
to use to stop these off-site costs, but have to be
explored in each context.
Over the years agricultural systems have evolved
into diverse agroecosystems, some of which are
rich in biodiversity and provide ecosystem services
in addition to food production (for example riceshrimp farming systems). Water management
for agroecosystems can create competition with
wider environmental requirements. Water use
decisions invariably involve trade-offs and require
mechanisms in which the needs of both the
farmers and the ecosystem services are provided
for. Such mechanisms could include, for example,
buying irrigation water from farmers to sustain or
rehabilitate ecosystems and their services (Molden
and de Fraiture 2004). These decisions need a
broader consideration of ecosystem services in
agroecosystems; this consideration should take into
account for example which services are enhanced
at the expense of which other ecosystem services
(Figure 8) and which services benefit mostly
poor men, women, and other vulnerable groups.
Agroecosystems provide most essential services

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

to mankind in the form of food and drink, where
food production is again underpinned by a reliable
availability of water. Tools are being developed
that allow quantification of trade-offs and synergies
amongst impacts of land use interventions on
different ecosystem services, such as the polyscape
tool (Appendix 12.3).
Agriculture is already the main human use of
water accounting for about 70% of total global
withdrawals and in many areas exceeding 90%
(CA 2007). Yet food production needs to increase
by at least 50%, and probably almost double, by
2030 in order to meet the needs of a growing
population and changing consumer preferences
for more water intensive crops. Based on current
practices this implies almost a doubling of water
use by agriculture worldwide. But the environmental
sustainability of water use, and in many places limits
to its absolute availability, has already been reached
globally – and even surpassed locally (CA 2007).
Agriculture, therefore, is faced with significant
challenges regarding water use and availability.
There are solutions, which are based largely
on the more efficient use of water in agriculture
(Section 4.3), but agriculture can also be managed
differently, in a way to enhance ecosystem services
and increase the capacities of the poor male and
female farmers (CA 2007). This change in thinking
and in the way that agroecosystems are managed
is crucial for food security.
Livestock is the single largest agricultural use of
land globally either directly through grazing or
indirectly through consumption of fodder and feed
grains. Livestock production therefore has important
implications for ecosystem services. Trade-offs
associated with livestock production systems
include environmental issues such as impacts on
water scarcity, nutrient cycling, climate change,
and land degradation, though human impacts such
as public health and the exclusion of smallholder
producers are also often mentioned (Appendix
13). Livestock production can have important
environmental impacts by producing large amounts
of methane, a greenhouse gas (GHG) (Steinfeld
et al. 2006; Appendix 8), though this is still less
than that attributable to crop production. However,
these estimates apply mostly to industrialized
animal production and do not take into account the

history of pastoral areas; i.e. that even before the
industrialized animal production began there would
have been high levels of GHG emissions due to
the termites and wild ungulates that occupied the
lands before animal production began. They also
do not apply to many mixed crop-livestock systems
in developing countries that are food insecure. For
example, cattle are kept primarily for draft power in
countries such as Ethiopia, and meat is a by-product
of cattle keeping. Forest is also directly cleared for
growing mono-crops like soybeans to feed pigs
and poultry in industrial systems and to provide a
high protein source for concentrates of dairy cattle
(0.4–0.6 million ha/year) (Steinfeld et al. 2006).
Globally manure contributes 14% of nitrogen, 25%
of phosphorus and 40% of potassium nutrient inputs
to agricultural soils. However, nutrient surpluses from
livestock waste and fertilizer use for feed production
may result in eutrophication of surface waters and
groundwater contamination. Another disservice to
the ecosystem is the health hazard posed by water
contamination from livestock excreta and drug
residues (Herrero et al. 2009).
Likewise, important fisheries that depend on healthy
aquatic ecosystems are endangered. Since fish
provide 21% of animal protein in Africa, and
28% in Asia (WCD 2000), a loss of fisheries
can be detrimental for food security. The link with
management on inland aquatic ecosystems is clear
as almost 50% of the global fish consumption comes
from aquaculture and in Africa almost half is from
inland fisheries (UNEP 2010). In order to avoid
further degradation, fundamental changes are
required to establish an ecosystem-based catchment
management approach (IUCN 2000). A common
problem with fisheries is over-exploitation of target
species and by-catch of other species. Destructive
practices such as poisoning and explosives are also
employed in some circumstances, with major impacts
on ecosystems and habitats. Where fisheries have
declined, stock enhancement and establishment
of culture-based fisheries are increasingly viewed
as a potential means to bolster catches, however,
potential negative ecological and social impacts of
such initiatives demand comprehensive and rigorous
assessment, with appropriate mitigation and control
measures, prior to implementation. For example,
conventional aquaculture practices might also be
considered for development on existing wetlands
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or newly established water-bodies and reservoirs.
However, aquaculture appropriates a range of
environmental good and services that may lead to
adverse environmental impacts and affect the ability
of stocks and flows of ecosystem services to sustain
other productive activities, which could again result
in disputes and conflict.

3.3 Examples of
Agroecosystems
The wide range of issues associated with ecosystems
for water and food security can be illustrated by
looking at agroecosystems at the extremes of water
availability. Seasonality and amounts of rainfall
limit both natural and agroecosystem vegetation
production, thus setting limits to the provisioning
capacity of landscapes by determining the habitats
and species that can persist. Some of these are
extremely vulnerable, either because their natural
resource base is limited, or because they are
threatened by on-site or upstream over-exploitation.
Arid ecosystems can still be used for food production
despite frequent droughts. On the other hand,
wetlands need a relative abundance of water to
sustain their wide range of ecosystem services,
while inland aquatic ecosystems are entirely based
on the services provided by a freshwater system.
In between is a wide range of different ecosystems
with various degrees of potential for agriculture. A
special case here is dry rangeland, as it is a mix of
natural and man-made and is especially prone to
over-exploitation and degradation.

3.3.1	Arid agroecosystems
Physical water scarcity (Figure 5), probably the
most prominent constraint in dry environments, is
worsening, with per capita water flows reducing.
Physical water scarcity is tied to reduced rainfall
intensity, uneven distribution of rainfall and poor soil
water holding capacity of the landscapes and leads
to low soil moisture contents, low plant productivity,
low nutrient availability and poor soil development.
This results in a relatively high susceptibility to soil
erosion, salinization, and land degradation in
general (MA 2005). Physical water scarcity in arid
areas is mostly linked to climate variability and
recurrent droughts, causing variations in primary
production. Climate change, with decreasing
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rainfall amounts and increasing rainfall variability
(Burke et al. 2006) is believed to exacerbate these
constraints, especially for those who do not have a
secure access to irrigation water. High population
growth rates in dryland areas, especially in the
tropics, lead to land use changes that might trigger
land degradation if supportive institutional and
socio-political mechanisms are not present.
Desertification, defined as resource degradation
(land, water, vegetation, biodiversity) is a major
environmental problem in dryland areas, impairing
various ecosystem services. It is related to the
inherent vulnerability of the land and caused by a
combination of social, economic and biophysical
factors, operating at varying scales. The direct
effects of desertification include soil nutrient losses,
decreased infiltration and soil water holding
capacity and impaired primary productivity. These
in turn result in the disruption of various ecosystem
services, including nutrient cycling, water regulation
and provisioning, and climate regulation (MA
2005). Also biodiversity, key to the provisioning
of various dryland ecosystem services, decreases
because of land degradation. According to the
desertification paradigm, which is based on the
assumption that natural systems are in an equilibrium
state that can be irreversibly disrupted (MA 2005),
desertification leads to a downwards spiral of
productivity loss and increasing poverty. However,
evidence of recovery of areas that were previously
thought to be irreversible degraded (e.g. greening
of the Sahel: Hermann et al. 2005; Olsson et al.
2005), led to the emergence of counter-paradigms.
One argues that dryland agroecosystems are better
described as non-equilibrium systems, where large
variability from place to place and from year to year
is common, related to irregular events like droughts,
impeding the establishment of equilibriums (Ellis and
Swift 1988; Behnke et al. 1993). Another suggests
that “triggers” must be found to enable the rapid
rehabilitation of degraded areas. For example,
in Northern Uganda Mugerwa (2009) found a
solution to overcome the tendency for termites to keep
degraded rangelands in a state of non-productivity.
There is an emerging consensus that both dryland
ecology (Scheffer et al. 2001; Washington-Allen
and Salo 2007) and people’s livelihoods (Folke
2006) in dry areas respond to key drivers of change
in a non-linear way, so that systems have multiple
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states displaying some sort of stability, separated by
thresholds. State and transition models (Stringham
et al. 2003) have begun replacing those based
on equilibrium concepts and diagnostic tools for
detecting thresholds using remote sensing are being
developed and applied (Washington-Allen et al.
2008).
The main objective of sustainable agriculture in
arid and semi-arid areas is in producing crops that
utilize the limited water resources efficiently, do
not use harmful methods of cultivation and do not
endanger fragile marginal lands. Arid and semiarid areas are found on all continents and there is
evidence to support the idea that the actual land
mass that can be considered arid or semi-arid is
growing (UNCCD 2010). Irregular precipitation,
frequent drought cycles and overgrazing are some
of the main causes of environmental degradation
and the growth of arid zones (Noy-Meir 1973).
Conventional agriculture, from milder climates,
that requires expensive inputs to produce fruits
and vegetables is not sustainable in arid zones.
In fact, conventional agricultural methods in arid
zones greatly contribute to soil loss by wind and
water erosion, vegetation depletion, the loss of
potentially valuable species of plants and the loss
of fertility and productivity in marginal areas under
cultivation. Therefore, more appropriate methods
for cultivating and protecting dryland must be
found, such as replanting the degraded areas with
plant species tolerant or resistant to drought and
salinity, cultivation in soil and water-thrifty modes,
or managing grazing and collection areas with
an eye to conservation and future use (Kirkby et
al. 1995). In addition, a broader approach to
agroecosystem management increases the options
for livelihoods and employment at the local level,
especially for women, by creating opportunities for
trade, processing and by increasing the amount of
usable materials for the dryland household.
With increasing population pressure, traditional
agriculture may no longer be sufficient to maintain
productivity of these arid ecosystems. Sustainable
agriculture in arid and saline areas must be based
on maximizing opportunities for the development
of specifically desert-adapted crops, soil fertility
improvement, protecting fragile desert soil,
integrating local crops and animals and mobilizing

underutilized water sources. The synergy of such
a combined strategy will greatly increase the use
efficiency of the resource base. The expert use of
local inputs, local knowledge and indigenous crops
with an eye to the conservation of desert soil and
the thrifty use of all appropriate water resources
can enhance certain local agricultural systems
and increase the ability of these systems to support
local women and men. Enhancing existing systems
or introducing new systems requires integrating
the different needs, interests and perceptions of
local male and female farmers, and particularly
of marginal groups who are more vulnerable to
environmental degradation. Agricultural changes
might trigger different impacts on the livelihoods of
men and women, and small and large landholders,
which diversity needs to be taken into account.
New crops, new technologies, and external
inputs such as soil fertilization may be required
to optimize the agroecosystem and produce food
sustainably. Where feasible, this can be fitted
carefully around traditional agricultural practices
to make more water available, which can lead
to the synergistic integration of agriculture, animal
husbandry, conservation planting and agro-forestry.
Appendix 14 provides examples of sustainable
agroecosystem management in arid environments.
There is a desperate shortage of fresh water in the
Middle East and all over the world. More water
resources must be reserved for drinking each
year while growing populations also increase
the demand for agricultural products. In an effort
to supply the needs of the populations of various
countries for water, food and produce, run-off
water, wastewater including grey and black water,
treated and untreated, and saline water resources
are being used for farming. Saline or brackish
water, often of a quality that precludes drinking, is
a commonly underutilized water resource in many
areas. However, it can only be used for carefully
selected crops and agricultural strategies such
as the cultivation of halophytic perennials, local
grass or green manure crops that are salt tolerant
or halophytic annuals. This type of water can also
be filtered by successive layers of stone filters and
biological filters or can be desalinated but these
two possibilities are expensive and time consuming.
In areas lacking reservoir sites or ponds for natural
water storage, soil based storage of moisture is an
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interesting possibility, which could be done by, for
example, improved in-situ water management and
groundwater recharge (McCartney and Smakhtin
2010).
The use of wastewater is highly controversial but
is often done out of necessity in both a planned
context, in which wastewater is treated to the
desired quality, or informally where wastewater
pollutes existing water streams or is used directly
from drainage channels. Estimates of wastewater
use vary but some 23 countries use untreated
wastewater, 20 use treated wastewater and a
further 20 use both (Jiménez et al. 2010). Much
of this wastewater irrigation, is in arid areas, for
example Israel, which is a world leader reclaiming
more than 60% of its sewage effluent, and Jordan,
which reuses more that 20% of the wastewater from
Amman, i.e. 50 million m3, mainly for irrigation
(Hamilton et al. 2007). There are of course
concerns over the use of untreated wastewater for
irrigation and as a result several guidelines have
been written, the most widely accepted being the
World Health Organization’s 2006 Guidelines for
the safe use of wastewater, excreta and greywater
in agriculture (WHO 2006). These offer solutions
that can be applied to protect health irrespective
of the level of sanitation in the country and are
based on assessment of human health risks and
the introduction of barriers to those risks along
the pathway from wastewater production to crop
consumption.
However, irrigation is not necessarily the cure
for the deterioration that leads to desertification.
Inadequate design, construction, and management
of irrigated areas can lead to water logging,
salinization, alkalinization and sedimentation, all
of which cause soil degradation and drastic yield
decline. Well-managed and well-kept irrigation
systems can revolutionize agriculture in dryland
areas but systems that are poorly designed and
poorly maintained can damage fragile soils, cause
minerals prevalent in desert soil to contaminate
areas downstream and accumulate salts in the soils
until they are no longer suitable for agriculture.
These impacts can have significant negative effects
on rural livelihoods. Drip irrigation systems have
slowed these processes but cannot protect the soil
unless combined with measures that prevent surface
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evaporation and capillary rise. Areas with ground
cover, shade and good soil structure suffer from
neither problem. It is wise then when creating a
drip system to design a system that can be used
effectively with living ground covers such as low
growing plants, skillful mulching and adequate
protection from drying winds and sun in the form
of windbreaks and shelter belts. This also helps
manage soil fertility.
Erosion is one of the biggest problems in dry and
saline areas as it causes topsoil loss, encourages
soil salinization and makes life much harder for
farmers and herders living in dry lands (Clemings
1996). Water erosion causes formation of gullies
and can ruin entire fields if unchecked. A specific
risk is the development of impermeable clay crusts
when the clay, normally dispersed throughout the
soil profile, is dissolved by excess (run-off) water and
floats to the top when water pools and later, when
the water evaporates, hardens to hard ceramic-like
plates on the soil surface. Wind erosion moves
vast quantities of soil away and up into the air
causing choking storms, burying plants and crops,
contaminating food and water. Entire communities
can disappear in eroded areas under layers of sand
and dust. Examples from recent history include the
infamous Dust Bowl in the United States, caused by
inappropriate agricultural practices, the past land
degradation in the Sahel (now moving towards
reversal by laborious planting of windbreaks, shelter
belts, planting of resilient plants as well as field
texturing; see e.g. Hermann et al. 2005 and Reij
et al. 2009) and the serious encroachment of the
sands of the Gobi on agricultural land in China. The
strategies that best address the problems of erosion
are those that slow and hold the water so it can be
used and those that lessen the force of the wind.
Measures to combat both types of erosion entail
a certain amount of field texturing (such as making
berms and limans) and the planting of especially
hardy types of plants and trees (Appendix 14.2).
Rational use of combined interventions from modern
and traditional desert agriculture can offer new
ways to cultivate the desert in a sustainable manner.
The oasis, the xiji and the indigenous acacia grove
can serve as ecosystem models for the dry lands of
the world. Because of the extreme aridity of many of
the areas under discussion, water is most efficiently
and best used on plants that become multifunctional
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features in the landscape, part of a new ecosystem.
Every plant must be a multipurpose species,
capable of breaking the wind, absorbing water but
also of producing food, fruit, oil, fodder, firewood,
fixing nitrogen, hosting useful or edible insects or
providing building material, hence providing a
multitude of ecosystem services. New technologies,
new cultivars, and enhanced utilization of sources
of water can be combined to strengthen ecosystem
services and increase water efficiency for the
cultivation of local plants, desert-adapted plants,
and arboreal pastures. Mechanisms for more
sustainable models of arid lands agriculture include
the efficient collection of run-off, soil based storage
of moisture and nutrients and strategic planting
of local and desert-adapted cultivars to increase
the resource base and the provision of ecosystem
services. These mechanisms must take into account
the differentiated needs and capacities of local men
and women and of different social groups.

3.3.2	Wetlands
Globally, wetlands cover at least 6% of the Earth’s
terrestrial surface (Finlayson and D’Cruz 2005),
of which some 125–130 million hectares occur
in Africa, and 200–280 million hectares in Asia
(Table 3; Figure 9). Common inland and coastal
wetlands comprise lakes, rivers, marshlands,
mangroves, estuaries and lagoons, groundwater
and shallow water coral reefs and sea grass beds.
These ecosystems host a wealth of biodiversity and
account for about 45% of the total value of all global
ecosystem services, including those supporting food

security and reducing rural poverty (MA 2005c;
Appendix 15). Their supply of freshwater to human
populations is recognized as one of the foremost
natural benefits (MA 2005c). Simultaneously,
fisheries (and in some cases aquaculture) provide
highly valuable food. For instance in the Mississippi
Delta, the value of food production per hectare
of wetland is estimated at 1.7 times to almost 40
times that of agricultural land (Batker et al. 2010;
Appendix 12.1). Other important functions of
wetlands include their base flow release in dry
seasons, their capacity to provide off-season
biomass (fish, crops) and their role as local or even
global biodiversity ‘hotspots’.
Table 3. Estimates of global wetland area (for the six geopolitical regions used by
the Ramsar Convention on Wetlands).

Region

Africa
Asia
Europe
Latin America
North America
Oceania
Total

Estimates of global wetland area
(million ha and percentage area)
Global lakes and wetlands
Global review of wetland
database
resources
(Lehner and Döll 2004)
(Finlayson et al.1999)
131 (14%)
286 (32%)
26 (3%)
159 (17%)
287 (31%)
28 (3%)
917 (100%)

125 (10%)
204 (16%)
258 (20%)
415 (32%)
242 (19%)
36 (3%)
1,280 (100%)

For this document, the most important role of
wetlands is in the hydrological cycle, where
wetlands contribute towards a complex series
of hydrological regulative functions, including
water storage (i.e. water holding, ground water
recharge and discharge and flood prevention by

Figure 9. Spatial distribution of wetlands and lakes across Africa and Asia (see http://www.worldwildlife.org/science/data/item1877.html)
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flow regulation and mitigation), water purification
and retention of nutrients, sediments and pollutants
(MA 2005c). For example, the Hadejia-Nguru
wetlands in northern Nigeria play a major role in
recharging aquifers which provide domestic water
supplies to approximately one million people (Hollis
et al. 1993). The quantity of water stored globally
in wetlands amounts to about 11.5 thousand
km3 (Shiklomanov and Rodda 2003), though it
is important to note that most of this is recycled:
reducing the extent of the wetlands, or their storage
capacity, does not necessarily increase water for
direct human use; in many cases it can reduce it.
Inland wetlands in particular play a major role in
providing water for agriculture.

Another important function of wetland agroecosystems
is the detoxification of wastes, but there are intrinsic
limits to their waste-processing capability. Aquatic
ecosystems “cleanse” on average 80% of their
global incident nitrogen loading, but this intrinsic selfpurification capacity varies widely and is declining
due to the loss of wetland areas (MA 2005c).
The most common wetland-agroecosystems are rice
fields. These are important wetland ecosystems that
support a wide range of biodiversity, including fish,
amphibians and insects, and play a significant role
in water bird flyways and the conservation of water
bird populations (Matsuno et al. 2002). Large
numbers of rice farmers in Asia keep fish in their rice
fields (Appendix 16.1). These fields also provide
natural drainage systems and help in flood control.
The loss of these agroecosystems can have telling
effects on the hydrological functions maintained by
the wetlands. For example, continued expansion of
agriculture, cattle-raising and the establishment of
shrimp aquaculture in the coastal humid regions of
Latin America have resulted in mangrove destruction
on a large scale (MA 2005c). In Thailand and
Vietnam, the recent trend, started in the early

Photo: Max Finlayson

Wetlands, in particular river floodplains, are
often regarded as functioning as natural sponges;
they expand by absorbing excess water in time
of heavy rain and they contract as they release
water slowly throughout the dry season to maintain
stream flow (MA 2005c). In reality the hydrological
functions of some wetlands are not that simplistic,
vary considerably, are quite complex and tend to
be highly site-specific (McCartney et al. 2010).
With agricultural expansion into wetlands and
the growing need for more food, it is important
that the functions of these agroecosystems are
seriously considered and managed in terms of their
contribution to environmental services (Wood and

van Halsema 2008). Wetland agroecosystems
are common in less developed countries across the
world; however, they have often been managed in
isolation – disconnected from the river basin system.

Wetlands are important for birds, such as these pelicans at Lake Nakura in Kenya.
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1990’s, of expansion of brackish water pond
aquaculture at the expense of rice cultivation has
given rise to competing demands of both users
while causing dynamic changes in these wetland
ecosystems (Szuster et al. 2003; Dung et al.
2009). In other areas, intensive integrated landbased marine systems have been developed for fish
cultivation (Appendix 16.2). In Tanzania, wetlands
are extensively used for rice farming and cattle
grazing; in certain parts these agroecosystems
contribute up to 98% of the household food intake
(McCartney and van Koppen 2004; McCartney et
al. 2010).
Fisheries and aquaculture are very important
sources of food and use wetland systems such as
inland lakes (UNEP 2010). They provide synergies
with rice cultivation, increasing water productivity
as well as biodiversity. Variability and diversity
within and among species and habitat is important
for supporting this aquatic ecosystem service and
for increasing resilience (CA 2007). Culture-based
fisheries, stocking fish and other aquatic organisms
in water bodies to grow for harvest with little further
intervention, have been established mainly in the
seasonal wetlands, lakes and reservoirs, including
water bodies in upland and highland areas of South
and Southeast Asia. Often developed to sustain
livelihoods in fishing communities and enhance food
security in poor and vulnerable rural communities,
culture-based fisheries have also been proposed
to increase employment and income from tourism
and angling or to enhance food fish production to
alleviate fishing pressure on wild stocks. Fish stocking
and their subsequent harvest with the objectives
of reducing invasive macrophyte communities (as
well as harmful mosquito populations), increasing
water clarity or sequestering nutrients have been
proposed as potential strategies to facilitate the
bio-manipulation of water bodies to enhance water
quality characteristics. However, the stocking of
juvenile fish constitutes a major cost and there are
ecological, social and economic risks associated
with culture-based fisheries (Gurung 2002).
Wetland ecosystems are particularly vulnerable as
changes in water quality and quantity may damage
their physical, chemical and biological properties
(Alegria et al. 2006; Tuan et al. 2009; Dong-Oh
Cho 2007; Gregory et al. 2002; UNEP 2006a). In

turn this can result in river desiccation, groundwater
depletion, water pollution and sedimentation,
salinization and salt water intrusion, soil erosion
and nutrient depletion (Dugan et al. 2007; Atapattu
and Kodituwakku 2008). Problems relating to water
imbalances in agroecosystems have dramatically
changed the capacity of wetland ecosystems in the
humid tropics to provide ecosystem services (Foley
et al. 2005). Agriculture has been a major driver of
wetland loss worldwide both through water use and
direct conversion. By 1985, an estimated 56−65%
of inland and coastal marshes (including small
lakes and ponds) had been drained for intensive
agriculture in Europe and North America, 27% in
Asia, 6% in South America, and 2% in Africa (MA
2005c). For example, in Asia, more than one-third
of mangroves have been lost since the 1980s,
mainly to aquaculture (38% to shrimp farming and
14% to fish farming), deforestation (some 25%)
and to upstream water diversions (11%) (MA
2005a). Such practices have not only undermined
the processes which support ecosystems but also
the provision of associated services essential
for human well-being (MA 2005c; Hoanh et al.
2006; CA 2007; Atapattu and Kodituwakku
2008). Sub-Saharan Africa alone contains more
than a million km2 of wetlands, a large part of
which are freshwater marshes and flood plains
(Rebelo et al. 2010). Out of more than 500,000
km2 Ramsar sites, an estimated 93% support some
form of fisheries or agriculture and 71% are facing
threats due to these activities (Rebelo et al. 2010).
Indirectly, irrigation can threaten wetlands, not only
by diverting freshwater, but also by reducing the
capacity of rivers to transport sediments.
Excessive nutrient loading from fertilizers causes
poor water quality and eutrophication of inland
and coastal wetland systems (CA 2007; Lukatelich
and McComb 1986; Falconer 2001). For
example, in India, the Chilka Lagoon is affected
by anthropogenic stresses as a result of agricultural
practices and drainage in the catchment, thereby
affecting water quality (Panigrahi et al. 2006).
Globally, in the coastal regions, agrochemical
contamination is well documented to result in
bioaccumulation and have dire consequences on
the many species that reside or feed in wetlands
(Atapattu and Kodituwakku 2009). In some cases,
urban wastewater has been turned into an asset.
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Photo: Stuart W Bunting

Wastewater-fed fishponds in the East Kolkata wetlands.

The wetlands east of Kolkata in India turned salty
and brackish water into freshwater and now form
the world’s largest collection of sewage-fed fisheries,
providing up to 80% of the fish in Kolkata (McInnes
2010).
While recognizing the threats to wetlands caused
by agriculture as discussed above, we must also
recognize the importance of wetlands for agriculture
(cultivation, livestock and fisheries) in developing
countries and the important role that wetland
agriculture provides for livelihoods (Wood and van
Halsema 2008; McCartney et al. 2010). One of
the ways of doing this could be by emphasizing
multiple ecosystem services of agro-wetlands and
their value for livelihoods. In higher income countries,
there is increasing realization of the importance of the
wetland services which have been lost; a realization
that is often felt first amongst the farmers themselves.
For example, wetlands in the prairies of Canada
have been drastically converted into agricultural land
but many farmers have now realized that they suffer
from decreased water availability as a result and
are moving towards wetlands restoration (Canada’s
fourth national report to the CBD).
Likewise, the flood mitigation services of wetlands
are particularly valuable – especially where they
reduce flood risk to infrastructure. In many countries
there is a move away from artificial flood control
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approaches (e.g. embankments) towards wetlands
rehabilitation because it is often cheaper and more
sustainable. Male and female farmers are often
integral to this process either because they too have
an interest in better flood protection of their assets
or through receiving incentives (compensation)
from urban areas for reinstating flood protection
on their farmland and reverting to more traditional
floodplain pasture cropping or grazing. In New
Zealand formal protection of the Whangamarino
Wetland led to reduced costs for flood protection
while conserving water for irrigation during the dry
season (Department of Conservation 2007).
On the other hand, wetlands are further threatened
by climate variability. The findings of the IPCC
third and fourth assessment reports confirm that
the changing water cycle is central to most of the
climate change-related shifts in ecosystems and
human well-being (Pachauri and Reisinger 2007).
By 2050 climate change is also anticipated to
have significant impacts on coastal wetlands
through both changing hydrology and sea level
rise. The future use of water and land for agriculture
will further constrain the ability of the wetland
system to respond to climate change. Coupled
with ever-increasing human pressures, such as
high-density populations and associated needs,
wetlands and their ecosystem services are seriously
threatened unless the issues are urgently addressed
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and managed effectively. Hence, when water
resource issues are to be addressed in climate
change analyses and climate policy formulations,
changes in the water cycle have to be considered
as important starting points for interventions.
Climate change variability will increase the need
for improved water storage and the role of wetlands
and other water-based ecosystems in this should be
recognized (McCartney and Smakhtin 2010). In
view of the importance of wetlands in delivering
ecosystem services, including the achievement of
water and food security, the implication of most
climate change scenarios is that it is more urgent
than ever to achieve better management of wetland
ecosystems in order to sustain water supplies and
the other ecosystem services they provide.

•

Improve the agricultural practices of female and
male farmers in ways that positively influence
wetlands, while at the same time not compromising livelihoods: this can be done by increasing
agricultural productivity (intensification) without
expanding land area or water use, thereby not
compromising the water regulative functions of
wetlands; shifting from irrigation to rainfed agriculture; and improving soil management.

•

Adopt supporting strategies which maintain and
improve wetland ecosystem services so that a
broader range of stakeholders, including the rural poor men and women, receive the benefits.

•

Assess water use by the surrounding agroecosystems and adapt its use to be in harmony with
a sustainable supply using trade-off analyses.

Photo: Matthew McCartney

Various agricultural practices can be advocated
which promote the wise use of wetland ecosystems
while ensuring sustainable development. Adoption of
strategies (i.e. relevant provisions of the Conventions
on Biological Diversity and Wetlands) that work
towards the environmental management of these
ecosystems would link the environmental stewardship
directly to poverty alleviation, food security and
quality water in the wetlands (MA 2005c). If better
management is sought, the development, assessment
and diffusion of applicable technologies which
increase the production of food per unit of water,

without harmful trade-offs, is both feasible and
essential. Though such technologies have already
been identified and are available, most countries (it
is mostly less developed countries that are grappling
with these issues) lack the financial resources to
improve their capacity to adopt this approach
(MA 2005c). However certain strategies can be
adopted in order to realign policies on agriculture
and wetlands (Wood and van Halsema 2008;
McCartney et al. 2010):

Cultivating a wetland in Mozambique.
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•

Improve land and water management techniques after a comprehensive evaluation of the
social and ecological products and services
supported by the wetlands for women and men.

•

Provide alternate livestock drinking sites away
from sensitive wetland areas not only for the
benefit of the wetlands but also as a means to
reduce animal health risks (Peden et al. 2005).

•

Improve awareness among all stakeholders
who are involved in agricultural water management and improve their understanding of ecosystem services.

•

•

•

Improve the inventories, assessment and monitoring of interactions with agro-ecosystem
change and of changes to the surrounding
wetland. Apply environmental monitoring and
decision support systems which involve the affected local communities.
For each water use activity, identify who are
the winners and losers among men and women
and affected social groups; and determine the
costs and benefits incurred by each and look
for ways to transfers costs into incentives to farm
more sustainably.
Adopt an integrated approach to water management that considers the whole catchment,
its land use and the water and wetland ecosystems within it in a way that balance the multiple
water requirements for livelihoods along with
the needs of the different ecological processes
of wetland ecosystem services.

3.3.3 Dry rangeland
Roughly all of the Middle East, half of India, and
about 70% of Africa is considered as semi-arid or
arid dryland (including the millet-based SudanoSahelian zone, the maize-ground nut belt of southern
Africa and the Maghreb), defined as areas where
evapotranspiration is exceeding rainfall for some
part of the year but conditions still allow for croplivestock production enterprises. Dry rangelands
support about 50% of the world’s livestock
population (MA 2005) and are of huge importance
for often poor livestock keepers in these regions.
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The most important livestock production systems in
dry areas are grazing systems, occupying 77% of
the dryland area worldwide, followed by mixed
rainfed systems with a share of 17% (Appendix
9.2). Livestock-dominated and mixed crop-livestock
systems in arid and semi-arid areas cover about
11.9 and 6.9 million km2 respectively or about
15% and 9% of the 80.8 million km2 comprising
Latin America, Africa and South and Southeast
Asia (Thornton et al. 2002; Table 4). In 2002, the
livestock-dominated areas were home to about 116
million people while about 595 million resided in
the mixed crop-livestock systems.
Table 4. Distribution of land and people in mixed crop-livestock and livestock
dominated systems in arid and semi-arid lands in developing countries (Thornton
et al. 2002).
Livestock
dominated systems

Mixed croplivestock systems

Land area (million km2)

11.9

6.9

Land area as % of
developing country

15

9

116

595

Number of people (million)
Density (people/km2)

9.7

86.2

The importance of rangelands for livestock grazing
is highest in the arid agroecosystems, whereas in
the semiarid and sub-humid areas grasslands are
being converted into shrublands and cultivated
land (MA 2005). In the tropics, this is driven by
increasing human populations, resulting in the
expansion of croplands at the expense of grazing
areas (Kristjanson et al. 2004). As a result, in the
sub-humid and semiarid tropics, traditional pastoral
practices are often being replaced with agropastoralism and mixed farming in which livestock
increasingly depend on crop residues as feed.
Historically, pastoralism with its defining attribute of
mobility was a resilient and sustainable livelihood
activity. The key threat to pastoralism comes from
reduced mobility and loss of dry season watering
and grazing areas that result from the expansion
of cropping. Livestock mortality is a key challenge
for the development of viable livestock systems in
the drylands. This is reflected as lack of supply of
goat, sheep and cattle juveniles to the market, but
also greatly contributes to loss in water and land
productivity as the animals die after eating all the
feed and depleting the water.
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The transition from grazing to agro-pastoralism
to mixed crop-livestock production is also often
accompanied by the migration of people, an
increased human population also puts enhanced
pressure on fuel sources such as charcoal further
aggravating land degradation. While livestock
production in arid and semi-arid areas has been
effective and sustainable for centuries, expansion of
cropping to feed a growing population has placed
these dryland ecosystems under new pressures that
threaten continued animal production and livestock
based livelihoods. In many cases the degradation of
land and water resources is well advanced. The future
may require limits to be placed on the expansion of
cropping into arid areas and for rangelands to be
rehabilitated in order that the world’s needs both in
terms of animal production and in terms of ecosystem
services in the form of carbon sequestration are
catered for (Peden et al. 2009b).

Photo: ILRI

Livestock are kept in most places where crops are
grown as well as in pastoral areas that are not
suitable for cultivation. Herding can be viewed as
a form of water harvesting in the sense that grazing
animals capture the benefits of sparsely distributed
rainfall by grazing pastures (Bindraban et al. 2010a).
Mobility is the primary and requisite characteristic of
pastoral agroecosystems. Grazing by domestic and
wild ungulates is the means for maintaining extensive
grasslands that provide important ecosystem services

including maintenance of biodiversity and carbon
sequestration. Arguably, pastoralism has proven
to be one of the most enduring and sustainable
land-use systems dating back as much as 10,000
years. In recent decades expansion of cultivation
and the establishment of international boundaries
and barriers across traditional migratory routes has
diminished mobility forcing herders toward a more
sedentary livelihood strategy that has often resulted
in severe land and water degradation, aggravated
poverty, poor health, and food insecurity. Small areas
of encroaching cultivation can have a multiplier
effect and reduce livestock production over much
larger land areas. In arid regions, the expansion
of cropland, inappropriate grazing practices (Geist
and Lambin 2004) and newly imposed barriers to
pastoralists’ mobility may even increase trends in
desertification. Policies directed at sedentarizing
nomads often have adverse effects as they reduce
the traditional ability of pastoralists to respond to
climate shocks, resulting in a downward spiral of
poverty, conflict and social exclusion (IIED and SOS
Sahel UK 2010). Where population growth leads
to increased migration of people, this may cause
conflict over access to natural resources, such as
water resources that are used by livestock keepers for
drinking, but also claimed by farmers to irrigate their
crops. However, the increased interaction between
pastoralists and farmers may also lead to increased
exchanges and closer collaboration (Turner 2004).

Strategic placement of watering points for livestock can support pastoralists in selecting appropriate migration routes and reduce pressure on fragile areas.
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Although reports from drylands often paint a
grim picture of poverty, drought and conflicts
over resources, dryland populations could avoid
degradation by intensifying agricultural production
and safeguarding pastoral mobility (MA 2005).
Due to their large area, rangelands can be a global
sink of a roughly similar size to forests (Herrero et al.
2009). However, there is a real need for research
on how this large potential can be untapped through
technologies and policies for carbon sequestration.
These rangelands could even be the source of
significant regional increases in water productivity
by judiciously using rangelands as a feed source, at
the same time as taking care to avoid overgrazing
(Herrero et al. 2009). Solutions for breaking the
downward spiral of water scarcity, decreasing
productivity and disrupted ecosystem services
should take on board technical, socio-political,
and institutional issues (Amede et al. 2009b). They
should secure property rights, be risk adverse, take
into account the labor constraints of women, men,
and children, and enable their access to input and
output value chains and market information (FAO
et al. 2010). In particular, securing the mobility of
herds for accessing natural resources, trade routes
and markets is essential to avoid degradation and
conflict (IIED and SOS Sahel UK 2010). This can be
achieved through appropriate policies that take into
account trans-boundary herd movements, enable

Photo: Don Peden

Inappropriate livestock grazing practices are often
seen as the culprit for rangeland degradation and
desertification (Asner et al. 2004). But traditional
pastoral practices are often very well adapted to
make use of the spatially and temporally variable
feed resources in rangelands (IIDE and SOS Sahel
UK 2010). However, when these are disrupted
or pressurized due to demographic, climate or
land use changes, livestock grazing may threaten
the provision of ecosystem services. Overgrazing
is an important cause of land degradation in
arid drylands, tropical grasslands and savannas
worldwide. It leads to soil compaction, reduction
in long-term grazing productivity, loss of topsoil and
disruption of the hydrological cycle. Extensive cattle
enterprises have been responsible for 65–80% of the
deforestation of the Amazon at a rate of forest loss of
18–24 million ha/year (Herrero et al. 2009). When
the carrying capacity of the land is exceeded or not
well managed, the vegetation is put under pressure,
resulting in a chain reaction of interlinked effects,
finally leading to soil and vegetation degradation,
reduced productivity and food insecurity (Asner et al.
2004). In such degraded rangelands, most water
is lost as runoff and unproductive evaporation, so
that water use efficiency is dramatically reduced.
Increased runoff and the trampling of the soil by
livestock lead to erosion and thence to siltation of
downstream freshwater resources.

In many parts of the world, children are responsible for herding animals. If livestock management needs to change, this group has to be targeted specifically.
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the creation of corridors and the establishment of
water points and resting areas along routes, etc.
The strategic positioning of drinking water points
is instrumental in balancing feed availability with
livestock numbers, so that feed resources can be
used optimally (Peden et al. 2009b). In addition,
the provision of sufficient watering points is important
to avoid the concentration of too many animals
around one watering point, causing soil and
vegetation degradation, and water contamination
(Brits et al. 2002; Wilson 2007). At farm level
and on larger landscape scales, the integration of
crop and livestock production can create synergies.
These bring about mutual benefits in terms of
manure for soil fertility replenishment and crop
residues for feed, in addition to benefits in terms
of land allocation and the exploitation of spatial
and temporal variability in feed availability, for
instance, growing crops in fertile areas and grazing
livestock in less fertile areas. These synergies and
complementarities lead to more a productive use of
natural resources, including water.

3.3.4	Aquatic ecosystems
Inland capture fisheries landings, including fish,
mollusks, crustaceans and other aquatic animals
exceeded 10 million tons in 2006, with the
majority occurring in Asia (67.9%), followed by
Africa (23.5%), Americas (5.9%), Europe (3.5%)
and Oceania (0.2%) (FAO 2009a). More recent
numbers are even more impressive, with an
estimated 14 million tons caught annually in small
scale fisheries in developing countries only (Mills et
al. 2010), providing livelihoods for 60.4 million
people, 33 million of which are women (UNEP
2010). A wide range of aquatic ecosystems are
important for fisheries, perhaps most obvious being
habitats where fish and other aquatic animals are
caught. Breeding and nursery sites which may be
quite distant from fishing areas also play a critical
role in the lifecycles of exploited stocks and these
could be managed better in the wider landscape
of agroecosystems. Stocking aquatic animals
in predominantly aquatic agroecosystems, with
interconnected field and pond systems, may make
a significant contribution to household farming
and local community food security and nutrition.
Similarly, terrestrial ecosystems and catchment
land-use practices influence the hydrology and

quality characteristics of water resources, which
in turn are critically important in governing
which types of species that can survive in certain
habitats (Welcomme et al. 2010). Appropriate
management and governance arrangements are
required to ensure costs and benefits are distributed
equitably and that any proposed changes in access
arrangements consider the needs of poor and
landless groups (FAO et al. 2010).
Both aquaculture development and fisheries depend
on the appropriation of various environmental goods
and services from aquatic ecosystems, including,
clean and oxygenated water for physical support
and respiration, seed, feed and detritus inputs,
waste removal, nutrient assimilation and carbon
sequestration (Beveridge et al. 1997). Failure of
many apparently promising aquaculture ventures has
occurred when the capacity of ecosystems to meet
the cumulative demand, for environmental goods
and services from rapidly growing numbers of farms
and culture units, has been exceeded (Bostock et al.
2010). Early assessments concerning appropriation
of environmental goods and services by aquaculture
systems intimated that ecological footprints5,
expressed as m2 of supporting ecosystem per m2
of culture facility, were larger for more intensive
production systems (Berg et al. 1996; Folke et al.
1998). Subsequent reassessment, however, has
shown that some goods and services are used more
efficiently in intensive production, as compared to
semi-intensive systems (Bunting 2001).
Provisioning ecosystem services from aquatic
ecosystems are often under-valued and assumed
only to comprise fish catches. However, a wide
array of other aquatic animals and plants are
exploited by various groups at various times, often
by the poor in times of need (WRI et al. 2008).
5

Assessments of ecological footprints have the potential to highlight disparities
between the demand and supply of ecosystem services for particular culture
systems but care is needed in the calculation and interpretation of footprints,
especially with respect to geographical and temporal differences in the
location and availability of goods and services. Appropriation of goods and
services by other sectors also needs to be considered and environmental
stocks and flows maintained. Approaches to supplement ecological goods
and services in certain cases have been proposed but it is difficult to
replicate natural processes in ecological engineered systems. Moreover, the
development of such systems may cause further environmental and financial
impacts and, being ecologically-based, the operation and performance of such
systems will be highly influenced by prevailing environmental conditions,
notably temperature and light levels, and vulnerable to other natural
occurrences such as storms, pests and diseases.
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Photo: CBFM-Fem Com Bangladesh
Women cooperative active in aquacutlure.

Artificial water-bodies and wetlands also sustain
provisioning ecosystem services and, with the
proliferation of water storage reservoirs for irrigation
and hydroelectric power generation, are emerging
as a major source of food and income in remote
and highland areas (Welcomme et al. 2010).
Ecologically sustainable water management in
humid agroecosystems often involves multiple
uses of water by men and women and can be
further enhanced by considering the whole range
of ecosystem services through a gender-sensitive
approach. Some good examples are the integration
of aquaculture into various agroecosystems,
such as livestock-aquaculture integration, rice-fish
culture, aquaculture in irrigation reservoirs and
water management schemes, and wastewaterfed aquaculture (Appendix 16). Evaluation of the
full range of provisioning ecosystem services from
aquatic ecosystems, not only fish, is vital if the true
value of such ‘eco-aqua-systems’ in the livelihoods
of men and women, and in local and national
economies is to be accounted for and safeguarded.
Current appropriation of aquatic ecosystem services
is in many cases not sustainable; this is the case
with fishing in most waterways and wetlands and
with the majority of aquaculture practices used
around the world. As with the assessment of marine
capture fisheries, however, there must be concern
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over introducing shifting-baselines (Pauly 1995)
and setting overly generous limits or inappropriate
conservation goals. It is critical to maintain a
balance between fisheries, often the most obvious
benefit derived from aquatic ecosystems, and the
continued provision of stocks and flows of other
ecosystem services, that may actually benefit more
people and make a more significant contribution
to the well-being and resilience of poor women
and men and marginal groups, local communities
or regional populations (Welcomme et al. 2010).
Moreover, assessment and allocation of water
resources must also account for environmental water
requirements (Gichuki et al. 2009).

3.3.5 Tree ecosystems
Tropical forest ecosystems host at least two-thirds
of the Earth’s terrestrial biodiversity and provide
significant local, regional, and global human
benefits through the provision of economic goods
and ecosystem services (Gardner et al. 2009).
Only 9.8% of the entire tropical forest biome lies
within strictly protected areas (Schmitt et al. 2008),
and the long-term viability of existing reserves is
strongly affected by patterns of human activity in
adjacent areas (Wittemyer et al. 2008). Gross
forest cover loss was estimated to be 1,011,000
km2 from 2000 to 2005, representing 3.1%
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(0.6% per year) of the estimated total forest area
of 32,688,000 km2 in the year 2000. The boreal
biome experienced the largest loss, followed by the
humid tropical, dry tropical and temperate biomes
(Hansen et al. 2010).
On the other hand, it was estimated that the area
under agroforestry worldwide was 1,023 million
ha in 2009, suggesting that substantial areas of
unproductive crop, grass, and forest lands as well as
degraded lands could be brought under agroforestry
(Nair et al. 2009). Agroforestry offers a promising
option for productive and sustainable use of land
and water as it involves combining managed trees
with productive agricultural activities. Agroforestry
thus provides opportunities to reverse negative
impacts of deforestation and intensive cropping
through tighter water, nutrient, and carbon cycling
(Ong et al. 2006). There are also opportunities
to use agroforestry to prevent or reverse land
degradation in the humid tropics (Cooper et al.
1996). Such systems may provide numerous
potential benefits ranging from diversification of
production to improved exploitation of natural
resources, such as soil conservation (protection
against erosion); improvement or maintenance of
soil fertility; water conservation and more productive
use of water; and provision of environmental
functions required for sustainability. The concept of
agroforestry is based on the premise that structurally
and functionally more complex land use systems
capture resources more efficiently than either crop
or tree monocultures (Schroth and Sinclair 2003).
Trees enhance belowground diversity that supports
local ecosystem stability and resilience (Barrios et
al. in press), and also provide connectivity with
forests and other features at the landscape and
watershed levels (Harvey et al. 2006). Nearly half
of agricultural land globally has more than 10%
tree cover, indicating trees outside forests are an
important mainstream component of man-made
landscapes (Zomer et al. 2009).
A key challenge for agroforestry is to identify which
combination of tree and crop species optimize the
capture and use of scarce environmental resources
such as light, water, and nutrients, while fulfilling
farmers’ needs for timber, fuel, mulch, fodder,
and staple food (Sanchez 1995; Muthuri et al.
2009). The most critical tree characteristics with

regard to water include deep rooting, leafing
phenology (evergreen or with seasonal loss
of leaves) and its timing, as well as growth rate
and age. The complementary aspects of trees in
relation to crops can be enhanced by selecting
trees with characteristics that minimize competition;
and by managing to limit their competitive impact
(Schroth 1999). Management options to minimize
competition include root and shoot pruning (Siriri et
al. 2010), increasing tree spacing within the crops
(Singh et al. 1989), and matching the trees and
crops to appropriate niches within the farm (van
Noordwijk and Ong 1996).
Trees are important landscape elements that help
regulate water flows and even a small change in
tree cover can have a large impact on reducing
run-off. Small increases in tree cover, strategically
placed in agricultural landscapes, can thus increase
water infiltration and percolation, improving overall
water productivity while providing fuelwood,
fodder, fruit, and timber (Ong and Swallow 2003;
sub-section 4.3.2). Agroforestry belts have also
been proposed as riparian buffers to combat nonpoint source water pollution from agricultural fields
and help clean runoff water by reducing the velocity
of runoff, thereby promoting infiltration, sediment
deposition, and nutrient retention (Jose 2009).
Management of riparian vegetation can improve
the quality of water in the river and hence through its
outflow, help protect valuable coastal ecosystems,
such as the Great Barrier Reef (Pert et al. 2010).

3.4 Sustainable
Management of
Agroecosystems
The 21st century has seen a growing concern
about the negative changes produced by
agriculture on various ecosystems across the world:
destruction of soil cover, topsoil depletion, reduction
of biodiversity, groundwater contamination and
the increasing costs of production, as well as the
progressive disintegration of family farming and
indigenous systems. The Millennium Ecosystem
Assessment showed that agriculture has dramatically
increased its ecological footprint, both in terms
of negative impacts but also in terms of its supply
of ecosystem services for rural communities (MA
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2005). Particularly, the high demand for water and
land in commercial farming systems and with it the
increased risks of pollution has led to the need for
a more economically, socially and environmentally
viable agricultural systems in order to avoid ecosystem
destruction. One of the recommendations of UNEP
for dealing with the environmental food crisis is to
“support farmers in developing diversified and
resilient eco-agriculture systems that provide critical
ecosystem services (water supply and regulation,
habitat for wild plants and animals, genetic diversity,
pollination, pest control, climate regulation), as well
as adequate food to meet local and consumer needs”
(Nellemann et al. 2009). Based on successful local
experiences (e.g. Machakos in Kenya, summarized
in UNDP et al. 2000), various organizations now
promote alternative approaches to agriculture that
are more sustainable and safeguard ecosystem
services, in particular from the point of view of water
management.
Sustainable agriculture is a process which meets the
following criteria (FAO 1995):
•

Ensures that the basic nutritional requirements of
present and future generations, qualitatively and
quantitatively, are met while providing a number
of other agricultural products and ecosystems
services.

•

Provides durable employment, sufficient income,
and decent living and working conditions for all
those engaged in agricultural production.

•

Maintains and, where possible, enhances the
productive capacity of the natural resource base
as a whole, and the regenerative capacity of
renewable resources, without disrupting the functioning of basic ecological cycles and natural
balances, destroying the socio-cultural attributes
of rural communities, or causing contamination
of the environment.

•

Reduces the vulnerability of the agricultural sector to adverse natural and socio-economic factors and other risks, and strengthens self-reliance.

Several tools and approaches have been used to
implement the concept of sustainable agriculture,
such as sustainable land management, ecoagricul-
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ture, conservation agriculture, conservation farming, organic agriculture, and others (Appendix 17;
Francis and Porter 2011; Gomiero et al. 2011).
Ecoagriculture (www.ecoagriculture.org) is the design, adaptation and management of agricultural
landscapes to produce ecosystem services (watershed services, wild biodiversity, etc.) and generate
positive co-benefits for production, biodiversity, and
local people, while addressing climate change
challenges (Scherr and McNeely 2008). Such integrated agricultural landscapes provide critical
watershed functions through careful rain and soil
water management. This integrated management
encompasses the choice of water-conserving crop
mixtures, soil, and water management (including irrigation), maintenance of soils to facilitate rainfall
infiltration, vegetation barriers to slow movement
of water down slopes, year-round soil cover, and
maintenance of natural vegetation in riparian sites,
wetlands and other strategic areas of the watershed
(Section 5.4). Conservation agriculture also tries to
increase ecosystem services in agriculture, mainly
through reducing tillage and restoring land cover. Its
primary purpose is to bring water back into the soil
and keep it there. This would increase agricultural
productivity and sustainability within agriculture but
also delivers benefits to other ecosystems, such as
reduced erosion (Appendix 17.1).
The biological diversity in agroecosystems has a key
role to play in sustainable agriculture and ecosystem
resilience. In addition to wild biodiversity, crop
genetic diversity within the agroecosystem can
make a substantial difference to resilience of the
farmers’ production system (FAO and PAR 2011).
The contribution of biological diversity to the
functioning of agroecosystems can be substantial in
various ways. Increasing the genetic diversity of
crops has been particularly beneficial for pest and
disease management, and helped increase levels
of pollination efficiency (Hajjar et al. 2008).  The
assessment of diversity within the agricultural
production system, access to planting materials or
large enough population sizes to allow for changes
in the farmers’ system, and ensuring that farmers
benefit from the diverse materials they maintain are
all essential in promoting functional plant diversity in
agroecosystems. (Jarvis et al 2011).
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A long tradition of separate science and practice in
forestry and agriculture means that there are largely
untapped opportunities to use trees constructively in
agricultural landscapes to sustain food production
while improving a range of ecosystem services.
Trees have great potential to play an important role
in the sustainable management of agroecosystems.
In addition to impacting supporting, regulatory, and
cultural ecosystem services, trees in agroecological
landscapes may increase provisioning services by
contributing fruit, fodder, fuelwood, and timber.
The impact of changing tree cover on various
ecosystem services depends on its amount,
spatial configuration, species composition, and
management. Hence there is a need to consider
planned tree cover change at a landscape scale
with the aim of meeting specific suites of objectives,
including consideration of trade-offs and synergies
amongst the ecosystem services affected (Pagella
et al. 2011; Appendix 12.3). Enhancing tree
cover on farm land has the potential to tighten
nutrient, water, and carbon cycles, and promote the
abundance and activity of soil organisms (Barrios et
al. in press), thereby increasing and sustaining soil
and water productivity. Different tree species root
to different depths, have leaves at different times
throughout the year, and use more or less water
through transpiration, attributes that are all affected
by management practices such as pruning.

3.5 Conclusion: Recognizing
Agroecosystem Services
Recognizing the multiple functions of agroecosystems
and the many services they provide is essential to
fostering an integrated approach to natural resources
management, agricultural production, and food
security. However, it is equally important to recognize
the variations between agroecosystems as well as
variability over time in order to provide appropriate
recommendations. Sustainable management plans
of various agroecosystems ranging from hyper-arid
and dryland to wetlands and aquatic ecosystems
require strong policy support and incentives for
users. The services provided by ecosystems can be
optimized through appropriate land use planning
that takes into account the limits of each ecosystem’s
carrying capacity, while multiple users –female and
male agriculturalists, pastoralists, environmentalists,
fishing and domestic users – need to be brought

together in common management arrangements to
sustainably reconcile the needs of food production
and ecosystems services for a growing population.
Coherence needs also to be found between national
and international initiatives and the multiple local
needs and interests of affected men and women
and social groups.
The ecosystem services framework provides a
useful umbrella for this endeavor as this can only
be achieved by healthy agroecosystems. Therefore
coherence in cross-sector policies is fundamental to
support collaboration among various stakeholders.
Inter-sector collaboration at ministerial level is essential
to ensure good ecosystem care while providing
the necessary food and services to communities.
The need for coherence applies at national level,
between ministries of agriculture and environment,
water and natural resources, but also in donor
policy, and not least between national governments
and international institutions (Fresco 2005).
This call for a more balanced approach in managing
food security and its interrelation with ecosystem
services is timely (MA 2005): worldwide, ecosystem
services are in a poor state and agroecosystems
have lost their capacity to recover from stress. Hence
there is increasingly negative feedback concerning
the interactions between food security, agriculture,
water and ecosystem services. Food security is
further threatened by reduced yields associated with
depleted water quantity, reduced water quality, and
degradation of other natural resources (such as soil
fertility). These factors also negatively impact on a range
of provisioning, supporting, regulatory, and cultural
ecosystem services (Nellemann et al. 2009). Efforts
to reactivate farmland e.g. through agrochemicals,
heavily impact other ecosystem functions. In turn,
dysfunctional ecosystem services further impact the
agroecosystems and their production systems.
However, solutions are available. Policy makers
can help to safeguard ecosystem services.
Accounting for the benefits and costs of the full
range of ecosystem services in policy-making and
greater emphasis on natural resources and water
use efficiency in food production will promote better
decision making towards more sustainable farming.
Greater recognition of the multiple benefits derived
from integrated agroecosystems would encourage
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producers to retain or adopt more sustainable
farming practices, while safeguarding benefits for
local, national, and global populations.
Specific potential solutions include looking
for synergies between agriculture and antidesertification efforts whereby degraded lands
are brought back under productive use through
rangeland conservation and better farming
practices, which in turn restore surface vegetation
and soil functions, in particular water retention. In
arid regions, new or local cultivars and appropriate
land and water management practices can increase
productivity and restore degraded lands, while
in semi-arid rangelands, the provision of livestock
herders with incentives can help to keep and
improve environmental services. Such approaches
are not necessarily technically complex. But they
do require a wholesale shift towards more holistic
and inclusive approaches to agroecosystem
management, building on the common goal of
sustainability. Looking at water, ecosystem, and
human needs in parallel and identifying and building
upon mutually supportive approaches is the key, as
is looking across sectors. By linking and combining
appropriate production systems in a landscape,
synergies can be explored. Drought-resistant
plants, silvopastures, and perennial grasses can be
cultivated in a landscape with corridors for herds,
thereby providing more sustainable exploitation
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options for agropastoralists. The integration of crop,
tree, livestock, and in some cases aquaculture,
can enhance resource recovery and the reuse of
resources for feed or soil fertility
Wetlands across the world play a critical role in
the provision of freshwater for human consumption
and agriculture, while both fresh and saline waters
provide food security by supporting fisheries,
aquaculture, and other related activities. Where
wetlands themselves are used for agricultural
production in many parts of Africa and Asia, they
help to safeguard rural poor livelihoods. Urgent
steps are needed to protect rich wetland ecosystems
with their multitude of functions and services, as well
as the livelihoods and well-being of the dependent
communities. Once these areas are identified
as wetland agroecosystems with their own set of
ecosystem services, effective water management
can be put in place with the minimum of trade-offs
against other services. This includes the reduction
of pollution from upstream urban or agricultural
areas, and the provision of buffer strips or strategic
introduction of tree cover, but also the provision of
alternative drinking sites for livestock. Monitoring of
wetland functions and services is crucial to ensure
the continuation of wetland ecosystems and to
the continuation of their role in flood protection,
biodiversity, food provision, as well as many other
critical ecosystem services.
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4. WATER
4.1 Introduction: Water in
Ecosystems
Water plays a crucial role in the delivery of
many ecosystem services, including provisioning
services such as crop production, but also cultural,
regulatory, and supporting services (Section 5.1).
Water resources management directly affects
ecosystem health, while ecosystem health underpins
critical services for clean, stable water resources.
There is increasingly negative feedback on the interactions between agriculture, water, and ecosystem services, associated with depleting surface and
ground water quantity, quality or both. This depletion negatively impacts a range of provisioning,
supporting and regulatory (and cultural) ecosystem
services. Dysfunctional ecosystem services impact
agroecosystems and yields may decrease. Within
this situation of increasing water scarcity and reduced ecosystem capacity to recover from shocks
we have to find sustainable and equitable ways
to increase food security and maintain ecosystem
services. Impacts of climate change on water, food
security, and ecosystem services are highly uncertain, but most scenarios and forecasts suggest higher vulnerability to damage, reduced agroecosystem
capacities and undermined resilience.
Water availability differs according to agro-ecological zones; it is abundant in humid and sub-humid
zones while scare in arid zones and drylands, but
it is also determined by the quantity withdrawn and
human, institutional, and financial capital (Figure 5).
Consequently the type of management needed for
food production and maintenance of environmental
services varies from using water control techniques
to water harvesting and water scarcity management
practices. Climate change, human use of water resources and aquatic ecosystems, and overexploitation all influence the state of the water cycle. The
quantity and quality of surface and groundwater
resources, and life-supporting ecosystem services
are being jeopardized by the impacts of population

growth, rural to urban migration, and rising wealth
and resource consumption, as well as by climate
change. Currently 1.6 billion people live in areas of
physical water scarcity and this could easily grow
to 2 billion soon if agricultural water management
does not change. Using the same practices, with
increased urbanization and diets that contain more
animal products, the amount of water required for
agricultural evapotranspiration to feed the world’s
population would increase from today’s figure
of 7,130 km3 today, to between 12,050 and
13,500 km3, an increase of 70–90% by 2050
(CA 2007). This would strongly affect human wellbeing and the implementation of internationally
agreed development goals, such as the Millennium
Development Goals (particularly MDG 1 on hunger
and poverty, and MDG 7 on environmental sustainability) set by the UN.
Under these circumstances, sustainably meeting the
food and livelihood needs of a growing population
will require some very difficult choices about how
water is developed and managed in the next 25
years. Based on population growth, by 2025 water
withdrawal for most uses (domestic, industrial, and
livestock) is projected to increase by at least 50
percent (Rosengrant et al. 2002). This will severely
limit water withdrawal for irrigation, constraining
food production in turn. To address the challenge
posed by water scarcity for food production, we must
conserve water and improve the efficiency of water
use and productivity per unit of water and land. This
requires an ecosystem approach to integrated water
management, but also eco-agricultural research and
policy efforts. Countries must consider the full social,
economic, and environmental costs, as well as the
costs of failure to develop new water sources and
conserve the existing ones.

4.2	Assessment of Current
and Future Water Use
According to FAO (2007a) “Imbalances between
availability and demand, the degradation of
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Figure 10. Global water use: surface water (blue7), soil water (green), and runoff, as percentages of the total amount of rainfall (CA 2007).

(Figure 10). Projected increase in demand depends
groundwater and surface water quality, inter-sector
heavily on variables like number of people, diet comcompetition, interregional and international conflicts,
Landscape
position, the ability to increase water use efficiency,
all contribute to water scarcity”. Physical water scarDam and reservoir
as well as effective allocation of production through
city is when people physically do not have access
enhanced trade and the like. Calculations for the futo the amount and quality of water that they need.
ture (2030/2050) annual water demand of agriculBy 2025, nearly 2 billion people will be under Landscape
ture range from about 2,000 km3 (De Fraiture and
the effects of physical water scarcity, i.e. have less
Irrigated
Rainfed
3
agriculture
agriculture
Wichelns 2010) to 3,000–4,000
km3 (Bindraban et
than 1000 m water per year each (Rockström et
al. 2010b) and 5,000 km3 (Rockström et al. 2007).
al. 2009), as an effect of population growth alone.
Assuming a water use efficiency of 1000 liters per
This may be further influenced by climate change.
6
kg of grain and yield levels of 2, 3–4 and 5 tons
Economic water
scarcity occurs when peopleCities
do
Wetlands
per hectare respectively, an additional one billion
not have the financial resources to access the amount
7
hectares of land would be needed to capture all this
and quality of water that they need (Figure 5). (blue )
water. Alternatively, the water use efficiency on the
current 1.5 billion ha of arable land would have to
Current freshwater withdrawal from surface water
increase by 25–70%8. The latter figure would imply
sources is approximately 4,000 km3 annually for
a beneficial use of 80–90% of the rainwater falling
irrigation, industry and domestic purposes (Gleick
on the land, which is highly unlikely.
2003), with 70% (equivalent to about 2,800 km3) for
food production. Estimates of annual water use in agAn alternative way of calculating global water use
riculture vary between authors, e.g. Oki and Kanae
3
related to food production is by determining the
(2006) mention 2,660 km for irrigation, whereas
water footprint of a product: the total volume of
Shiklomanov (2000) estimates 1,800 km3; Rockström
3
freshwater used to produce a product, measured
(2003) estimates 5,000 km for rain-fed agriculture,
over the whole of the supply chain from primary
and an additional 1,800 km3 for irrigation. Looking
production, processing, packaging, and transport,
at global water use, irrigation is only a small part of
to consumption and disposal or recycling (Hoekstra
all water used for agriculture, including grazing land
2009). This is then expressed in units of water per unit
6 There is also ‘institutional water scarcity’ that occurs where water resources
of product, specific for each value chain (more details
and infrastructure may be available, but people cannot access water because
in Appendix 18.2). However, as issues relating to
the current set of institutions does not allow them to. It might affect for
e.g. the processing and disposal of a product cannot
instance people at the downstream end of an irrigation system or the men
and women who do not have rights to land or water.
be realistically dealt with in this document, improving
7
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Interpretations of what is labeled as ‘green’ and ‘blue’ water differ among
authors. For instances aquifers (or groundwater, where the soil is saturated
with water) may be called ‘green’ or ‘blue’. In order to avoid confusion, this
document refrains from the use of color labels as much as possible.
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Some calculations give other results, such as those with PODIUM in
Appendix 18.1.

water productivity in terms of unit benefits per unit of
water is a more practical way of viewing efficient
water use for the purposes of this publication.

4.2.1	Water vulnerability, food
security, and poverty
As discussed in Chapter 2, in order to reach the
Millennium Development Goal of eradicating poverty
and hunger, water management in agriculture
would need to be geared up to increase agricultural
production and meet increasing demands while
maintaining affordable prices for the poor and
sustaining essential ecosystem services (Rockström
et al. 2007). With continued population growth
and the uncertainty that issues like global climate
change bring, food and water security will continue
to grow in importance (McIntyre et al. 2008).
Certain geographic and climatic circumstances
cause unreliable water availability, and thus have
a negative effect on both water and (as a result)
food security (WWA 2009). Water contributes
to poverty alleviation in a variety of ways, these
include; improving water supply and sanitation;
enhanced health and resilience to disease;
improving productivity and output; helping to
provide more affordable food and working against
the impacts of climate change and environmental
degradation (WWA 2009). Generally, the poorest
populations in the world have the poorest access
to water supplies and sanitation, and they are the
most dependent on water resources for their daily
livelihoods (WWA 2009). This places them as most
vulnerable to changing conditions such as climate
change and population pressures (CA 2007). This
is confirmed by the recent work of Sullivan and
Huntingford (2009), who developed a Climate
Vulnerability Index that combines data on climate
change, agriculture, poverty, ecosystems and water
to identify areas where poor people are most likely
to be at risk from climate change at various scales.
While economic poverty decreased from 28% in
1990 to 19% in 2002 (UNEP 2007), water poverty
increased over that same period (WWA 2009).
Water poverty can be defined as a situation where a
nation or region cannot afford the cost of sustainable
clean water to all people at all times (Molle and
Mollinga 2003). This suggests that unless serious
efforts are made to alleviate water poverty, economic

poverty reduction programs will begin to be less
effective. Increased agricultural production allows
multiple ways for people to escape the condition of
poverty–it allows more people to get an income from
farming, and it increases food production, decreasing
the overall price of food, and allowing the poor to
consume a more nutritional diet and spend their
income on other necessities (McIntyre et al. 2008).
Access to a safe and sanitary water supply is one of
the most effective ways of improving human health
as one tenth of the global disease burden, including
diseases such as diarrhea, malaria, and malnutrition
could be prevented by improving sanitation, hygiene,
and water management (WWA 2009). Every dollar
invested in improved water supply yields between
USD 4 and 14 in health savings (WWA 2009).
Food security can sometimes be consolidated by
trade policies that allow for easy import of food.
Conversely, trade policies that hinder the flow of
food across borders can contribute to food insecurity
in places where water security is lacking.

4.2.2	Water use in agriculture
About 80% of the water used for evaporation in
agriculture, comes from rain, and some 20% from
irrigation (CA 2007). Estimates on the total global
freshwater withdrawals amount to 3,800 km3 of
which 70% goes into irrigation. However, there are
significant variations among countries (CA 2007).
In South Asia, total renewable freshwater resources
amount to 3,655 km3 and total withdrawal for
agriculture is 842 km3 per year, which is by far
the highest consumptive use of water (Atapattu and
Kodituwakku 2008). It is recognized that there is
great potential for improvements in rainfed agriculture
in these regions which, if managed properly, could
arrive at agricultural yields exceeding 5–6 tons/ha
(Wani et al. 2009a), and contribute greatly to food
security without additional water abstraction.
Livestock production systems are often considered
as being to blame for depleting, degrading and
contaminating large amounts of water (Goodland
and Pimentel 2000; Steinfeld et al. 2006). Although
this view is relevant in the case of intensive and
industrialized cattle systems (Peden et al. 2009a),
smallholder livestock systems have different
environmental impacts (Herrero et al. 2009). Almost
a third (31%) of global water use for agriculture is
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Photo: Don Peden
Only 10% of the water used by livestock is for drinking, the remainder is water for feed (Peden et al. 2007).

used for livestock (less than 10% of this for drinking
water, more than 90% for production of feeds)
(Peden et al. 2007). However, water used by
livestock in arid and semi-arid rangelands is not
readily available for other forms of agricultural
production. This is especially true for ruminants such
as cows and sheep (Bindraban et al. 2010a).
With the projected increase in demand for livestock
products, agricultural water use may need to double
due to the increased need for feed production.
However, in developing countries, the production of
animal source foods can easily be doubled without
use of additional water by increasing livestock
water productivity (Peden et al. 2007; sub-section
4.3.3).
In aquaculture and fisheries, water pressure
derives from changing demand, changing access
to resources, and changing risk margins. These
drivers can be addressed by increasing production
efficiency, and by changing management strategies
for the production process and the associated
risks. However, the legal, social, institutional, and
physical environments have also changed and
fish growers as well as fishers, have to deal with
conflicts over resources, restrictive legislation and
changed consumer perceptions (sub-section 4.3.4).
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4.2.3	Water-soil-plant
interactions
Soils are the largest store of fresh water and
therefore can make the largest contribution to food
production. However, water use efficiency of soil
water heavily depends on many interacting ecophysiological processes, which ultimately determine
plant growth. As a result of many interacting,
limiting and reducing factors, crop yields under
semi-arid conditions can vary dramatically even at
similar rainwater levels (French and Schultz 1984a,
1984b; Sadras and Angus 2006). Low availability
of nitrogen, phosphorus, and other nutrients; pests
and diseases, may all limit productivity more than
water availability. When these limiting factors are
removed, e.g. though application of fertilizers,
effective weed control and crop protection against
pest and diseases, productivity under semi-arid
conditions can triple or more, hence making
more effective use of rainwater (Bindraban et
al. 1999). Under these conditions the slogan:
“The best irrigation is fertilization” is applicable.
The strong interactions between soil, water and
other production factors call for simultaneous and
balanced interventions to enhance water use
efficiency and increase productivity (Figure 11).
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manure, compost), as opposed to chemical fertilizers,
can increase the water holding capacity of the soil.
Soil and water conservation and harvesting methods
should be applied simultaneously to fertilization in
order to reap the benefits of the available water. It
should however be realized that fertilizer application
might also increase production risk under variable
rainfall conditions, especially if these are severe
enough to induce total crop failure. Under fertilized
conditions, plant growth might be too vigorous during
the vegetative phase using up all available water
leading to a collapse in yield with failing rainfall
during the reproductive phase, in which case all
investments are lost (Twomlow et al. 2008).
Figure 11. The effect of water and nutrients on plant growth (own experiments PS
Bindraban): Plant 1 (left) is grown in a poor unfertilized soil with little water and
remains small. Adding water (plant 2) hardly improves growth, as the poor soil
fertility puts a stronger limit to its growth. Adding fertilizers rather than water (plant
3) does enhance growth indicating that the strongest limiting production factor (i.e.
nutrients) was eliminated and water is used more efficiently. Adding both nutrients
and water (plant 4, right) boosts growth to a level where neither of these factors
is limiting. Here other factors, like radiation, set a ceiling to growth (Bindraban et
al. 2009b, 2010b).

Photo: Don Peden

The above principle assumes that (rain) water is
managed properly and not wasted on the spot for
(plant) production because of run-off, evaporation and
deep percolation. Organic fertilization (such as using

More than 40% of the land in sub-Saharan Africa is
threatened by land degradation (Vlek et al. 2010).
Loss of organic matter and the physical degradation
of soil not only reduce nutrient availability, but also
have significant negative impacts on other factors.
Degraded soils have low infiltration and porosity that
may affect the resilience of agroecosystems, local
and regional water productivity, and even global
carbon cycles. Accelerated on-farm soil erosion
leads to substantial yield losses and contributes to
downstream sedimentation. Transported sediment
can lead to the degradation of natural water bodies
and fill up water storage reservoirs and irrigation
infrastructure (Vlek et al. 2010).

Small reservoirs are important for livestock watering in sub-Saharan Africa.
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4.2.4 Tension between water for
ecosystems and water for
food
Competition between water users has existed for
millennia, especially competition between water
abstracted for direct human well-being and the
water required to sustain various water-dependent
ecosystems services. People with their livestock have
settled near water sources for thousands of years, and
human alteration of coastlines, rivers, lakes, wetlands
is so widespread that it can hardly be distinguished
from the original landscape. However, with increasing
populations and increasing water use per capita,
often there is not enough water of sufficient quality
to go around. The most common result of this is that
ecosystems do not receive adequate environmental
flows, and ecosystem services begin to degrade.
The Millennium Ecosystem Assessment showed that
modifying landscapes to increase food production has
resulted in adverse ecological changes (MA 2005d).
Intensive hydraulic infrastructure development, much
of it for food production, is one of the reasons for the
35% decline in freshwater biodiversity between 1970
and 2005 (Hails et al. 2008). Intensification through
productivity gains made possible by increased agrochemical inputs pollutes waterways and poses a threat
to human health (Appendix 19). Furthermore, several
of the world’s largest and most important rivers have
been reduced to small stream size at their mouths
because of over-abstraction, damaging aquatic
ecosystems in rivers such as the Colorado, MurrayDarling, and Yellow (WWA 2009). A recent spatial
analysis showed that at global level threats to water
security are highly associated with threats to riverbased biodiversity (Vörösmarty et al. 2010). Water
use in agriculture affects ecosystems and the services
they provide not only by reducing the amounts of
water available, but also by polluting water, altering
river flow patterns, and reducing habitat connectivity
by drying up parts of rivers and streams (Gordon and
Folke 2000).
Almost 20 years ago, it was predicted that
“environmental stress due to lack of water may lead
to conflict and would be greater in poor nations”
(Gleick 1993). The Comprehensive Assessment of
Water Management in Agriculture notes why this
is now particularly important: “fifty years ago, the
world had fewer than half as many people as it
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has today...they required less water to produce their
food. The pressure they inflicted on the environment
was lower. They took from our rivers a third of the
water we take now” (CA 2007). Currently many
important river basins no longer have enough
water for all of the human users of the resource,
let alone for environmental needs (CA 2007). One
third of the world’s population lives with physical
or economic water scarcity (CA 2007). Both are
related to access: in regions of physical water
scarcity, water is over-allocated, leaving little or
nothing for other users, such as the environment.
In economically water-scarce regions, water is
available for use but access is difficult, most often
because of limited investment in water infrastructure.
In the case of institutional water scarcity, water
and infrastructure are present but national or local
institutions and norms prevent some social groups
or individuals from accessing water. In all cases,
though in very different ways, lack of access to
water is a threat to future food production and needs
to be addressed with different approaches. Without
substantial change, some of the negative effects that
are emerging from this overuse of water will turn into
serious global problems. Other water limits have
already been stretched in important food producing
regions. For example, groundwater levels are
declining rapidly in several major breadbasket and
rice bowl regions such as the North China Plains,
the Indian Punjab, and the Ogallala in Western
USA (Giordano and Villholth 2007; Shah 2007).
Extensive land degradation caused by poor water
management practices further limits productivity
gains (Bossio and Geheb 2008). Demand for
aquaculture products like fish and shrimp continues
to rise (Dugan et al. 2007), which means more
demand for freshwater resources (Hoanh et al.
2006, 2010). Similarly, many additional animal
food products from livestock and poultry will depend
on grain as the limits to production on grazing land
are reached (Peden et al. 2007).
Up to this point in history, we have relied on land
expansion and land productivity gains fueled by
irrigation for remarkable gains in food production.
However, the method of expanding the use of land
and water resources is reaching its limits, with
land expansion for agriculture as the main driver
of ecosystem change (MA 2005d). Agriculture
systems fundamentally depend on the services
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provided by many ecosystems, yet agriculture
management during the last century has caused
wide-scale changes in land cover, waterways and
groundwater, contributing to ecosystem degradation
(Gordon et al 2010). Wetlands the world over
are under threat. Soils are seriously degraded:
40% of agricultural land worldwide is “moderately
degraded” and a further 9% “strongly degraded”
(Oldeman et al. 1991). These estimates were
published in 1991 and there is little evidence the
situation has improved in the last 20 years. Irrigation
expansion across much of Asia, North America,
and North Africa has fueled productivity gains in
the past, but the limits have been reached as little
or no additional water is available for use in these
areas (Faures et al. 2007). In these physically water
scarce areas, there will be increasing demand from
cities and industries, but also for energy and even
the environment. Increasing water withdrawals may
even lead to river basin closures (Molle et al. 2010),
and responses to avoid ecosystem degradation are
urgently needed.
The Comprehensive Assessment argues that the
greatest hope for meeting the food and water
demands of the world 50 years from now lies in
increasing agricultural water use productivity for many
of the least productive areas (CA 2007). The good
news is that the world has sufficient water to enable
this to happen. Three quarters of the additional food
we need for our growing population could be met
by increasing the productivity of low-yield farming
systems, probably to 80% of the productivity that
high-yield farming systems get from comparable
land (CA 2007). A substantial effort is needed to
use water efficiently to increase yield per land unit
and per water unit. This will reduce the pressure of
food needs on land and water resources, as well
as non-agricultural ecosystems and their services.
Many of the world’s poorest live in currently lowyielding rainfed areas, hence improving water
productivity and land productivity in these areas
would result in the multiple benefits of getting more
value out of currently under-utilized rain, limiting
agricultural land expansion, and improving the
livelihoods of these poor men and women, without
threatening other ecosystem services (WRI et al.
2008). Such approaches are feasible but require
the more intelligent and equitable management of
agroecosystems (Power 2010).

While water scarcity has primarily been examined
for its role in the degradation of human life, it also
plays an important role in ecosystem health (or lack
thereof) (WWA 2009). Irrigation development has
often come with a high environmental price tag. These
costs range from aquatic ecosystem degradation,
fragmentation and desiccation of rivers, to drying up
of wetlands. When the water needs of ecosystems
are not met, important ecosystem services are often
disrupted, including their role in food production,
but also in the provision of clean water, fish stocks,
flood control, and many others. In some cases
the values generated by irrigation proved to be
less than the values generated by the ecosystems
they replaced (Barbier and Thompson 1998;
Acreman 2000). Physical water scarcity, the actual
shortage of water caused by over allocation and
overuse of water resources, is the primary cause of
decreasing flows to ecosystems. With such reduced
flows, ecosystems may not be able to deliver the
full range of ecosystem services (Sections 2.3 and
3.2). This then affects provisioning services, as well
as the regulation and supporting functions which
underpin the provisioning capacities that can lead
to economic water scarcity, which again can result
in physical water scarcity when low-cost water
resources are over-exploited (WWA 2009).
Other studies reveal that the conflict between
irrigated agriculture and nature conservation has
reached a critical point on a global scale (Lemly
et al. 2000). Continued decreases in ecosystem
services have probably already begun to harm
agricultural productivity, and will continue to
do so at an accelerating rate (Carpenter et al.
2009). When water use for increasing agricultural
production, be it crops, livestock or aquaculture,
trades off with the environmental flows important
for these ecosystems, the overall food productivity
from a given water resource may decrease (WWA
2009). Tensions between water for ecosystems and
water for food do not only impact food production.
Balancing water for ecosystems with water for food
production is important for maintaining biodiversity
and ecosystem resilience (WWA 2009). Further
ecosystem services at risk include firewood, wood
for building, pollination services, and clean water,
all of these essential for our well-being (Carpenter
et al. 2009). In order to avoid further degradation,
fundamental changes are required to establish an
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ecosystem-based catchment management approach
(IUCN 2000). Restoring the productive capacity of
highly degraded ecosystems requires re-vegetation,
which in turn needs water; a need that will compete
directly with the water demand for food production.

4.3 Increasing water
productivity in
agriculture
Water productivity is the amount of beneficial output
per input unit of water, in some cases also referred
to as water efficiency. Usually it is defined as a
mass (kg) or monetary value of produce per unit
of water evapo-transpired (Molden et al. 2010;
Kijne et al. 2003). Increasing water productivity
means using the least amount of water necessary
to complete a particular task. This then conserves
fresh water, making it available for other uses. Basin
water productivity can be improved by raising water
productivity for crops, irrigation, livestock, and fish
per unit of water use, or by reducing non-productive
evaporation and flow to sinks; tapping into more
available water while also addressing trade-offs
with other uses (CA 2007). As many water sources
around the world are threatened by overuse, it is
important to improve our ability to produce food
with less water. One of the main ways to improve
physical water productivity is by developing new
crop varieties that do not require large quantities of
water. In many areas, especially arid and semi-arid
areas, it is also useful to focus on developing species
that are naturally resistant to drought, disease,
pests and salinity. Improved adaptive cropping
systems with adequate fertilization, effective pest
management and suitable farming practices can
further improve the water productivity (Kijne et
al. 2003; CA 2007; Atapattu and Kodituwakku
2008; Bindraban et al. 2009b, 2010b). Reducing
post-harvest losses, such as those caused by pests
and storage problems, can bring additional
improvements of water productivity.
An entirely different approach to improving water
productivity is in multiple uses of water. This can be
implemented at basin level, where water is used for
various purposes in parallel or in succession (reuse).
The multiple uses of water can greatly increase the
total value of beneficial outputs and hence increase
productivity (Meinzen-Dick 1997). At field level,
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crops with high water consumption such as rice
can still be part of high-water-productive systems
if their multiple ecosystem services are taken into
consideration (Matsuno et al. 2002; Boisvert and
Chang 2006). Hence current and future thinking on
agricultural water management needs to focus on
management strategies that seek to reduce costs,
while at the same time aiming for greater integration
with other food production systems, particularly
livestock and fisheries, as well as safeguarding or
increasing a wide range of ecosystem services.
For example, Peden et al. (2005) demonstrated
that pro-active integration of irrigation and livestock
management can lead to increased sustainability
and increased profitability in terms of investments in
irrigation.

4.3.1 Increasing crop water
productivity
In view of the large area under crop production,
globally, a major challenge is how to grow enough
food and support the livelihoods of the poor without
further damaging the resource base underpinning
food production. We not only have to grow enough
food with limited water, we have to do it in ways
that repair and sustain the environment (Gordon et
al. 2010). Important livelihood and ecosystem gains
can be made as people earn more income from
limited resources and the ecosystem damage from
agriculture is limited. In spite of the large potential
benefits, obtaining increased water productivity
and associated livelihood and ecosystem gains will
prove difficult (Molden et al. 2010). There are only a
few basic methods of using the Earth’s water to grow
more food: continue to expand rainfed and irrigated
lands, increase production per unit of water, trade
in food commodities, and changes in consumption
practices. Land expansion is no longer a viable
solution (sub-section 4.2.4). Therefore, improving
agricultural productivity on existing lands using the
same amount of water is a vital response. Where
water is limited, or even for new water developments,
improving water productivity will be the key.
There is great variation in water productivity across
irrigated and rainfed systems. The difference can
be as great as 10-fold in terms of value of produce
per unit of water (Sakthivadivel et al. 1999), which
shows tremendous scope for improvement. There is
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also scope to reduce the water used for meat, milk
and fish products by reducing the amount of water
used to produce feed and changing husbandry
practices (Peden et al. 2007). Supplemental
irrigation, precise irrigation practices, plus better
soil management practices as simple as improving
soil fertility and using better seeds can play a role
in improving the productivity of (rainfed) agriculture
(Fischer et al. 2009; Oweis and Hachum
2009a, 2009b). For example, in Syria, 150
mm of supplemental irrigation added to 300 mm
rainwater allowed for a double wheat yield (Oweis
and Hachum 2006).
However, there are many reasons to be cautious in
our expectation that easy gains can be made, as
there are several complicating factors that require
careful consideration. First, the common technical
methods prescribed; such as drip irrigation, water
pricing, improved pump technology, fertigation
(adding nutrients to irrigation water), and better
seeds will not by themselves deliver the goods
(Appendix 20). Then there is a rebound effect
where people who learn to use a limited water
supply more productively also tend to use the
“saved” water for themselves, leaving less for others
(Seckler et al. 2003). There are many examples
whereby upstream users of water utilize too much
water and increase local productivity somewhere to
the detriment of users downstream (see for example
Molle et al. 2010). A basin perspective is needed
to address this particular problem (sub-section
5.3.2).
A second consideration is that in highly productive
areas, the scope for crop water productivity
gains is limited (Molden et al. 2010). There is a
biophysical limit on the amount of biomass capable
of being produced per unit of transpiration (Steduto
et al. 2007), differing by crop type (Seckler et al.
2003; Gowda et al. 2009). Plant breeders and
crop production specialists have worked hard
to increase the harvest index (the ratio between
marketable produce and biomass), e.g. by shorter
growing seasons and dwarf varieties for grain
crops, but gains in this index seemed to have
peaked. The scope for reducing water losses is
also limited by canopy development: because of
the higher cover with leaves, moving from 5 to 10
tons yield per hectare requires almost twice as much

evapotranspiration. Hence when yields increase,
water productivity does not necessarily increase,
and often more water is needed from rain, surface
or groundwater to nourish crops.
Approximately 1.3 billion tons of food gets lost
or wasted annually, roughly a third of the human
food produced (Gustavsson et al. 2011). Hence,
important productivity gains can be achieved by
reducing post-harvest losses, though it is hard to
quantify this potential (Parfitt et al. 2010). Especially
in developing countries, 10 to 40% of yields on
the field are spoilt during harvesting, storage,
transport, and marketing (WRI 1998). This means
that 10–40% of the inputs, including water, are
wasted. These lost resources are not always easy
to recover and reducing post-harvest losses may be
an efficient first step towards higher productivity in
agriculture (Clarke 2004; INPhO 2007). Improved
food storage is also an important component of food
security policies, helping individuals, communities
and nations to better deal with variability.
Drought resistant varieties are important too (Gowda
et al. 2009), but do not necessarily change the
ratio between yield and evapotranspiration. Raising
yields from one or two tons per hectare may have
more to do with soil and water management than
with crop varieties. Reductions in marketable yield
through pest damage, disease, drought, and poor
post-harvest handling also reduce water productivity,
so all measures for crop protection and reduction of
losses will increase water productivity.
Poorly conceived and implemented water
management interventions in agriculture have
resulted in high environmental and social costs,
such as inequities in allocation of benefits and loss
of livelihood opportunities. There are too many
poorly performing water systems where productivity
is low (low yield relative to high evaporation and
transpiration, land productivity of around 1–3 tons
of grain per hectare). This could be improved by
upgrading of the distribution system, using more
reliable and uniform irrigation practices (Appendix
18.3), combined with better farming practices,
which would increase land and water productivity
at the same time. However, often the governance
and management of underperforming irrigation
systems is severely lacking, or policies or factors
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On-site rainwater harvesting in Tigray, Ethiopia.

outside of irrigation such as availability of inputs,
subsidies on fertilizer or output prices are root cause
of the problems (Mukherji et al. 2009). When this
broader institutional environment is not addressed,
then productivity gains tend to be unsustainable.
Economic water scarcity poses a different set of
problems with a different set of solutions. In regions
of high poverty and economic water scarcity, there
is scope to use more water for food production,
be it from existing irrigation systems, from rain, or
from newly developed water resources. Even a little
additional water can increase water productivity
a lot. This is especially true in areas of high
poverty, where combined poverty reduction and
productivity gains can be made (Rockström et al.
2007), particularly within rainfed systems (Wani
et al. 2009a). However, the way the water is
developed and managed needs to be very different
than that of the green revolution in the 1960s and
70s, starting with an elimination of the academic
division between rainfed and irrigated agriculture.
It would help to think of rain as the ultimate source
of water for all agroecosystems (Figure 10), and
consider agricultural water management options
that include large-scale gravity irrigation, smallscale systems, provision of supplemental irrigation,
use of groundwater, demand management, water
harvesting techniques, soil moisture storage and onfarm water management as well as drainage.
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Supplementary irrigation, combining rainfall
and well-targeted irrigation, may achieve higher
agricultural production with the same amount of
water in many areas that are now 100% irrigated or
100% rainfed (Oweis and Hachum 2006; Geerts
and Raes 2009). Redesign of irrigation schemes
to on-demand systems where water is used to
supplement rain and soil water could lead to large
water savings, also providing better availability
of water for ecosystems and other uses. In more
traditional production systems, new drainage
techniques using variable drainage depths can be
introduced (Stuyt et al. 2009), as can alternative
irrigation techniques that may lead to a substantial
reduction of water consumption (de Vries et al.
2010). Alternative technologies such as low-tech
drip systems may lead to water savings as well as
reduced labor costs.
At the basin level, many irrigation systems turn out to
waste less water than commonly perceived (Seckler
et al. 2003). If we look at farm practices where
efficiency is at 50%, we may quickly conclude that
50% of the water is wasted down the drain. However,
this conclusion does not fully reflect the full facts of
the matter. In fact, farmers living in or near irrigation
systems in water-scarce environments make ample
reuse of drainage water, and much of the ‘wasted’
water can be important for home gardens (Molle and
Renwick 2005), livestock (Peden et al. 2005), fish
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(Nguyen-Khoa et al. 2005), domestic uses leading
to improved health (Boelee et al. 2007) or for
recharging aquifers. There has been an incredible
growth in the use of pumps to soak up water from
whatever source farmers can get their hands on
(Shah 2009). The result, when viewed from a larger
scale, is counterintuitive: many irrigation systems
are quite efficient in converting water withdrawals
to productive evapotranspiration or other beneficial
outputs. The problem is too much evapotranspiration,
which results in declining stream flows and poor
water quality (Falkenmark and Molden 2008). On
top of that many areas have low yields for the high
evaporation costs resulting in low water productivity.
In addition, one of the drawbacks of increased land
and water productivity gains is the pollution of the
environment by (overuse of) agrochemicals. This
may, on closer inspection, turn out to be a greater
problem than water waste.

In rainfed humid topical regions, adopting direct
seeding and improved nutrient management
techniques will reduce impacts on humid ecosystems
(CA 2007). For example, in Lombok, Indonesia,
the introduction of short duration input responsive
varieties with direct seeding and the use of inorganic
fertilizer increased and stabilized yields (Fagi and
Kartaatmadja 2002; CA 2007).
Rainfed agroecosystems, whether they are in
arid or humid regions, are vulnerable to climatic
variability, which will increase under conditions of
climate change. The development and utilization of
early warning systems based on seasonal climate
models can help address this vulnerability and
could contribute to enhanced efficiency in the use
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The highest potential for water productivity gains
comes from low yielding rainfed areas in pockets
of poverty across much of sub-Saharan Africa and
South Asia (Rockström et al. 2010). Currently, some
95% of agriculture in sub-Saharan Africa and 60%
in India is under rainfed cultivation (CA 2007).
So far, relatively little attention has been given
to water across sub-Saharan Africa. In semi-arid
areas, there is enough seasonal rain available, but
short, unpredictable dry spells make farming a risky
business. This variability may increase with climate

change. Providing the basics (water, fertilizers, seeds
and good farm practices) can easily lead to double or
triple yields where grain yields are currently 1 ton per
hectare. A reliable water supply, providing water at
critical times, reduces risk and encourages investment
in the basic inputs. Better rainwater management
can also help reduce the pressure on waters being
tapped from the local ecosystems and groundwater
systems, thereby increasing the amount available
for environmental flows and the hydrological cycle.
A rainwater management strategy can also help
recharge groundwater aquifers, allowing that water
to be available to farmers when it is needed later in
the season.

Horticulture in a converted wetland in Mozambique.

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

51

of water and nutrients. Such an approach will not
only increase food production but will also have
a positive effect on water quality as less nutrients
and pesticides will be released. It is important that
such information is made available to all male and
female farmers, including marginal groups. Since
both the presence of pests and the nutrients required
for a complete crop are functions of the climate,
knowing likely climatic conditions will allow farmers
to reduce the amount of fertilizers and pesticides
used. Hence a better understanding of climate
variability and change can enhance agroecosystem
services.

4.3.2 Increasing water
productivity in
agroforestry systems
In systems where annual crops provide limited
ground cover during the early stages of the rainy
season and may never achieve complete ground
cover, soil evaporation may account for 30–60% of
annual rainfall (Wallace 1996), while, in addition,
a significant proportion is lost through deep
drainage below the root cropping zone and runoff.
For instance, it has been reported that only 6–16%
of the rainfall received on a watershed in Niger
was used for transpiration by millet and that most
of the remainder was lost by evaporation (40%) or
deep drainage (33–40%) (Rockström 1997).
There is considerable scope to develop improved
agroforestry technologies to exploit these untapped
reserves, although in some instances this might
limit recharge of wells and aquifers. Trade-offs
between how trees increase and utilize soil water
are landscape and species dependent, but good
combinations can be explored that help tighten
nutrient, carbon and water cycling in agricultural
systems (Ong et al. 2006). Complementarity may
be either spatial or temporal; the former occurs when
trees and crops exploit different resource pools, for
example, when deep-rooted trees use water and
nutrients, which shallow-rooted crops cannot access
(Ong et al. 2006). Temporal complementarity occurs
when trees and crops make their main demands on
available resources at different times, for example,
when trees are deciduous (drop their leaves) during
part of the cropping season or continue to extract
water during the dry season (Black and Ong 2000).
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With 10% tree cover on nearly half of the world’s
agricultural land, agroforestry is a common reality
(Zomer et al. 2009). Trees on farms have potential
to improve productivity in two ways: i) trees can
increase the amount of water that is used productively
as tree or crop transpiration; and ii) trees can
increase the productivity of the water by increasing
biomass produced per unit of water used (Ong and
Swallow 2003). Another intriguing possibility is to
capitalize on ‘hydraulic lift’: the process in which
water from moist soil zones of soil is transported
to the upper soil layers through the root system.
Strategic use of this phenomenon could capture
water at a distance (Roupsard 1997; Ong and
Leakey 1999; Bayala et al. 2008). The presence
of trees may also enhance soil management by
bringing more compost (from dead branches,
leaves, or roots of trees) that can increase infiltration
capacity (Hansson 2006). Thus a small change in
tree cover can have a large impact on infiltration
and catchment hydrology (Carroll et al. 2004), be
it by enhancing infiltration or by transpiration.

4.3.3 Increasing livestock water
productivity
Livestock products provide one-third of the human
protein intake, but also consume almost onethird of the water used in agriculture globally
(Herrero et al. 2009). Most of the world’s animal
production comes from rainfed mixed croplivestock systems in developing countries and from
intensive industrialized production in developed
countries (Herrero et al. 2010). In response to
the various drivers of livestock production, several
policy, investment, and technology needs have
been identified (Table A5 in Appendix 9.2). With
increasing demands for animal products, along with
increasing global water scarcity and competition
for water (CA 2007), it is essential to increase
livestock production, without causing further water
depletion, and while safeguarding the environment
(Descheemaeker et al. 2010b). Livestock water
productivity (LWP) was first defined by Peden et al.
(2007) as the ratio of livestock products and services
to the water depleted and degraded in producing
these. Since then, several studies have investigated
the livestock–water nexus and dealt with LWP at
various scales (Amede et al. 2009a, 2009b;
Cook et al. 2009; Gebreselassie et al. 2009;
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Cattle in South Sudan.

Haileslassie et al. 2009a, 2009b; van Breugel
2010). While sometimes contradictory in numbers,
these studies offer good insights and starting points
for increasing livestock water productivity9.
Numerous studies suggest that the water productivity
of monogastric animals (poultry, pigs) is higher than
that of cattle. Furthermore, Chapagain and Hoekstra
(2003) have found the water use by livestock to be
about 80% less than that reported by Goodland
and Pimental (2000). Where cattle are prominent
in developing countries, they often provide multiple
services including farm power and manure for soil
fertility. Manure production alone accounts for about
half of cattle feed intake in developing countries.
On one hand, when manure is used for soil fertility
replenishment or fuel, the water cost associated
with beef production will be about 50% less than
commonly perceived. On the other hand, when
9

One overlooked aspect of estimates of water productivity is that water
use in units of m3 does not reflect the prices or value of water consumed
(Peden et al. 2009b). Livestock grazed on arid and semi-arid pastures
utilizes water that cannot be used for crops and will be depleted through
evapotranspiration before it can enter ground water and surface water
bodies (Bindraban et al. 2010a). Although the research remains to be
done, the working hypothesis is that our understanding of water productivity
of agricultural crops will change dramatically if we consider the value of
water. Such an approach could lead to demand side management that
would foster a rebalancing of water use among agricultural sectors.

manure becomes a pollutant, the negative impact
may be greater.
Calculations of LWP have shown that servicing and
drinking, though at first sight the most obvious water
uses of livestock, in reality constitute only a minor
part of total water consumption in livestock-based
agroecosystems (Peden et al. 2007, 2009a). The
major water depletion in relation to livestock is the
transpiration of water for feed production, which is
generally about 50–100 times the amount needed
for drinking (Singh et al. 2004; Peden et al. 2007;
Gebreselassie et al. 2009). The large global
variations in feed water productivity (Table 5) are
not only a sign of divergent methodologies, but also
illustrate that livestock water productivity of different
livestock products depend on the feed type, forage
production management, and growing conditions.
In many non-industrial systems, rangelands contribute
an important part of the annual feed intake of
livestock. As these rangelands are often located on
land that is unsuitable for crop production (Steinfeld
et al. 2006), making use of the available biomass
increases overall ecosystem productivity (Amede
et al. 2009a). Analyses of LWP in the Nile Basin
show a wide spatial variability, suggesting there is
ample scope for improvements (Appendix 18.4).
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Table 5. Global ranges of feed water productivity for different feed types derived
from literature (based on Ferraris and Sinclair 1980; Sala et al. 1988; Bonachela
et al. 1995; Saeed and El-Nadi 1997, 1998; Renault and Wallender 2000;
Chapagain and Hoekstra 2003; Singh et al. 2004; Oweis et al. 2004; Smeal
et al. 2005; Nielsen et al. 2006; Gebreselassie et al. 2009; Haileslassie et al.
2009a, 2009b; van Breugel et al. 2010).
Feed type

Feed water productivity (kg/m3)

cereal grains

0.35 – 1.10

cereal forages

0.33 – 2.16

food-feed crops (total biomass)

1.20 – 4.02

irrigated alfalfa

0.80 – 2.30

pastures

0.34 – 2.25

(semi)-arid rangelands

0.15 – 0.60

Solutions that alleviate water scarcity through
increasing livestock water productivity (LWP) can
have a positive impact on farmers’ livelihoods and
the environment (Bossio 2009; Cook et al. 2009).
Innovative interventions for improved LWP can be
grouped in three categories (Peden et al. 2009;
Herrero et al. 2010; Descheemaeker et al. 2010a):
•

Feed related strategies for improving LWP comprise the careful selection of feed types, including crop residues and other waste products;
improving feed quality; optimizing fodder or
multipurpose food-feed-timber crops; increasing
feed water productivity by crop selection and
improvement; and implementing more sustainable grazing management practices.

•

Water management for higher LWP consists of
water conservation, strategic placement and
monitoring of watering points, and integration
of livestock production into irrigation schemes.

•

Animal management strategies include improving animal health and appropriate animal
husbandry, supported by raising awareness
among livestock keepers, so that feed can be
used more effectively and herders are able to
get the same benefit from a smaller number of
animals.

Designing LWP interventions that benefit the poor
also requires understanding of the differentiated
access to capitals and livelihood strategies of
men and women and of different socio-economic
groups within local communities (Clement et al.
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2011). Livestock often provide the main sources
of income for women, particularly in mixed croplivestock systems. Furthermore, in order to facilitate
adoption, such interventions need to be supported
by an innovation process, which requires paying
close attention to policies, institutions, and their
associated processes (Amede et al. 2009b).
For example, establishing institutions like water
users associations together with policies like cost
recovery for water use can contribute to improving
the efficiency of feed crops irrigation. As a result,
improved livestock water productivity would allow
more animal products and food to be produced
without increasing the volume of water depleted,
as such safeguarding environmental flows and a
variety of ecosystem services.
Although livestock grazing is often associated with
vegetation and soil degradation (Asner et al. 2004),
opportunities exist for the sustainable management
of livestock grazing systems in a way that maintains
ecosystem services. These include policies that
enable the management of climate variability, such
as early warning and response systems, improved
markets, livestock-loss insurance schemes, and
fodder reserves (World Bank 2009). Others deal
with changing the incentive system for keeping large
herds, such as payment for environmental services
(sub-section 5.2.3) and increasing the level of cost
recovery in use of natural resources, such as water
and biomass, and veterinary services (World Bank
2009). Such incentive systems require a strong
attention to issues of equity and legitimacy, as they
might increase existing social inequities. Some
interventions targeted at reducing land degradation
and improving agricultural water productivity can, at
the same time lead to improved ecosystem services
(Appendices 13.3 and 18.4).

4.3.4 Increasing water
productivity in aquaculture
Abstraction and discharge of water may affect
ecological processes and compromise ecosystem
services supporting other livelihoods. Appropriation
of water for aquaculture may lead to competition
with other resource users, including other
aquaculture operators. Pressures to enhance water
productivity in aquaculture derive from global
changes and domain-specific challenges such as
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production efficiency, risk management, conflict
avoidance, legislation and controls, consumer
demand and public perception (Verdegem et al.
2006). A number of practices and policies have
been conceived to optimize water use efficiency
(Appendix 18.5).
For most producers there are financial costs
associated with managing (regulating, moving and
conditioning) water resources as well as the negative
social and legal consequences of discharging
polluted water. Hence they have an interest in
reducing the financial as well as environmental costs
of this discharge. Consequently aquaculture farmers
are generally active in trying to make more efficient
use of appropriate water resources and work
hard to comply with discharge standards, whether
statutory or imposed by the community. Moreover,
on-farm water movement and wastewater discharge
may increase the likelihood of stock escaping,
resulting in revenue loss and negative environmental
impacts. Farmers also have an interest in reducing
water intake, as this will lessen competition between
various aquaculture producers, and help to avoid
conflict with other water (and land) users.

Transition by producers to more intensive water
management employing mechanical pumping and
aeration can further reduce dependence on the
appropriation of natural water resources, but may
exacerbate environmental problems associated
with fuel extraction or electricity generation and
greenhouse gas emissions. Comprehensive Life
Cycle Assessment of aquaculture systems might
permit identification of the least environmentally
damaging production strategies but further
research and development is needed to develop
practical approaches to evaluating, in concert,
the environmental and social (including gender)
impacts, livelihoods outcomes, financial viability and
economic and ethical implications of aquaculture
developments. In the short term these assessments
could make life harder for poor aquaculture farmers
with new costs for licenses, rents and taxes. In the
longer term they may benefit as stricter controls
can protect the ecological status of receiving water
bodies and thereby secure water resources for other

Photo: Stuart W Bunting

Aquaculture producers, in order to have marketable
products, must also manage animal health risks
associated with their own water intake, that may
be polluted, and the ingress of entrained aquatic

organisms that may harbor pests and diseases.
Control measures adopted by farmers include
screening inflows to prevent predators and other
aquatic animals entering and restricting the
abstraction of water as far as possible, depending
instead on reducing stocking densities and
promoting ecological processes to condition culture
water for continued use.

Innovative combination of mangrove with shrimp aquaculture in Indonesia.
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and future users. This would also maintain and
enhance the stocks and flows of ecosystem services.
Product and livelihood diversification should also
be looked at to reduce dependence on aquaculture
and generate more regular cash-flows and higher
revenues.

4.3.5 Policy options
From the various strategies suggested above it is
clear that we need ecosystems thinking to stimulate
sustainable agricultural water management
practices and investments (MA 2005b). A key
consideration is the risk and incentive structure for
producers, which often does not easily align with
increases in water productivity. Water pricing
seems an important policy lever, but implementation
has been limited by a number of factors (Molle and
Berkoff 2007). There are other options. Policies
that reward conservation of water, such as cities
paying for saved water, or policies that simply
limit the amount of water allocated may also work
(Hellegers et al. 2007). Investments in input and
output market development often offer solutions, e.g.
no farmers will produce tomatoes if they cannot get
to markets, and farmers can only change their soil
nutrient management if they have access to manure
or chemical fertilizers at the right times. It is often
found that the appropriate water knowledge is not
available, not accessible, or that the appropriate
people are not aware of it. However, creating the
right incentives and providing relevant knowledge
might not be sufficient as social and cultural
barriers, e.g. based on gender, religion or caste,
can also prevent changes in agricultural practices
(FAO et al. 2010). Furthermore, local interventions
need to be based on an in-depth understanding of
the local politics within the same location to avoid
the elite capturing all the benefits. Different kinds of
thinking and practices are required by water and
land professionals to address a complex physical
reality and an even more complicated social and
political reality.
Some of the most promising solutions for improving
water productivity lie outside the water sector, such
as in markets, prices, and subsidies, including in
the international trade of agricultural commodities
(Allan 2003). However, there are many doubts
that we can rely on trade to reduce water needs
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(Appendix 18.2). Trade is conducted for many
economic and strategic reasons. Water is probably
last on the long list of reasons for trade (Wichelns
2010). There are also serious questions about
whether trade or food aid is a viable pathway to
food security for places like sub-Saharan Africa.
Some countries would rather invest their resources
to utilize their water resources better, in order to
produce their own food, and aim for greater food
self-sufficiency and a reduction in trade. Countries
can also focus on producing crops that do not
require a lot of water, such as the small grains
produced in sub-Saharan Africa. The implication
is that we will probably have to rely on better
agricultural practices rather than trade. On the other
hand, trade will grow in importance both in terms
of rural-urban connections as well as internationally,
as its impact on ecosystem services at production
points and at consumption locations also grows.
Though the negative impacts of depleted water are
likely to be disconnected from consumers, pricing
changes, brought about by depleted water might
eventually influence consumption patterns.
Ultimately, it is the consumers world-wide that drive
water use. If we follow the chain from farmers’
fields to dinner tables, we find staggering waste of
food and water (Lundqvist et al. 2008). As people
become wealthier, diets rapidly move to more
water-intensive animal products and more calories.
If we were to reduce post-harvest losses and other
waste, recycle nutrients and watch our diets, there
would be a water impact somewhere in the world.
Ecosystem-friendly diets do not necessarily have to
be all vegetarian, as (red) meat production may be
an ecologically sound choice on grassland pastures
where few other crops can be grown (Bindraban et
al. 2010a). Hence, policy measures can support
appropriate selection of land and water use towards
holistic and equitable agroecosystem management
that can lead to food security, increase water
productivity and in addition deliver more ecosystem
services.
Trans-boundary issues present challenging problems
for effective water management. Tensions between
countries over water allocation may lead to each
actor taking as much water as they can from the
basin or aquifer, resulting in severe water scarcity,
and serious threats to environmental flows (Molden
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et al. 2007a; WWA 2009). Fortunately, many
river basin organizations have been set up to span
borders and manage water on a basin scale.
It is important that policy decisions are taken to invest
in water infrastructure to increase access to water.
Such decisions are in the hands of governments
and development banks (such as the World Bank
and the Asian Development Bank). Especially
in sub-Saharan Africa, many countries lack the
necessary infrastructure to store and distribute
water. Infrastructure projects aim to make current
water withdrawals much more efficient (CA 2007).
Various types of water storage for all uses within and
outside agriculture have an important role to play in
creating a buffer10 against water scarcity, especially
under conditions of climate change (McCartney
and Smakhtin 2010; Johnston and McCartney
2010). When considering the continuum of water
storage options, from soil moisture and aquifers via
ponds and tanks to small and large dams, but also
including natural wetlands and swamps (McCartney
and Smakhtin 2010), a more balanced choice
can be made for each location, depending on
the biophysical environment, but also social (e.g.
gender), cultural and institutional parameters. This
is more likely to benefit vulnerable populations with
low adaptive capacity; poor women and marginal
social groups with limited resources, poor social
networks, and low access to services.
The development of water infrastructure has been
identified as a key strategy towards poverty
reduction (Kandiero 2009; World Bank 2008).
Such water infrastructure developments would
include development of water supply and sanitation
systems, dam construction, as well as investments
in irrigation systems (World Bank 2008). In the
Nile and the Mekong River Basins dams and
other infrastructure are being planned. Africa
as a continent requires more well-engineered
infrastructure that is designed, built, and operated
with ecosystem services in mind. Stakeholders may
need guidance on how to develop appropriate
infrastructure with a view to maximizing ecosystem
services and reaching an equitable share of benefits
between men and women and among different
social groups. The choice stakeholders face is not
10 Just as storage of food can play a key role in increasing food security.

only one of whether to build or not, but also how
to build and how to integrate the multiple needs,
interests and perceptions of local communities.
Some of the older existing infrastructure needs
rehabilitation and this could be done in such a way
that it not only helps to reduce poverty by providing
wider and more equitable access to water, but also
reduces water losses in current distribution networks,
improves overall efficiency of water use networks,
and caters for the wider agroecosystem and its
various functions and services. Infrastructure projects
combined with new technological advancements
can create more efficient irrigation systems that lose
less water to evapotranspiration. New technology
for improving water efficiency such as drip
irrigation, biotechnology advances, improved pump
technology, and better water practices, is already in
place in many areas of high productivity, and could
be implemented in areas of lower productivity also.

4.4 Conclusion: Tackling
Water Scarcity in
Agroecosystems
To share a scarce resource and to limit environmental
damage, it is imperative to limit future water use.
Important pathways to growing enough food with
limited water are to increase the productivity of
water in irrigated and rainfed areas, in animal
husbandry and in aquaculture; improve water
management in low-yielding rainfed areas; change
food consumption patterns; and (possibly) through
enabling trade between water rich and water
scarce countries and areas. Trade and its impact on
ecosystem services at the production end as well as
at the point of consumption, will in any case grow
in importance, both in the rural-urban context and
internationally.
In pockets of poverty in sub-Saharan Africa
and Asia, expanding access to water through
investments in storage and distribution infrastructure
and a range of specific water management solutions
is crucial to food security and poverty reduction.
The design of such infrastructures needs to take
into account the multiple uses of water by men and
women as well as the local and macro institutional
and political context which will shape its access.
Such solutions should be underpinned by serious
changes in how we think about water and food,
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and how we govern water and land resources.
For sustainable water use, water managers must
consider agriculture as an ecosystem in its social
context and consider how other ecosystem services
are impacted through water. Managing water as
an integral part of agroecosystem management in
society will make our food production systems more
resilient and more sustainable.
Increasing water use efficiency for crop, livestock,
and aquatic production, while preserving the
functioning of water bodies in a context of increased
demand for food and energy, is a real challenge.
Consideration of the various ecosystem functions
in irrigated and rainfed agroecosystems is crucial,
as is effective water governance at different and
appropriate scales to help ensure sustainable use of
water resources. In some regions in the world, there
is scope to develop new surface and groundwater
supplies for agro – and other ecosystems which will
significantly contribute to meeting growing food
and energy requirements and increase resilience to
climate change and other shocks. In other areas,
synergies can be explored between agriculture and
anti-desertification efforts whereby degraded lands
are brought back under productive use through
better farming practices which restore surface
vegetation and soil functions, in particular water
retention, thus creating a new agroecosystems with
more ecosystem services. Strategic increase of tree
cover can play a key role in management of water
productivity by increasing water infiltration and
penetration through transpiration in the delivery of
fruit, fodder, timber, and fuel.
Water storage options along the continuum, from
soil and groundwater to natural wetlands and
dams, can make water more accessible at different
spatial and temporal scales: from individual farm
and household level to the level of large dams
serving various communities and from year-round
accessibility to the bridging of shorter or longer
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dry spells, thus safeguarding the crop (McCartney
and Smakhtin 2010). This is especially important in
rainfed agriculture, where other water management
options and appropriate farming practices can help
increase agricultural and water productivity through
various water management options. Redesign of
irrigation schemes to on-demand systems could
lead to large water savings, providing also better
availability of water for other uses within or outside
the agroecosystem. Support should be given to
systems and approaches that ensure high water
productivity as well as gender and social equity
and contribute to closing the water cycle to the
benefit of many ecosystem functions.
Sustainable livestock production systems should be
encouraged in order to respond to changing diets
and the increased demand for animal products while
maintaining environmental flows and ecosystem
services. The resulting improved livestock water
productivity would allow more animal products and
food to be produced without increasing the volume
of water depleted. In other areas, solutions tackling
land degradation should be encouraged through
incentive policies, which could lead to both improved
water productivity and environmental health.
For aquaculture, various practical approaches
and policies for enhancing water use have been
developed in an array of settings that might have
potential elsewhere. Greater awareness of these
amongst producers and policy-makers could
encourage more cost-effective water management
strategies that would concomitantly reduce animal,
environmental and public health risks. Greater
awareness would also encourage the development
of policies and regulatory frameworks that would
prompt adoption of more water efficient practices
and hence increase water productivity without
compromising either gender and social equity or
the vulnerability and resilience of the poorest and
marginal groups.
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5.

MANAGING WATER IN
AGROECOSYSTEMS FOR
FOOD SECURITY

5.1 Introduction: the Role
of Water in Ecosystem
Services

agricultural development, hydropower, fisheries
resources for food security and livelihoods.
•

Water plays a role in all categories of ecosystem
services (Section 3.1), especially in freshwater
provision and the water cycle (Aylward et al. 2005;
UCC-Water 2008; Figure 12):
•

Provisioning services: water quantity and quality
for consumptive use, such as drinking, domestic purposes, agriculture and industry; water for
non-consumptive use, such as power generation and transport or navigation; and as habitat
for aquatic organisms, for food and medicines.
Values of most of these are quite easy to assess,
such as water supply to urban, industrial and

Regulatory services: maintenance of water
quality by natural filtration and water treatment;
buffering of floods and erosion control, through
water-land interactions as well as with floodcontrol infrastructure; climate regulation by being a source and sink for greenhouse gases and
by influencing temperature and precipitation.
Some of these services may be quantified and
given explicit values, such as waste processing
in relation to public health, flood retention and
properties of plains, but they are often more
difficult to value than provisioning services and
they seldom have a price on the market.
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Figure 12. Water ecosystem services, based on Aylward et al. (2005), with UNEP priorities in italics (UNEP 2009a).
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Table 6. Water ecosystem services in 3 main parts of basins (UCC-Water 2008).
Catchments as ‘producers of water and
sediment’

Floodplains as ‘providers of food and fiber’

Estuaries as ‘providers of food, trade and economic
opportunity’

•

Glaciers: stable and clean water sources

•

•

•

Rivers and lakes: flood regulation, food,
fodder and fiber for upland people

Fertile and wet soils: highly productive
agroecosystems, resources for poverty
alleviation

Fertile (and flood prone) soils: highly productive
agroecosystems

•

Rivers, lakes and wetlands: flood regulation,
food and fiber, waste processing, recreation

•

Mangroves and lagoons: food and fiber, resources
for poverty alleviation

•

•

Cultural services: recreation such as river rafting or fishing as a sport; tourism such as river
viewing; existential values such as in personal
satisfaction from free-flowing rivers, or the role
of water in religion, e.g. many societies have
sacred water bodies. Out of these, some are
quite easy to quantify, such as the tourism potential of lakes and other water bodies, and
house prices that are often higher if they have
a view over water. Spiritual values on the other
hand are often quite difficult to capture.
Supporting services: nutrient recycling, such as
maintaining floodplain fertility; ecosystem resilience; mitigation of climate change with mangroves and floodplains providing physical buffering. These are very hard to quantify and value.

These water ecosystem services are not the same
throughout river basins (Table 6) and though it is not
always straightforward to quantify them, it is clear that
many of these ecosystem services are central to human
well-being but increasingly threatened as the previous
chapters have shown. This particularly affects poor
people and is likely to get worse under the influence
of population growth, continued abuse of ecosystem
services and global climate change (Mayers et al.
2009).Water ecosystem services, based on the
water cycle, could be seen as the ultimate renewable
resources and many promising solutions to the various
threats exist. However, enacting these solutions requires
good governance and more research is needed on
how to secure the regulatory and supporting services
of ecosystems in order to help with poverty reduction
(Mayers et al. 2009).
Some aspects of an ecosystem can be partly
substituted, which is often done for example when
changing natural vegetation into preferred crops
to enhance yields for human well-being. Such
substitution may not necessarily (but can) change
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other ecosystem services, such as habitat, or water
flow. However, there is no substitution for water
flows in an ecosystem perspective.

5.2 Managing
Agroecosystem Services
5.2.1 Ecosystem services in
agriculture
As discussed in sub-section 3.1.2, agricultural production involves a wide range of ecosystem services
and processes that use water such as: nitrogen cycling, climate regulation, and soil formation, in addition to the obvious food production. The concept
of ecosystem services is used to analyze trade-off
scenarios when human well-being and ecological
sustainability need to be addressed simultaneously.
The ecosystem perspective aims to bridge interdisciplinary gaps between fields as far apart as religion and biology, political science and geology,
or engineering and biodiversity, thereby addressing
the system comprehensively. The major challenge
lies in quantifying values and measuring feedback
cycles (Nicholson et al. 2009) and more research
is required into ecosystem services, especially those
associated with water (Carpenter et al. 2009).
The Comprehensive Assessment of Water
Management in Agriculture (CA) states that agriculture is fundamentally dependent on ecosystem
services and emphasizes that the past century has
seen unprecedented alterations of land cover, watercourses, and aquifers due to agricultural expansion (CA 2007). Rural poor women and men are
often more closely and directly dependent on several ecosystem services and are affected the most
severely when services degrade, for example clean
drinking water or the availability of firewood (WRI
et al. 2008). Future agricultural management decisions will thus occur in a context where there is more
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competition for water and greater demands on food
production together with other demands on ecosystems. These decisions will affect the rural poor and
sustainable management must be implemented so
that shifts in the character and functioning of ecosystems are able to sustain what people need from
them (CA 2007).
Agriculture and ecosystem services are thus
interrelated in at least three ways: (1) agroecosystems
generate beneficial ecosystem services such as
soil retention, food production, and aesthetics; (2)
agroecosystems receive beneficial ecosystem services
from other ecosystems such as pollination from nonagricultural ecosystems; and (3) ecosystem services
from non-agricultural systems may be impacted by
agricultural practices. The role of ecosystem services
in agroecosystems is often poorly understood by
those in agricultural production. Yet food production,
itself a provisioning ecosystem service, is critical to
the survival of humanity and dominates much of the
world’s terrestrial and marine environments. At the
same time, growing demands for food, coupled with
degrading land and water management practices
that erode the natural resource base, place substantial
constraints on ecosystem services provided by and
inherent in these agroecosystems (Abel et al. 2003;
Sandhu et al. 2010).
Until recently, ecosystem services in agriculture – other
than production of food or other agricultural products
– have been assigned relatively low economic
value compared to those in other natural ecosystems
due to a lack of understanding and limited data
availability (Costanza et al. 1997). However, 5
billion hectares of land are currently cultivated or
used for pasture, equal to approximately one third
of Earth’s total land area (Foley et al. 2005) and
this area generates and interacts with an enormous
amount of agroecosystem services. There is a need
to address the under-estimation of ecosystem services
in farmland and develop concepts, policies and
methods of evaluating these ecosystem services,
as well as the ways in which ecosystem services in
these systems can be maintained and enhanced in a
way which is socially acceptable. Agroecosystems
may very well offer the best chance of increasing
global ecosystem services, if land and water are
managed in a way that enhances natural and social
capital (Porter et al. 2009). Specifically, enhancing

the supporting and regulatory ecosystem services is
vital to meeting the food demands of a population
forecast to reach 9 billion by 2050 (UNFPA 2009).
The success of modern agriculture so far has largely
been based on provisioning ecosystem services,
particularly food and fiber. However, the expansion
of these marketable ecosystem services has resulted
in the degradation of other highly valuable and
essential regulatory ecosystem services such as
climate regulation, water regulation, biodiversity, and
protection against soil erosion (Porter et al. 2009).
Swinton et al. (2006) suggest that incentivizing a
systems approach to agricultural management (rather
than a problem-response approach) can support the
sustainable production of ecosystem services such
as climate regulation, wildlife conservation, and
biological pest control and pollinator management.
Bennett et al. (2005) suggest that the ways in
which ecosystems produce services are insufficiently
understood and that uncertainty needs to be accounted
for in the decision making process. They suggest that
future management questions will have to address
the complexity of ecosystems in their social context
in order that ecological services can be maintained
and to assess the degree to which technology can
substitute for ecological services.

5.2.2. Decision making over
ecosystem services
Decisions regarding management of agroecosystem
services will typically involve social, economic
and environmental trade-offs, some of them among
different services (MA 2005a; Figure 8). For example,
managing a landscape to maximize food production
will probably not maximize water purification for
people downstream, and native habitats conserved
near agricultural fields may provide both crop
pollinators and crop pests (Steffan-Dewenter et al.
2001). The question about whether intensive or
extensive agriculture best optimizes the various tradeoffs associated with the provision of ecosystem services
is an important issue requiring targeted research.
Conversely, ecosystem services have several roles in
decision-making processes. Pritchard et al. (2000)
suggest that they are used in three main ways: First
and most fundamentally, ecosystem services are used
to show that natural and agroecosystems are linked
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to human well-being, even when a service’s value
is not expressed in a market. Second, ecosystem
services can be used for economic valuation as a
way to describe the relative importance of various
types of ecosystems. Third, by assessing their value,
ecosystem services can be used to evaluate a
particular decision in a specific place, for example,
by using the value of these services in a cost benefit
analyses.
Connections between ecological sustainability
and human well-being can be expressed by using
the concept of “ecological character”: the various
components and processes in an ecosystem that
underpin the delivery of ecosystem services (MA
2005a). Without managing for the sustainability
of ecological character, the long-term ability of an
ecosystem to support human well-being may be
compromised. These kinds of management tradeoffs often require decision makers to estimate the
marginal values of ecosystem services and to
capture the costs and benefits of a specific quantity
and quality of services (Daily 1997) for men and
women and different social groups11. Marginal
value is used in this process because monetary
valuation cannot express the overall importance of
environmental goods and services, only the value of
the resource if there were to be a little more or a little
less of it (Heal 2000). Therefore, the value of an
ecosystem service reflects its availability. Water is a
good example here: it is important, renewable but
not replaceable. However, water is often provided
freely or at a minimal cost to consumers. Water
prices, therefore, do not reflect the value of water
and give no information on what consumers would
be willing to pay if there were a little more or a little
less of the resource (Heal 2000).
Ecosystem services can be used to compare different
ecosystem types, in terms of their contributions to the
availability of a certain service. Most commonly,
“total valuation” is the tool used to bring environmental
services into decision-making processes where
11 Differentiating the groups here is important because different groups, for
example men and women, young and old, or poor and rich, make very
different use of the services available to them and may value these services
very differently. The different use various social groups make of water
and ecosystems, and the impacts of that in relation to development and
conservation projects is discussed in more detail in other publications (e.g.
Thompson and Swatuk 2000; Goma Lemba et al. 2001; Sudarshan 2001;
Hassan et al. 2005; www.genderandwater.org).
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trade-offs between conservation and development
need to be assessed comparatively (Emerton
2005). Total valuation attempts to account for all of
the characteristics of an ecosystem, which includes
“its resource stocks or assets, flows of environmental
services, and the attributes of the ecosystem as a
whole” (MA 2005a). As mentioned above, this is
an incomplete process that is limited in its capacity
to value ecosystems fully; however, as Daily (1997)
points out, “markets play a dominant role in patterns
of human behavior, and the expression of value–
even if imperfect–in a common currency helps
to inform the decision-making process.” For the
quantification of values at the country level a useful
concept has been proposed by Dasgupta (2010)
who argues that neither gross domestic product
(GDP) nor the human development index (HDI) can
determine whether development is sustainable.
An assessment of wealth per capita is much more
useful as it includes the total of all capital assets:
infrastructure such as buildings and roads, health,
skills, knowledge and institutions, and also natural
capital, which may easily be left out of other
assessments (Dasgupta 2010).
These methods are increasingly important to today’s
agricultural water use decisions. Bennett et al.
(2005) points out that, with growing demands
on food production and water use, demands on
ecosystem services, in many cases, could surpass
the capacity of certain ecosystems to supply these
services. In these contexts, decision makers will
need to make “trade-offs between the production
of various ecosystem services and the social and
economic benefits and risks of using technology
to provide them” (Bennett et al. 2005). With a
clear understanding of ecosystem services and
their values, agroecosystems and non-agricultural
terrestrial ecosystems can be compared (Power
2010). Many goods and provisioning services
come from non-agriculture land, such as food,
fodder, fiber, and timber, and in decisions over
water allocation the whole range of ecosystem
services, their benefits (values) and costs (social,
financial, water) have to be taken into account
(TEEB 2010). Then well-balanced decisions can be
made about which ecosystem services are to be
enhanced, at the expense of which other services,
or how ecosystems can be optimized to provide the
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widest range of ecosystem services (Power 2010;
Figures 8 and 16).

5.2.3 Payments for ecosystem
services
Payments for Ecosystems Services (PES), also
known as Payments for Environmental Services (or
benefits) is the practice of compensating individuals
or communities for undertaking actions that
increase the provision of ecosystem services such
as water purification, flood mitigation and carbon
sequestration (Kelsey Jack et al. 2008). PES comes
under the heading of economic or market based
incentives aimed at motivating the desired decisiontaking through charges, tradable permits, subsidies
and market friction reductions. In the context of
food production, PES typically involves incentives
that favor the provision of conventional outputs such
as food and fiber (FAO 2007b). While the term
“PES” has been in common use since the 1990s,
PES type schemes have been around since at least
the 1930s, when in the wake of the American Dust
Bowl, the federal government paid farmers to avoid
farming on poor quality erodible land. Demand for
a wide range of ecosystem services from agriculture
will increase due to a greater awareness of both
their value and the costs inherent in their depletion
(FAO 2007b).
Today there are literally hundreds of ongoing PES
schemes of all shapes and sizes, all over the world.
Some are directed towards achieving poverty
reduction on a local level, while others maximize the
output of goods on an industrial scale. However, all
of the schemes essentially involve three steps (WWF
2010a): 1) An assessment of the range of ecosystem
services that flow from a particular area, and who
they benefit; 2) An estimate of the economic value
of these benefits to the different groups of people;
and 3) A policy, subsidy, or market to capture this
value and compensate individuals or communities
for their action.
Developing mechanisms to implement PES is
challenging, not least due to the fact that while
the concept is simple, the reality of making such
schemes operational can be very complex, and
budgetary resources are often a constraint –
especially in poorer countries. Nevertheless, PES

can trigger creativity in finding innovative solutions.
When effectively designed, PES schemes can give
both providers and users of ecosystem services more
accurate indications of the consequences of their
actions, so that the mix of services provided matches
more closely the true preferences of the society (FAO
2007b). Appendix 21 provides four examples
of payments for ecosystem services, including
two summaries of what are generally regarded
as successful PES watershed protection schemes
in India and China. A related and comparable
concept is that of green water credits, where
incentives are given for sound water management
or sediment control by appropriate tillage methods
or other eco-efficient farming techniques (Dent and
Kauffman 2007; Jansen et al. 2007). The idea is
to create investment funds so that farmers can take
intervention measures for better management of soil
and water upstream, which will then be paid for
by downstream users that receive more and better
quality water.
Many changes in resource use that could benefit the
environment are not likely to be adopted by farmers
in the absence of motivating policy measures,
because they would result in lower benefits for
the producers (FAO 2007b). For example, setting
land aside from crop production and placing (or
leaving) it under natural grass or forest cover could
enhance carbon sequestration, water quality and
biodiversity, but might result in lower returns to
the farmer (Tschakert 2007). Reducing livestock
numbers or managing manure to reduce nitrogen
runoff to surface water, infiltration to groundwater
or emissions to the atmosphere could benefit the
environment, but would probably increase costs,
increase labor or reduce returns to the farmer
(Steinfeld et al. 2006; FAO 2007b).
But even when more environmentally sustainable
land management practices could result in beneficial
economic returns, adoption is not guaranteed. For
example, cropping and livestock practices which
improve soil, plant nutrient and water management
often lead to higher farm productivity and income as
well as increased provision of environmental services
such as soil carbon sequestration, biodiversity
conservation and watershed protection (FAO
2007b). Yet, their adoption can be constrained
by limited access to information, appropriate
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technologies and finances (FAO 2007b), as well
as by subsidies for agricultural production that
can lead to practices which degrade ecosystems.
Other reasons include inclusion or exclusion in
social networks (Warriner and Moul 1992), land
tenure (Tenge et al. 2004), as well as socio-cultural
determinants. For instance, farmers and livestock
keepers might have other motives as well as direct
financial gain. Maintaining high herd numbers may
lead to environmental degradation, but also may
be an important saving mechanism or risk coping
strategy of the livestock keeper, who, in addition,
may get a higher status from having a larger herd
(Turner and Williams 2002; Butt 2010).

5.3 Managing Water
Efficiently for
Ecosystems and
Food Production
Various options are available for improving the
efficiency of water use for food and ecosystems,
several of which have been discussed in Chapter
4. A fundamental problem with this is that while
agricultural water requirements can be calculated
quite accurately, we do not really know how
much water is needed to support other land use
types and freshwater systems, and the ecosystem
services they provide. Even in agroecosystems,
water requirements may change if water use is to be
optimized for the full range of ecosystem services.

5.3.1 Efficient water
management
From a national resource policy and planning
perspective it is important to recognize the
broad objectives that lie behind the promotion of
efficient water management. Countries invariably
have numerous economic, social, environmental
and political demands and counter-demands for
multiple goods and services that require water
as an input. Dealing with the inevitable trade-offs
and finding synergies between water for food and
other ecosystem services is notoriously difficult. The
challenge for many countries is to find ways to
close the gap between the projected future water
demands and the current supply in a way that meets
their development objectives, is cost effective, and
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protects various users, including women, men,
youth, and ecosystems. In these circumstances
there is a need for matching the supply with the
demand by 1) increasing supply; 2) reducing
demand; 3) increasing productivity of water use;
and 4) efficient and equitable allocation, whereby
the optimal distribution of water, as well as the
optimal productivity (of a wide range of ecosystem
services), are considered together with the equity of
distribution.
The water cycle provides the bloodstream of the
biosphere (Figure 6) and enables the ecosystem
to provision goods such as food, fuel and timber;
regulate the environment; and provide for cultural
services and basic ecological processes (Gordon et
al. 2010). Consequently, the efficient and equitable
management of water resources is of vital importance
for our existence, as well as the existence of many
of the living organisms that share our planet. The
challenges related to the increasing water scarcity
and the added complexities of climate change as
discussed in previous chapters highlight the need
for river basins and countries to carefully consider
their water resources and how they manage them.
Particularly in situations of scarcity, the goal will be
to achieve the greatest possible water use efficiency
in a socially acceptable manner as suggested under
point 4 in the paragraph above.
Considered in its most basic form, the term “water
use efficiency” is all about measuring the amount
of water needed to produce a given unit of any
good or service. Therefore, minimizing the amount
of water needed to produce a good or service will
result in greater efficiency, as the desired outputs are
maximized. The aim is not always to reduce water
use, but rather to optimize its utilization. From a
food production point of view, much of the attention
in the literature on water use efficiency is given to
how to maximize the amount of material produced
per unit of water (increasing ‘water productivity’,
see Section 4.3). However, long term ecosystem
services perspectives and country-specific objectives
may need a different emphasis, bringing about
alternative decision making. In these circumstances
there is a need for allocative efficiency, negotiated
between various users and uses. As eloquently
described by the Professor Tony Allan of the London
School of Economics and Political Science, “If
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allocative efficiency is not achieved, it is possible
to be doing the wrong thing extremely efficiently.
It would be much more useful to be doing the right
thing, that is with efficiently allocated water, a little
badly.” (Lundqvist and Gleick 1997).

5.3.2 Integrated Water
Resources Management
(IWRM)
One of the ways in which allocative efficiency
can be achieved is through Integrated Water
Resources Management (IWRM). IWRM as defined
by the Global Water Partnership is, “A process
which promotes the coordinated development and
management of water, land and related resources,
in order to maximize the resultant economic and
social welfare in an equitable manner without
compromising the sustainability of vital ecosystems”
(GWP 2000). This approach is of value due to its
holistic ability to help to take into account multiple
economic, social and environmental needs, as well
as its ability to function as an all-encompassing
framework to help consider and apply regulatory
instruments, and to assimilate other practical
measures that address ecosystem management.
Balancing water for food and other ecosystem
services, a process that involves trying to calculate

and agree upon who should have the right to
access water resources and when, has historically
led to the further entrenchment of silo-like, sectoral
policy making and planning at national government
level. This takes little or no consideration of
gendered water uses beyond the interests and
jurisdiction of individual sectors. Recognition of the
lack of sustainability in current water management
situations has resulted in an explosion of interest in
the IWRM approach in recent years (Snellen and
Schrevel 2004)12. The IWRM approach strives to
ensure coordination of all the sector uses, so that
the impacts of one particular user on all the other
affected users are taken into account.
One of the key tenants of IWRM is a holistic
approach to basin management. Because borders
often divide river basins in ways that make water
management particularly difficult, river basin
organizations are appearing and growing more
powerful (Molden et al. 2007a). These river
basin organizations generally seek to manage
basin issues (such as sustaining environmental
flows, managing water distribution between urban
and rural users, and coordinating with Farmer
Organizations) through the tenants of IWRM (Black
and GWP 2003; Briscoe and Malik 2006). As
illustrated by Figure 13 below, the IWRM approach
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Figure 13. The IWRM Comb (after GWP 2000).
12 Not all attention to IWRM has been positive: some 10 years ago,
practitioners and scientists started to criticize the concept of IWRM for
Figure	
  13.	
  The	
  IWRM	
  Comb	
  (aDer	
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not being practical, for requiring a complete reform of the water sector
while neglecting politics and cultural differences. This discussion started
at conferences (Biswas 2004) was reviewed by various authors (e.g.
Rahaman and Varis 2005; Matz 2008), and was followed by a stream of
publications trying to move from a polarization of views to a more rational
critical analyses that could offer alternatives (e.g. Medema et al. 2008;
Chéné 2009; Saravanan et al. 2009).
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strives to ensure coordination of all sector users, so
that the impacts of one particular user are taken into
account for all other affected users. Consequently,
planners for water supply and sanitation (Water for
People), for irrigation and fisheries (Water for Food)
and for nature conservation (Water for Nature, see
also sub-section 5.3.5) and so on must take other
needs into consideration, particularly in terms of
water allocation and the resulting impacts.
To implement the IWRM vision, there is a need
to ensure coherence and appropriate linkages
(Figure 14) between the main national and local
development objectives with respect to:
•

Economic development objectives relating to
monetary resources, such as economic growth,
management of monetary assets, and economic sector development.

•

Social development objectives relating to human resources, such as poverty alleviation,
health, education, and job creation.

•

Environmental development objectives relating
to natural resources, such as water policies,
pollution control policies, nature conservation
policies, agricultural land policies, forest policies, and fisheries policies.

Principles	
  

Structure	
  

Targets	
  

The IWRM management cycle starts with the planning processes and continues to the implementation
of frameworks, action plans and monitoring of progress (Appendix 22.1). IWRM is especially powerful at the river basin level, though its operational reality is highly complicated in trans-boundary rivers,
where various countries have their own agendas
and may be reluctant to transfer too much influence
and control to trans-national river basin bodies. In
the earliest stages of IWRM policy and plan making, every country must give thought to the types of
instruments that can be applied in order to produce
the desired results. One of the best introductions
for policy makers and decision takers to regulatory
instruments applicable to water resources management (as well as IWRM in general), is the GWP
ToolBox available at http://www.gwptoolbox.
org/. Some of these regulatory instruments are discussed briefly below.
Associated with the concept of IWRM, is the
paradigm of good water governance: political,
social, economic, legal, and administrative systems
that develop and manage water resources and
water services delivery at different levels of society
at the same time as recognizing the role played
by ecosystem services (WWA 2009). Good water
governance seeks to remedy the diverse problems
posed by vastly different water systems through the
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Figure 14. Linkages between principles, structure and targets of IWRM (based on UCC-Water 2008).
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use of universally good and transparent decisionmaking processes. In these, adaptive management
is key, taking into account the adaptive capacity of
the water resources themselves (rain, surface, and
underground water) as well as the adaptive capacity
of their governing institutions. Water management
that involves collaborative planning and an inclusive
consultative process would encourage consensus
and a buy-in among all the stakeholders that are
dependent on the water resources and their various
uses. This would include CBOs and other men and
women community representatives.
According to the 2010 Water Resources Group, the
challenge for many countries, as mentioned above, is
to find ways to close the gap between the projected
future water demands and the current supply and
future available supplies in a way that meets their
development objectives in a cost effective way, at
the same time as protecting people and ecosystems.
These country-specific strategies and plans will involve
a combination of the three core ways of matching
water supply with demand (WRG 2009):
•

•

•

Expanding supply: This is particularly relevant
in countries with limited infrastructure but abundant water supply. This has long been the preferred option in a number of countries, but is
now becoming prohibitively expensive, though
there is renewed donor interest (AfDB, World
Bank) in investing in water infrastructure in
sub-Saharan Africa. In addition, there is huge
potential in using rainwater to increase crop
yields and enhance resilience in many countries (Rockström et al. 2010).
Increasing the productivity of existing water
use: This entails producing the same output
with less water as well as increasing productivity while keeping water usage the same (see
also Section 4.3).
Reducing demand by shifting the economy towards less water-intensive activities: For example, a country may decide to focus more on the
production of a less water-intensive staple crop,
or may even decide to rely more heavily on agricultural imports (sub-section 4.3.5). This may be
hard to manage as all types of production have
associated, often not quantified, investments.

•

Allocative efficiency: based on the notion of
optimal distribution and optimal productivity,
incorporates both the second and the third options, which are both demand oriented.

While there is a great variety of policies and
measures that can be employed under the heading
of “water demand management”, it is common to
distinguish between three distinct classes of wateruse (demand) regulatory instruments (more details in
Appendix 22.2):
•

Economic and market-based instruments: These
are signals (incentives and disincentives) to motivate desired decision-making, such as pricing
or subsidies.

•

Regulatory instruments: This is where government bodies establish a legal framework of
laws, rules, and standards (such as water quality and supply standards), which is used to
guide users and service providers in their duties
and obligations, and possibly punish them for
non-compliance. Experience of enforcing laws
and regulations in the water sector can be difficult in practice.

•

Awareness and capacity building instruments:
These serve to encourage self-enforcement and
social regulation in areas such as water conservation, best practices, and responsible behavior in an effort to promote cultural change, typically through voluntary compliance. Examples
of these instruments include guidelines, rules
of conduct and public information campaigns
aimed at for instance water conservation.

It is widely accepted that all these instruments
need to be employed within a mixed regulatory
system. Each of the above has advantages and
disadvantages and each requires different expertise
and timescales for implementation. The appropriate
mix is likely to vary markedly depending upon
the socio-economic, political and environmental
conditions prevailing in a country (GWP 2003).
The ultimate water demand management benefits
can be expressed in different ways: as gains
yielded by increased economic efficiency of water
use; as avoided losses resulting from current or future
droughts; and as avoided or postponed capital costs
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of enhanced water production. These benefits are
complementary but may not necessarily reinforce
each other. Where augmented water supply is
possible and socially beneficial, water demand
management is worth pursuing until the marginal
costs of water saving do not exceed the marginal
costs of building a new or extending existing water
storage/production facilities. Where current water
supply meets the demand under normal conditions,
the water demand management policies can create
‘buffer’ capacity against periods of below-normal
water availability and thus help to avoid some
drought-inflicted costs. And finally where some
water demands cannot be satisfied, water demand
management can help to achieve more value to be
produced by using the available water.
Key elements of a successful water demand
management strategy include an explicit agenda
and strong responsible institutions. Capacity building
is important in the design, implementation and
monitoring of activities for water demand management,
so that the institutions can play a leading role in
further developing sustainable and equitable water
policies (Brooks and Wolfe 2007). Hence the costs
of water demand management measures include
implementation costs (capital and maintenance,
compliance costs); transaction costs (administrative
and enforcement costs); and wider costs inflicted on
environment and society and not internalized in the
above cost categories, including the opportunity costs
of spending the capital. These costs are place and
project specific. A sound economic analysis has to
provide an overview of the gendered and social
distribution of these costs (EPA 2008).

5.3.3 IWRM and ecosystem
services
Water scarcity is commonly a result of mismanagement rather than an absolute lack of water
and better farm-level water management can
change that (Rockström et al. 2010). If the world is
to succeed in curbing malnourishment and hunger,
a doubling of food production over the coming 20–
30 years is required, particularly in sub-Saharan
Africa and parts of South and East Asia (Godfray
et al. 2010a). This in turn requires not only major
water investments in agroecosystems, but also
facilitation of agricultural inputs such as nutrients,
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planting material and farming implements to realize
these water investments and support an economic
sector that suffers from droughts and dry spells, most
notably in tropical agriculture.
Hence, in order for IWRM to be efficient, rain, soil,
and surface water resources (Figure 10) should be
managed together. The focus of IWRM so far has
mostly been on planning, allocating and managing
surface water resources for irrigation, industry
and water supply, while recognizing the need to
safeguard environmental water flows for aquatic
ecosystem functions in rivers, lakes, wetlands and
estuaries. Yet key ecosystems services, such as
agricultural production, and a range of provisioning
services from non-agricultural land depend on
water in the soil profile and aquifers in terrestrial
ecosystems. As a consequence of this, the water
resource management needs to shift its focus to
increase flows and supply of water, watershedwide (Johnson et al. 2001). In rainfed agriculture,
emphasis must be on securing water to bridge
dry spells and to increase agricultural and water
productivity through new water management options
(sub-section 4.3.1). Low yields and low water
productivity due to large, non-productive water flows
offer windows of opportunity which can be realized
by implementing new approaches that encompass
rain, soil, and runoff water resources from catchment
to basin scale (Rockström et al. 2010).
An integrated approach to land, water, and
ecosystem management can be most effective at the
basin level to support food production and ecosystem
resilience (CA 2007). This could be based on IWRM
(Falkenmark 2003b), but could also incorporate
elements of the ecosystem services framework (ESF)
and perhaps also benefit from the multiple use
water services approach (MUS) (van Koppen et al.
2006, 2009). Ecological uncertainty in the decision
making process is important to account for; therefore,
diverse scientifically informed arguments should
be weighed against each other when predicting
ecological outcomes. The three approaches each
have their merits in this complicated decision making
process. Though all are integrative and promote a
more holistic view and analysis of water resources
and uses, they tend to be applied at different scales
and with different entry points: MUS at local level
and with a focus on water supply infrastructure,
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IWRM starting with higher level policies, institutions
or organizations, and ESF on catchment scale
ecosystems (Nguyen-Khoa and Smith 2010). In this
document, we propose to rephrase at least one tooth
(water for food) in the IWRM comb and manage

‘water for multifunctional agroecosystems’ (Figure
15). This avoids much of the current dichotomy
between ‘water for food’ and ‘water for nature’ (or
environment) and would help deliver more balanced
ecosystem services (Figure 16).
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Photo: CT Hoanh

Fish ponds as part of the landscape, between rice fields and farms in Vietnam.

2005). Ecosystem services as well as farm income
increased with the degree to which more sustainable
practices were adopted (Appendix 12.4), while the
additional costs for nature conservation were offset
by the reduction in commodity subsidies (Boody et
al. 2005). This example shows how the additional
ecosystem services come from within the production
system, as agroecological landscapes provide a
wider diversity of supporting services, and from the
enhanced quality of the surrounding ecosystems
resulting for instance from reduced pollution.
A major challenge in improving water for ecosystem
services (Figure 15) is that the role of water in
regulatory and supporting services is poorly
understood, both in agroecosystems and other nonagricultural ecosystems. So even if there is a policy
of holistic management, this may not be sufficient to
ensure all ecosystem services are accounted for. This
is another reason why it is so important to encourage
adaptive management as part of everyday practice
in governance systems to help take into account the
implications of climate change on water resources
and agroecosystems when planning sustainable
water management practices. This can be supported
by further identification, evaluation and adoption of
applicable tools that help increase the production
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of food per unit of water, without harmful tradeoffs. Such tools include the economic valuation
and gendered cost benefit analysis of ecosystem
services, assessment of environmental flow, risk and
vulnerability assessment, strategic and environmental
impact assessment and probability-based modeling.

5.3.4 Practical approaches to
water management in
agroecosystems
Regardless of the overall approach, be it IWRM
or other, there is growing recognition that more
practical approaches to the fundamental issue
of ecosystem management must be employed.
More specific policy options and management
approaches can help strike a balance between
increased food production and the preservation of
ecosystems (Gordon et al. 2010), e.g. improved
management practices on agricultural lands can
increase the efficiency with which water is used
to produce food (Section 4.3). Shifting from
mono-cropping to multifunctional agroecosystems
can create synergies among ecosystem services,
meaning that all the services are valued and cared
for rather than just the crop yield output and its
associated water productivity (Nguyen-Khoa and
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Smith 2008). This better ecosystem management
can benefit agriculture and improve system water
productivity in several ways:
•

Increased yields in resource-conserving agriculture can go hand in hand with reduced environmental impacts through increased water use efficiency and productivity, improved water quality and increased carbon sequestration (e.g. in
well-managed grazing lands).

•

Biodiversity is important for securing multi-functionality by acting as an insurance mechanism
by increasing the resilience of ecosystems and
of the livelihoods of men and women who rely
on them (FAO and PAR 2011).

•

Species may seem redundant during some stages of ecosystem development but can be crucial
for ecosystem restoration after disturbance.

Integrated management of agroecosystems directly
links environmental sustainability aspects to other
national, sub-regional and local economic and
social development aspects. Several practical
approaches which can be used to address
ecosystem sustainability and enhance resilience
that are currently receiving a significant amount
of attention are payments for ecosystem services
(PES: sub-section 5.2.3) and the management of
environmental flows (next sub-section 5.3.5). Other
practical approaches aimed at increasing water
productivity in agriculture have been discussed in
other parts of Section 4.3 and some examples of
management of agroecosystems for climate change
are summarized in Appendix 23.

5.3.5	Water for nature:
environmental flows
The concept of environmental flows is closely
linked to the concept of ecosystem services. The
Global Environmental Flows Network defines an
environmental flow as “the quantity, quality and
timing of water flows required to sustain ecosystem
services, in particular those related to downstream
wetlands and aquatic ecosystems and the human
livelihoods and well-being that depend on these
ecosystems” (adapted from eFlowNet 2010).
Hence it is more or less the same as ‘water for

nature’ in IWRM or ‘water for ecosystem services’,
including provisioning and supporting services (for
fish and other aquatic food) and regulation of water
quantity and quality. Studying environmental flows is
directly related to the ecosystem services that derive
from rivers, wetlands, and coastal regions. Even in
arid areas with no permanent water bodies, the
infrequent flow from rainwater runoff is still necessary
for proper ecosystem functioning. While only a
few countries have begun to study environmental
flows in their major water infrastructure projects, the
concept is gaining international recognition. Many
scientists are integrating the concept into IWRM,
thereby increasing the likelihood of its uptake by
other international and state actors.
Environmental flows are seasonal and site-specific.
The idea is that consumptive water use (for
provisioning services) should be set at levels that
do not undermine other ecosystem services. Hence
it is critically important that in water resources
planning a certain volume of water is reserved for
the maintenance of freshwater ecosystem functions
and the services they provide to women and men,
also referred to as Environmental (or Ecological)
Water Requirements (EWR: Appendix 24.1). High
flows of different frequencies are important for
channel maintenance and wetlands flooding, while
low flows of different magnitudes are important for
algae control, fish spawning, and maintaining the
diversity of aquatic habitats. In arid areas, plants and
animals have adapted to depend on infrequent flow
for health and reproduction. In other areas, if flow
regimes of water courses are altered due to dams
or other water abstractions upstream, sufficient flow
at the right times should be maintained in the water
course for the maintenance of aquatic ecosystem
services downstream. Communities in catchments
of dams need to be trained and assisted to come
up with agriculture practices that reduce siltation
and thus increase the lifetime of dams, thereby
increasing the efficiency of water use (Appendices
24.2, 24.3, 24.4, and 24.5).
Maintaining the full spectrum of naturally occurring
flows in a river is normally impossible due to
water resources development and catchment land
use changes. Planned environmental flows can
therefore be seen as a compromise between river
basin development (for irrigation as well as for flood
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Flood plains like this one in Nepal are integral part of an agroecological landscape and require special water allocations (environmental flows).

control, hydropower, and navigation) on one hand
and maintenance of natural river ecology on the other.
Another useful way of thinking about environmental
flows is that of ‘environmental demand’ – similar
to agricultural, industrial or domestic water demand
(Smakhtin and Eriyagama 2008). These flows aim
to maintain an ecosystem in, or upgrade it to, some
prescribed or negotiated condition also referred to
as ‘desired future state’, ‘environmental management
class (EMC)’, ‘ecological management category’
or ‘level of environmental protection’ (e.g. DWAF
1997; Acreman and Dunbar 2004). The higher the
EMC, the more water will need to be allocated for
ecosystem maintenance or conservation, and more
flow variability will need to be preserved.
Actual estimation of environmental flows is complicated
by the lack of both understanding of, and quantitative
data on, relationships between river flows and the
multiple components of river ecology. Few countries
have determined the required environmental flows at
the river basin level and included provision for such
flows in national water allocation frameworks. In most
cases, limited information is available at project level,
such as for large dam projects.
The major criteria for determining environmental
flows should include the maintenance of flow
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variability, which affects the structural and functional
diversity of rivers and their floodplains, and which
in turn influences the diversity of aquatic species
(Bunn and Arthington 2002). Many environmental
flow assessment methods, which directly or indirectly
encompass the above principles, have been
developed in recent years (Tharme 2003; Acreman
and Dunbar 2004; IWMI 2007). These techniques
differ significantly in required input information and
output accuracy. Some of them – like holistic methods
of high confidence – follow a detailed protocol,
involve significant fieldwork, multidisciplinary panels
of experts, and take a long time to complete for
a single river basin (King and Louw 1998; King
et al. 2003). Other (desktop) methods are based
primarily on ecologically relevant hydrological
characteristics, indices, or analysis of hydrological
time series (Tennant 1976; Hughes and Hannart
2003; Smakhtin and Anputhas 2006). The ELOHA
(Ecological Limits of Hydrological Alteration)
concept is a framework for broadly assessing
environmental flow needs in a large region when indepth studies cannot be performed for all rivers in a
region (Arthington et al. 2006). Different techniques
are used for different purposes – from general
water resources planning to detailed schedules of
managed dam releases, in a context of adaptive
management (Poff et al. 2010).
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EWR required for maintaining a fair condition of
freshwater ecosystems range globally from 20
to 50 percent of the mean annual river flow in a
basin. It is shown that even at estimated modest
levels of EWR, parts of the world are or will soon
be environmentally water stressed (Smakhtin et
al. 2004) and some authors even argue that
environmental flows could be the biggest threat to
agriculture (Strzepek and Boehlert 2010). Figures
17 and 18 show environmental water requirements
in global river basins (as percentage of total
available water), and the environmental water
stress index (WSI), respectively. The WSI reflects
the scarcity of water for human use by taking into
account EWR.

5.4	Water Management
in Agroecological
Landscapes
Managing agricultural land to deliver multiple
services considerably improves values derived.
This is best done at the landscape level, linking
ecosystems and managing natural resources such as
water and land specifically to enhance ecosystem
services, thereby integrating all sources of water in
the basin, from rain, in the soil, in aquifers and as
surface water. As stated in sub-section 5.3.3, water
is then no longer supplied to crops, trees, livestock,
or fish, but to multifunctional agroecosystems
linked and managed together at the river basin

Figure 17. A global distribution of estimated total EWR expressed as a percentage of long-term mean annual river runoff (Smakhtin et al. 2004).

Water Stress Indicator
Low < 0.3
0.3 0.4
0.4 0.5
0.5 0.6
0.6 0.7
0.7 0.8
0.8 0.9
0.9 1
High >= 1
No discharge
Major River Basins

Figure 18. Map of a water stress indicator which takes into account EWR. Areas shown in red are those where EWR presented in Figure 18 may not be satisfied under
current water use. Most of the areas with variable flow regimes (and consequently the modest EWR of 20-30% of MAR) fall into the areas of environmental water scarcity
(Smakhtin et al. 2004).
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or landscape level. In this way, synergies can be
exploited and productivity can be improved, while
obtaining added value from improved carbon
storage, erosion control, water retention, waste
treatment, and cultural and recreational values
including tourism. Notably, most of these added
services do not conflict with agricultural production
but in many cases improve both its productivity and
sustainability.

•

Promote diversity within the production systems: Optimizing the diversity of the above
and below ground biotic components within
the production system (crop biodiversity, animal
diversity, soil biodiversity, and pollinators) can
increase the adaptive capacity of the cropping
system to buffer against fluctuations in water
availability, temperatures, pests and diseases,
thereby enhancing the resilience of rural livelihoods. Synergies with livestock and aquaculture can be explored to increase resource
recovery and productivity, for instance in croplivestock systems, rice-fish culture, tree-crop systems, aquaculture in reservoirs, forest-pastures,
or wastewater-fed aquaculture. Integration of
trees can help fix nitrogen, tighten nutrient, water, and carbon cycles, and produce additional
goods, such as year-round availability of fodder and biomass for use as organic fertilizer
and fuel.

•

Promote diversity in landscapes: Landscapes
with high levels of biodiversity are more resilient and better able to mitigate environmental
impacts. Large monocropped areas can be

Photo: Sajal Sthapit

The recommendations in this section are based on
the findings on the various types of ecosystems and
integrated ways to enhance water management for
food security (Chapters 2, 3, 4 and 5). In addition,
principles of sustainable water management for
agriculture in ecoagriculture have been incorporated
(Molden et al. 2007c). As a result, the specific
recommendations concerning water are only part
of the larger message on how to manage natural
resources sustainably and make the transition from
production systems to multipurpose agroecosystems.
These guiding principles have been combined from
various sources and would increase ecosystem
services and sustainability while using the same
resources, hence be more productive (Swift et al.
2004; Molden et al. 2007c; van der Zijpp et al.
2007; Bossio and Geheb 2008; Hajjar et al.
2008; Swallow and Meinzen-Dick 2009; World

Bank 2009; Zomer et al. 2009; Garrity et al.
2010; McCartney and Smakhtin 2010):

Agroecological landscape in Nepal with fields, houses and trees.
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developed into landscapes with higher levels
of biodiversity by identifying and linking natural habitat patches, including aquatic ecosystems. Habitat integrity and connectivity can be
maintained by incorporating hedgerows, multipurpose trees, and corridors of natural vegetation interconnecting parcels of agricultural land
and natural ecosystems (such as wetlands and
forests – these may need to be specifically developed where they are too far away). In large
irrigated areas, canals and roads can be lined
with perennial vegetation such as trees, thereby
also serving as important passages and habitats for animals. Canals and other waterways
can connect aquatic ecosystems and thereby
maintain the connectivity of migratory routes,
providing the variety in habitats required for
subsequent life cycle stages such as spawning.
Landscape-scale planning of strategic tree cover interventions can reduce flow accumulation
by providing sites for water infiltration and penetration (for example contour hedgerows can
also reduce run-off and soil erosion on slopes
and buffer strips may protect water courses).
By incorporating both fodder production and
grazing land, livestock can be managed at the
landscape level too, thereby enabling animals
to reach otherwise inaccessible feed sources
and avoiding overgrazing and trampling of vulnerable areas. This creates landscapes that are
more resilient and better able to mitigate environmental impacts, as hedgerows and buffer
strips also reduce runoff and erosion, and help
protect watercourses and field crops.
•

Choose the right infrastructure and operation:
Infrastructure planning and operation can widen the focus from delivering water to field crops
to providing water for multiple uses by different
members of society, including water for bathing, laundry, animal drinking, home gardens,
fish ponds and many other domestic and productive. It would also have to take into account
current access to water and where necessary,
expand this with appropriate structures for harvesting of rain or runoff water, complemented
with site-specific water storage and distribution
infrastructure. This would need to take into account property rights and their gendered nature,

including the rights to the use and management
of shared water resources.
•

Mobilize social organization and collective
action: Engaging local communities in water
resources management and ownership is critical to ensure these practices meet the needs
of the people and are carried into the future
for meeting food and environmental needs.
This would also include management of other
natural resources, such as land and the use of
common forest and grazing lands. Alternative
grazing management practices can only have
a substantial impact when compliance is high.
However, efforts need to be made to ensure
that management and ownership involve equitable access across diverse and sometimes
marginalized groups within local communities. Devolution of responsibilities has to be
matched with devolution of rights or power.
Raising awareness among them about the implications of alternative types of water use and
the trade-offs will greatly enhance their capacity to conserve biodiversity and manage water
efficiently.

•

Develop institutions for integrated natural resources management: Up until now, relatively
more effort has been placed on building institutions to manage irrigation delivery than in overall water and natural resource management.
But institutions must be developed and supported to maintain healthy multifunctional agroecosystems and ensure equity of access, use
and control over resources. At a larger scale,
equitable institutional arrangements need to
incorporate the means to deal with both onsite and off-site effects. The introduction of new
structures or new rules might increase local or
macro social inequalities. Care has to be taken
that inequalities do not lead to conflicts over
resources or to a lack of trust and cooperation
which can jeopardize an efficient and sustainable management of natural resources.

•

Supportive policies: National level policies can
support the development and management of
early warning and response systems for climate
change, but also improved markets, buffers of

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

75

food and fodder, as well as insurance schemes
to cover loss of yields or livestock. Incentive systems such as payments for ecosystem services
(PES) can support the transition to more sustainable farming systems, including for instance
the stimulation of smaller herds. Multifunctional
agroecological landscapes need supporting
services in all sectors, ranging from water distribution and soil fertility monitoring, to veterinary
services and public health facilities.
The agroecosystem approach can thus improve
food security and nutrition by diversifying food
sources at the landscape level while also improving
sustainability. For example, rice fields in Vietnam are
used to grow rice (increase food security); reduce
erosion and buffer water quantities (both regulatory
services); retain nutrients (supporting services);
and at the same time diversifying production by
allowing for fish and other aquatic animals in the
rice fields and in ponds interspersed with the fields
for domestic and animal use. Similarly, multipurpose
trees help increase infiltration and reduce runoff
(regulatory services) and can be used in agricultural
landscapes to connect forest habitats; bringing
insects for pollination and soil organisms closer
to fields; cycle nutrients and carbon (supporting
services); and also diversify production by providing
fuelwood and timber in addition to fodder and fruit
(increasing food security).
In aquatic ecosystems, recognition of the full range
of provisioning ecosystem services, not only fish,
is vital if the true value of such ‘aqua-ecosystems’
is accounted for in the livelihoods of people and
local and national economies – and safeguarded.
Beyond capture fisheries, aquatic ecosystems also
provide biodiversity, cultural services, and aesthetic
values. Catering for aquatic ecosystem service at
the basin level, for instance by continued provision
of fish stocks and environmental flows, may
actually benefit more people and make significant
contributions to their well-being and resilience
(Brummett et al. 2010).
Some approaches, such as those designed
specifically for arid areas (Appendix 14), are
capable of saving water and increasing the use of
low-quality water. On the contrary, in humid tropical
regions that receive rain throughout the year water
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is not often considered a scarce resource. Hence
farmers may engage in agricultural practices that
require water in abundance, such as flooding of
fields, which is common in rice cultivation, or shift
from production of lower producing grain to water
consumptive ones such as maize. Even during dry
spells famers are not accustomed to reducing water
use and may not adopt coping strategies such as
maintaining alternate wet and dry conditions or
rainwater harvesting, and cropping of aerobic seed
varieties (e.g. Wani et al. 2009b).
When managing agroecosystems as part of
ecoagriculture or other landscape approaches,
the catchment areas merit special attention. Often
these are degraded and need to be rehabilitated
(Appendix 25). This implies re-growth of grass and
trees, which requires water. Hence in these areas,
the water for agroecosystems will not result in
many provisioning services, except possibly some
fodder as part of cut and carry systems. During
this rehabilitation phase there may thus be higher
water requirements for regulatory and supporting
services (including carbon capture), with less water
for downstream river flows. In the long term this
may be compensated by reductions in erosion (and
siltation of downstream infrastructure), increased
infiltration and higher downstream river flows,
though the hydrology of these systems is not always
predictable. This does show that water management
for agroecosystems is complex and interlinked with
wider catchment and ecosystem management.
Ministries of environment may be in the best position
to promote this ecosystem services approach to
food security at the landscape level. This would
involve promoting recognition of ecosystem services
in food security policy and planning, and promoting
better cooperation between other sectors to improve
sustainability and productivity of food supply
systems. Ministries can support the implementation
of the above guiding principles for instance by
promoting habitat connectivity in agricultural
landscapes and ecological solutions to the threat
birds and other animals pose to seedlings and
crops; linking the management of agroecosystems
and other ecosystems, such as freshwater and
coastal ecosystems, to reduce waste and negative
externalities; and supporting agroecosystem
services and multifunctionality in food production
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Well-managed agroecological landscapes can have high esthetical values (cultural services), such as this irrigated rice landscape in China.

systems. To play this expanded role, the ministries
of environment would need a clear mandate and
the resource and capacity building that is necessary
to fulfill it.

5.5 Conclusion: Managing
Agroecosystem Services
for Food Security
food and financial crises have increased the pressure
on natural resources while opening the thinking on
alternative ways of considering agroecosystems as
potential long term providers of goods and services
if managed in a sustainable and equitable way.
This report through the study of interrelation between
ecosystems, water and food security is aimed at
increasing the understanding and knowledge of
these interactions for better planning and gendered
decision making processes.
To ensure food security it is important for decision
makers to support the management of agroecosystem
services by taking appropriate policy measures that
encourage the use of technologies and approaches
such as sustainable land management, integrated
water resources management and more sustainable
agricultural practices by female and male farmers.
Solutions include not only managing the impact of
agriculture on ecosystems but better management

of agroecosystems and non-agricultural ecosystems
in order to support improved water security for
agriculture. These approaches among others
provide equitable access rights, better soils and
water conservation, qualitative and quantitative
water resources, improved livestock and fish
management, and diversified biodiversity (CA
2007; UNEP 2007, 2009a, 2010; Nellemann
et al. 2009; WWA 2009; Herrero et al. 2010).
Water is already scarce and improving food
security will put more pressure on water resources
and ecosystems. With increasing trans-boundary as
well as urban-rural tensions, finding an equitable
way to distribute water seems difficult. It is possible
to produce the food needed, but if present practices
continue it is not probable that this will solve the
many poverty and environmental challenges
confronting us. When water for ecosystems and
water for food are considered separately, additional
tension is created and the problem gets even more
challenging. Hence, in order to share a scarce
resource and guarantee long-term sustainability, it is
imperative to find wiser ways to meet future water
demands. For sustainable water use, water managers
must consider agriculture as an ecosystem with all
its services, and in turn consider how these services
may be impacted by water. Agroecosystems are
huge providers of food, animals, products, services
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In many parts of Sri Lanka, rice cultivation is done in terraced small valleys surrounded by banana plantations, home gardens and forest: typical humid tropical agroecological
landscapes.

and incomes which could ensure food security, if
they are well managed, in sustainable ways, to
maintain ecosystem functions and benefit from the
full range of ecosystem services.
This calls for a shift in the management of water
from water for food to water for multifunctional
agroecosystems, considering the whole ecosystem
base of provisioning, regulatory, cultural and
supporting services. More research is needed on
tools to analyze the potential at various spatial scales
and over time in order to define an appropriate
and practical management approach. Some
major areas where attention needs to be given
are: the role of agroecosystems in water storage
and supply, particularly regarding renewable
recharge of groundwater and improved soil
moisture storage, and the role of water transpiration
through agricultural crops in sustaining local and
regional water cycles. There are considerable
opportunities for seeking mutually supportive
approaches between agricultural and ecosystem
interests whereby agroecosystems can be sustained
or improved by making them multifunctional. This
could reduce their water use (more ecosystem
services per drop) while also improving the health
of the ecosystems. A key requirement to achieve this
desired outcome is a shift towards better ecosystem
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based management whereby multiple objectives
can be reached through building on these synergies
(IWMI 2010). This increasing complexity requires
adaptive, participatory and cross-scale innovative
research and consultation to form the basis for sound
prioritization for policies and management. Specific
research needs include a better understanding of
the role of women and youth, resilient livelihoods
and adaptive management institutions in addition
to integrating cost-benefit analyses of water
requirements for ecosystem services. The time scale
needs to take into account the potential impacts
of climate change, especially for vulnerable
populations with low adaptive capacity, to ensure
food security targets.
Evidence shows that implementing pro-poor policy
responses to environmental problems enhances
human health, socio-economic growth and
aquatic environmental sustainability (MA 2005).
However, it is not always clear what policies are
best, especially when evaluating decisions about
ecosystems for water and food production, as these
different systems operate on different time scales but
also underlie each other. Healthy agroecosystems
have the potential to provide a high diversity of
nutritional food based on their biodiversity while
through their functioning qualitative and quantitative
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water is provided to the various living organisms to
the benefit of human beings. Wise management of
agroecosystems is key to addressing food security
issues (FAO Netherlands 2005).
Many of the recent synthesis assessments on
environment and water suggest that concerted
global actions are needed to address the root
causes, while local efforts can reduce human
vulnerability to shocks and chronic food insecurity.
There is scope for actions at all levels and scale:
local, national and river basin level. Recognizing
the multiple ecosystem services of agroecosystems,
coupled with elements of Integrated Water Resource
Management (IWRM) at the basin scale, including
consideration of all water resources above and
below the ground, can be a powerful and sustainable
response to freshwater scarcity. Because agriculture
accounts for more than 70 percent of global
water use, agroecosystems are a logical target for
water savings and demand management efforts.
Stakeholders who pay attention to increasing the
productivity of rain-fed agriculture and aquaculture,
which can contribute to improved food security,
are proving to be successful. There is evidence
that IWRM at the basin scale, improved effluent
treatment and wetland restoration, accompanied
by improved education and public awareness, are
effective responses, even to water quality threats
(UNEP 2007).
However, even with improved practices, questions
still remain as to how we will manage water in
ecosystems for agriculture, nature, and cities in
the future. What are the various agroecosystem
functions and services that water can provide?
How do we decide how much water should be
used for crop irrigation and energy production and
how much should be used for nature conservation?
Is it acceptable that agriculture has created artificial
environments and replaced natural ecosystems?
Can we manage our agroecosystems differently
so that more ecosystem services are provided with
the same natural resources, especially land and
water? Will this lead to long-term sustainability and
increased well-being for more people? To ensure that
we have enough water for food and for a healthy
planet, we must go beyond implementing the known
improved techniques, incentives and institutions,
and invest in understanding the various ecosystem

functions and services, as well as their interaction,
in agroecosystems, that cover so much of the
earth’s surface. An ecosystem services perspective
to agriculture can also help in the consideration of
agronomic questions such as crop choices and soil
fertilization, but institutional and market issues need
to be addressed in these choices too.
Typically in most agroecosystems till now the provisioning ecosystem services of biomass for harvesting food, fodder, fiber or other valued goods is targeted, sometimes at an expense of other supporting
or regulatory services (Foley et al. 2005; Gordon et
al. 2010; Raudseppe-Hearnes et al. 2010). Water
availability is one of the restrictions to growth of biomass so much agricultural management is focused
around the supply of water to further enhance the
provisioning capacity of biomass, usually in combination with other inputs such as manure, fertilizer,
improved seeds, and pest control.
At the same time, water plays a significant role in
the support and regulation of various other services
in agroecosystems, for example maintaining
non-agricultural vegetation, such as shade trees,
grasslands and aquatic habitats. All these habitats
are key sources for additional food, fodder, fiber
for many people, not the least the poor and most
vulnerable living in food insecurity and poverty (WRI
et al. 2008). These uses of water in the landscape
can be hampered if agricultural activities are
viewed in isolation and receive disproportionally
more water, which will deplete their ecosystems
capacities (FAO Netherlands 2005). The capacity
of multipurpose agroecosystems will be enhanced,
when the water quantity and quality are adequate
for the whole range ecosystem services (Figures 15
and 16), which will lead to greater environmental
sustainability, more equity and result in higher
economic efficiency in the long term. In some
cases, the difference between natural ecosystems
and agroecosystems becomes blurred, e.g. with
the emergence of culture-based fisheries and
stock enhancement programs in wetlands, and
fisheries from water storage reservoirs for irrigation
and hydropower generation that often become
important sources of food and income in remote
and highland areas. This creates its own challenges
of governance, equitable benefit distribution and
environmental impacts.
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This document has shown the importance of
ecosystem services in agriculture and how better
managed water and ecosystems can contribute
to food security. While this is not an entirely new
message, this publication has combined recent
findings from water management, crop production,
livestick management, aquaculture and agroforestry
in a systematic way to give theoretical background
and practical recommendations on how this can
be done. The next step is to put these guidelines
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into practice and monitor the process closely, to
see how it works in reality and where adaptations
are required in the approach. Baseline valuation
assessments of ecosystem services in agricultural
production systems can then be compared with
those in real life agroecological landscapes,
providing an evidence base on what works and
what does not in the application of an ecosystem
services approach to water and food security.
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GLOSSARY
Acacia – any of various often spiny trees or shrubs of the
genus Acacia in the pea (Fabaceae) family, having
alternate, bi-pinnately compound leaves or leaves
represented by flattened leafstalks and heads or
spikes of small flowers
AfDB – African Development Bank
agrochemical – chemical used in agriculture, including
fertilizers to increase soil fertility and pesticides
(herbicides, insecticides etc.) to control pests
agroecosystem – agriculture viewed as a set of human
practices embedded and part of its own ecosystem
that has certain ecosystem needs, functions and
services and that interacts with other ecosystems.
Agroecosystem management is then the
management of natural resources and other inputs
for the production of food and other provisioning,
cultural, regulatory and supporting ecosystem
services.
AIES – The Arava Institute for Environmental Studies, see
http://www.arava.org/
AKST – Agricultural Knowledge, Science, and
Technology
alfalfa – lucerne or lucerne grass (Medicago sativa), a
flowering plant in the pea family Fabaceae, grown
for fodder, mainly for cattle
alkalinization – process whereby soils become more
alkaline
allocative efficiency – optimal distribution of water for
optimal productivity of a wide range of ecosystem
services
amalou – type of nut butter
aquaculture – farming aquatic organisms, where there
is intervention to enhance yields, ownership of
stocked organisms is retained, or rights to exploit
benefits controlled
aquifer – also called groundwater, where the soil is
saturated with water
arboreal pasture – area where trees and plants are
planted and used for livestock grazing
Argania – species of tree native to the Sapotaceae
family
arid – areas where the ratio of mean annual rainfall to
mean annual potential evapotranspiration varies
between 0.05 and 0.20
basin closure – a situation in which all water in a river
basin has been allocated and hardly any flow
reaches the sea anymore
berm – level, earthen wall constructed for protection or
flood control

biodiversity – the variability among living organisms,
including terrestrial, marine, and other aquatic
ecosystems. Biodiversity includes diversity
within species, between species, and between
ecosystems (TEEB 2010)
biome – a large geographic region, characterized by
life forms that develop in response to relatively
uniform climatic conditions. Examples are tropical
rain forest,savannah, desert, tundra (TEEB 2010)
biomimicry – the examination of nature, its models,
systems, processes, and elements to emulate or take
inspiration from in order to solve human problems
(e.g. studying a leaf to invent a better solar cell), see
http://www.biomimicryinstitute.org/
biophysical – natural resources, including, water, soil
and biosphere, with all natural elements in it.
black water (sewage) – wastewater containing fecal
matter and urine
blue water – water in rivers, lakes and aquifers, though
water in the soil, including groundwater,
is sometimes referred to as ‘green’ water
CA – Comprehensive Assessment of Water
Management in Agriculture (2007), see
http://www.iwmi.cgiar.org/Assessment/
CBD – Convention on Biological Diversity, see
http://www.cbd.int
CBO – Community-Based Organization
CDMRs – Community Driven Management Responses
CGIAR – Consultative Group on International
Agricultural Research, see http://www.cgiar.org/
climate change – “a change of climate that is attributed
directly or indirectly to human activity that alters the
composition of the global atmosphere and that is in
addition to natural climate variability observed over
comparable time periods” (Pachauri and Reisinger
2007)
cms – cubic meters per second
corps – US Army Corps of Engineers
CPWF – CGIAR Challenge Program on Water and
Food, see http://www.waterandfood.org/
CSIRO – Commonwealth Scientific and Industrial
Research Organisation in Australia, see
http://www.csiro.au/
cut and carry system – feed for livestock is harvested
off – farm and brought to the farm for consumption
there, as opposed to grazing systems
deciduous trees – trees that drop their leaves part of the
year, be it during dry spells (in tropical areas) or
during the cold season (in temperate regions)
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desertification – the degradation of resources (land,
water, vegetation, biodiversity) in arid, semi-arid,
and dry sub-humid areas. It is caused primarily by
human activities and climatic variations and leads
to a downward spiral of productivity loss and
increasing poverty
DHI – UNEP-DHI Centre for Water and Environment, see
http://www.unepdhi.org/
driver – any natural or human-induced factor that directly
or indirectly causes a change in an ecosystem
(MA 2005)
DSS – decision support system
DWAF – Department of Water Affairs and Forestry,
South Africa
ecoagriculture – a strategy and related practices for
managing rural landscapes to simultaneously
sustain and enhance rural livelihoods, produce
food and fiber sustainably, and conserve or restore
biodiversity and ecosystem services, see
http://www.ecoagriculture.org/
ecological character – “components and processes that
comprise [an ecosystem] and that underpin the
delivery of ecosystem services” (MA 2005)
ecological footprint – unit of supporting ecosystem
required per unit of production.
ecosystem – a dynamic complex of plants, animals,
microorganisms and their nonliving environment, of
which people are an integral part (UNEP 2009a)
ecosystem health – a comprehensive and integrated
approach that reflects the health of the living and
non-living world around us.
ecosystem services – the direct and indirect contributions
of natural and managed ecosystems to human
well-being. The concept ‘ecosystem goods and
services’ is synonymous with ecosystem services
(TEEB 2010). These include provisioning services
such as food, water, timber, and fiber; regulatory
services that affect climate, floods, disease, wastes,
and water quality; cultural services that provide
recreational, aesthetic, and spiritual benefits;
and supporting services such as soil formation,
photosynthesis, and nutrient cycling (MA 2005)
EFA – Environmental Flow Assessment
efficiency – achieving maximum output from a given
level of resources used to carry out an activity
(OECD 2005)
ELOHA – Ecological Limits of Hydrological Alteration,
a framework for broadly assessing environmental
flow needs in a large region when in-depth studies
cannot be performed for all rivers in a region
(Arthington 2006)
EMC – environmental management class (DWAF 1997)
ENEE – Honduras’ National Utility Company
environmental flow – “the quantity, quality and timing of
water flows required to sustain ecosystem services,
in particular, those related to downstream wetlands
and aquatic habitats, and the human livelihoods
and well-being that depend on them (adapted from
eFlowNet 2010).
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ESF – ecosystem services framework
eutrophication – a process whereby water bodies, such
as lakes, estuaries, or slow-moving streams receive
excess nutrients that stimulate excessive plant
growth (algae, periphyton attached algae, and
nuisance plants weeds)
EWR – Environmental (or ecological) Water
Requirements
existential values – values of ecosystem services in itself,
e.g. nature, but also personal satisfaction from
free-flowing rivers, or spiritual values accredited to
water bodies
FAO– Food and Agriculture Organization of the United
Nations
fertigation – (automatic) control of water and nutrients,
with constant monitoring of ions. This technology
can produce clean water from air or brackish water
fisheries (inland capture fisheries) – subsistence,
artisanal, small-scale and commercial fisheries
employing a range of fixed and moving fishing
gears for fish, molluscs, crustaceans and other
aquatic animal species in freshwaters
food security – exists when all people, at all times, have
physical, social and economic access to sufficient,
safe and nutritious food (FAO2010)
GDP – gross domestic product
GE – grain equivalent
GEO4 – Global Environmental Outlook, report by
UNEP (2007)
germplasm – collection of genetic resources for
organisms
GHG emissions – Green House Gas emissions that can
enhance global warming
GLWD – Global Lakes and Wetlands Database (Lehner
and Döll 2004)
green water – water stored in soil or biomass,
sometimes also used to refer to rainwater
grey water – wastewater produced from baths and
showers, clothes washers, and lavatories
ha – hectare = 10,000 m2
halophyte – plants that have (very) high tolerance of salt
in water or soil
HDI – human development index
herbivory – providing plant material as food for grazing
animals (herbivors)
human well-being – concept prominently used in the
Millennium Ecosystem Assessment – it describes
elements largely agreed to constitute ‘a good
life’, including basic material goods, freedom and
choice, health and bodily well-being, good social
relations, security, peace of mind, and spiritual
experience (TEEB 2010).
hyper-arid – areas where the ratio of mean annual
rainfall to mean annual potential evapotranspiration
is less than 0.05
hypolimnetic waters – the deepest and undisturbed
water layers of a lake (coldest in summer and
warmest in winter)
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IAASTD – The International Assessment of Agricultural
Knowledge, Science, and Technology for
Development (McIntyre et al. 2008)
IHA – Indicators of Hydrological Alteration
ILRI – International Livestock Research Institute (part of
CGIAR), see http://www.ilri.org/
ILWS – Institute for Land, Water and Society of Charles
Sturt University, see http://www.csu.edu.au/
research/ilws/
IPCC – Intergovernmental Panel on Climate Change
IRBM – Integrated River Basin Management
ISRIC – World Soil Information, see http://www.isric.org/
IUCN – International Union for Conservation of Nature,
see http://www.iucn.org/
IWMI – International Water Management Institute (part
of CGIAR), see http://www.iwmi.org
IWRM – Integrated Water Resources Management:
A holistic approach to coordinated water
development and management that seeks to
achieve a balance among the objectives of social
equity, economic efficiency and environmental
sustainability by considering rainwater, surface,
and soil water resources in a broad biophysical
and social context (adapted from GWP 2000).
lalob – nitrogen-fixing tree species of the Prosopis family
landscape – a wider unit of land, interlinking various
agroecosystems and other elements, natural or
man-made, that is managed in a holistic way
liman – a man-made, low-lying reservoir dammed by
dikes designed to trap runoff
LWP – livestock water productivity (sub-section 4.3.3)
MA – Millennium Ecosystem Assessment,
see http://www.maweb.org/en/Index.aspx
macrophyte – A macroscopic plant, commonly used to
describe aquatic plant, that is large enough to be
visible to the naked eye
monogastrics – animals with only one stomach, such as
pigs, poultry and humans (contrary to ruminants like
cattle, sheep and goats, that have 4 stomachs)
MUS – Multiple Use water Services, also: Multiple Use
Systems (van Koppen et al. 2006)
OECD – Organisation for Economic Co-operation and
Development
paddy-aquaculture – agroecosystem where immersed or
‘wet’ rice cultivation is combined with aquaculture,
usually in the same fields
PELUM – Participatory Ecological Land Use
Management, see http://www.pelumrd.org
PES – Payment for Ecosystem (or environmental) Services
or benefits
resilience (of ecosystems) – their ability to function and
provide critical ecosystem services under changing
conditions (TEEB 2010).
salinization (salination) – increase in salt concentration
in an environmental medium, notably soil (OECD
2001)

SEI – Stockholm Environment Institute,
see http://sei-international.org/
semetar – type of porridge
silviculture – the art and science of controlling the
establishment, growth, composition, and quality of
forest vegetation for the full range of forest resource
objectives / forest agriculture
stover – the leaves and stalks of grain or bean plants
that remain after the main product is harvested.
Stover can remain in the field as stubble for direct
grazing or can be collected for use as fodder for
livestock, fuel, or other uses elsewhere.
swale – low-lying track of flat land that is usually
consisting of swamp or marsh. These can be
natural or man-made for flood control and water
storage
TEEB – The Economics of the Environment and
Biodiversity, an international initiative, hosted by
UNEP, that draws attention to the global economic
benefits of biodiversity
(http://www.teebweb.org/).
TNC – The Nature Conservancy, see
http://www.nature.org/
total valuation (of ecosystems) – economic tool that
attempts to account for all of the characteristics
of an ecosystem, including “its resource stocks or
assets, flows of environmental services, and the
attributes of the ecosystem as a whole” (MA 2005)
Trade-off – a choice that involves losing one quality
or service (of an ecosystem) in return for gaining
another quality or service. Many decisions affecting
ecosystems involve trade-offs, sometimes mainly in
the long term (TEEB 2010).
UNCCD – United Nations Convention to Combat
Desertification
UNEP – United Nations Environment Program, see
http://www.unep.org/
wadi – valley or dry riverbed
WANI – Water And Nature Initiative at IUCN
water foot prints – amount of water required to produce
one unit of output
water governance – “political, social, economic,
legal, and administrative systems that develop
and manage water resources and water services
delivery at different levels of society recognizing the
role played by environmental services”
(WWA 2009)
water poverty – a situation where a nation or region
cannot afford the cost of sustainable clean water to
all people at all times (Molle and Mollinga 2003).
water productivity – beneficial output per unit of water
water scarcity – amount of water resources is less than
1000 m3 per capita per year
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water-thrifty plants – plants that use water very
economically and can withstand longer periods of
drought
wetlands – areas of marsh, fen, peat land or water,
whether natural or artificial, permanent or
temporary, with water that is static or flowing, fresh,
brackish or salt, including areas of marine water
to the depth of which at low tide does not exceed
six meters. Wetlands may incorporate riparian and
coastal zones adjacent to wetlands, and islands
or bodies of marine water deeper than six meters
at low tide within the wetlands, as well as areas
where soil is permanently or seasonally saturated
with moisture, see http://www.ramsar.org
WHO – Word Health Organization of the United
Nations, see http://www.who.int
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WorldFish center (part of CGIAR),
see http://www.worldfishcenter.org
WUR – Wageningen University & Research centre,
see http://www.wur.nl/UK/
WWA – World Water Assessment,
see http://www.unesco.org/water/wwap/
WWDR – World Water Development Report, with
results from the WWA
WWF – World Wildlife Fund,
see http://www.wwf.org/
xiji – enhanced wild cropping systems where a family
or groups holds tenure and replants, cares for
and guards the harvested plant material and the
resource trees
zoonotic diseases – diseases transmissible from animals
to humans
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Appendix 1
Ecosystem Management (UNEP)
Conceptual framework of the Ecosystem Management Programme

The UNEP Ecosystem Management Programme
(UNEP
2009a;
http://www.unep.org/
ecosystemmanagement/) strives to change the
sectoral approach to environmental management
and move to an integrated approach towards
sustainable management of forests, land, freshwater,
and coastal ecosystems. UNEP identified 11
threatened ecosystem services as priorities within its
mandate (Figure A1), with the top six in the center:
climate regulation, water regulation, natural hazard
regulation, energy, freshwater, nutrient cycling.
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Figure A2. Conceptual framework of the Ecosystem Management Programme.
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Schematic representation of the conceptual framework of the Ecosystem Management
Programme. Technological progress – e.g., out-of-soil production of biofuels (algal culture in
containers) – may directly contribute to human well-being (the diagonal arrow) and indirectly
through improved ecosystem service delivery (less pressure). Other short-term improvements
can come in the form of policies directly affecting direct drivers such as habitat change,
invasive species and pollution.
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Step 1: Making the case
towards understanding and accepting an ecosystem approach.
Most countries measure development and
wealth in economic terms without considering
the value that ecosystems provide towards overall human well-being. A new organizational
mindset, coupled with institutional changes to
facilitate collaboration between sectors, may
be required for countries to fully understand,
adopt and implement the ecosystem approach.
Countries and other stakeholders have to be
involved in a dialogue on ecosystems and development through workshops on ecosystem
management; rapid assessments of the linkages between ecosystem services and human
well-being; accessible guidelines for various
groups of stakeholders; and dissemination of
key messages.

•

Step 2: Generating knowledge, aimed at
the maintenance and resilience of ecosystem functioning. The Ecosystem Management
Programme will support this by establishing net-

Figure A1. Eleven ecosystem services categories prioritized by UNEP. The
lopsided diagram illustrates UNEP’s role as being most significant in the regulating
(regulatory) services and with the six priority services closest to the centre and five
secondary services at the periphery.

UNEP’s Ecosystem Management Programme takes a
holistic view of the links between ecosystem services
and human well-being, considering ecosystem
concerns in relation to development concerns,
recognizing the interdependence of ecosystem
services and human needs, and acknowledging the
diverse effects on various social groups of declining
ecosystem services. This approach invites all the
relevant stakeholders to take part in collaborative
decision making, priority setting and conflict resolution.
The Ecosystem Management Programme is guided by
five interlinked elements that each offers an entry point
for UNEP intervention: human well-being, indirect
drivers of change, direct drivers of change, ecosystem
functioning and ecosystem services (Figure A2).
Using an ecosystem approach, natural resource
managers can analyze the drivers shaping an

Disease

•
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works for data and information exchange on
ecosystem services; facilitating ecosystem level
assessments; identifying relevant ecosystem services and their relation to human well-being;
identifying direct and indirect drivers of ecosystem change; developing plausible scenarios
based on the impacts of direct and indirect drivers over time; and building capacity to undertake economic valuation of ecosystem services.

prices and the huge impacts these food prices had
as they drove 110 million people into poverty and
left 44 million more undernourished. The report
discusses the status of food production related to
population growth, signaling stabilization of yields
in cereals, after several decades of steady increase,
and reduced fish harvests. The authors relate this to
lack of investments in agricultural development but
also to the results of environmental degradation.

•

Step 3: Turning knowledge to action to improve
delivery of ecosystem services and change the
way we manage ecosystems. This step aims at
improving ecosystem functioning and resilience
by addressing the drivers of change and ensuring equitable access to ecosystem services.
Building on step 1 and 2, data and knowledge
will be used to determine which services have
priority; to develop effective intervention strategies; and to ensure equitable access and use
of ecosystem services by all stakeholders. The
Ecosystem Management Programme will focus
on building local capacity at local, national
and trans-boundary level to assess and analyze
ecosystems and make decisions relating to the
optimal delivery of ecosystem services.

•

Step 4: Monitoring and evaluation to refine intervention strategies. The delivery of ecosystem services is a complex process involving many factors.
Hence the Ecosystem Management Programme
adopts a new approach to monitoring and evaluation by using overall delivery of ecosystem services as a measuring stick rather than impacts on
specific drivers. To ensure the optimal delivery of
ecosystem services, UNEP will offer technical support for the development and review of indicators
of ecosystem service delivery; facilitate review of
the delivery of ecosystem services against established baselines; and facilitate and build capacity
to develop and implement feedback mechanisms
into steps 1 to 3 above.

The natural environment as the basis for food production is threatened by land degradation, urban
expansion and conversion of crops and cropland
for non-food production, such as biofuels. The combined effects of climate change, land degradation,
cropland losses, water scarcity and species infestations may cause projected yields to be 5–25% short
of demand by 2050, with prices expected to rise
by another 30–50%. Without policy intervention,
the combined effects could result in a substantial
increase in the number of undernourished people.
Hence new ways for increasing food supply are
required. Rather than focusing solely on increasing
production, food security can be increased by optimizing food energy efficiency, which would enhance supply. Optimizing food energy efficiency
means minimizing the loss of energy in food from
harvest potential through to processing and actual
consumption and recycling. By optimizing this chain,
food supply can increase with much less damage to
the environment. Nellemann et al. (2009) thus propose 7 options for improving food security without
compromising environmental sustainability:

The environmental food crisis
(Nellemann et al. 2009)
In the same year that UNEP launched its Ecosystem
Management Programme, an important publication
was brought out on the role of the environment in
averting future food crises (Nellemann et al. 2009).
It discussed the recent surge of 50–200% in food
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Options with short term effects:
1. Price regulation on commodities and larger
cereal stocks to buffer the tight markets of
food commodities and the subsequent risks of
speculation in markets.
2. Removal of subsidies and blending ratios of
first generation biofuels, which would promote
a shift to other types of biofuels based on waste
(if this does not compete with animal feed),
thereby avoiding the capture of cropland.
Options with mid-term effects:
3. Reduction of the use of cereals and food fish in
animal feed and development of alternatives to
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ergy, trade and agriculture, but also with stakeholders in other sectors that draw upon services
provided by aquatic ecosystems, including water supply, conservation and tourism.

animal and fish feed, such as recycling waste
and using fish discards.
4. Support to farmers in developing diversified
and resilient eco-agriculture systems that provide critical ecosystem services (water supply
and regulation, habitat for wild plants and animals, genetic diversity, pollination, pest control,
climate regulation), as well as adequate food
to meet local and consumer needs.

•

Agreement over future scenarios and management objectives among stakeholders.

•

Management for resilience. Because multiple
drivers impact inland fisheries and there are complex interactions between these, managing these
systems requires investment to maintain resilience
and multiple options for future sustainability and
productivity. Resilience is fostered by investments
that maintain ecosystem functioning, reduce vulnerability, and build adaptive capacity in the face
of unforeseen and unforeseeable threats.

•

Pursue adaptive learning within the complexity
of social and institutional environments by adopting an effective process of adaptive learning.

•

Plan and manage catchments for inland fisheries to sustain fisheries productivity, by investing
in maintaining healthy catchments with appropriate land use, and sustaining the quality and
quantity of water flow into lakes and rivers. This
requires engaging with land and water management processes at multiple scales through
strategic environmental assessment, integrated
planning at the basin scale, and design of environmental flow regimes for fisheries.

5. Increased trade and improved market access
by improving infrastructure and reducing trade
barriers, but also reducing armed conflict and
corruption.
Options with mid-term effects:
6. Limiting global warming, including the promotion of climate-friendly agricultural production
systems and land-use policies at scales to help
mitigate climate change, especially with regard
to water resources of the Himalayas.
7. Raised awareness of the pressures of increasing
population growth and consumption patterns
on sustainable ecosystem functioning.

Blue Harvest (UNEP 2010)
Another synthesis report addressed the importance
of inland fisheries as an ecosystem service, the
pressures upon them, and management approaches
to sustain them (UNEP 2010). Rivers and lakes in
Africa, Asia and Latin America provide food and
employment for tens of millions of people. They
provide 33% of the world’s small scale fish catch and
employ over 60 million people, of whom 33 million
are women. The supply of fish from inland waters
is critically important for human nutrition, especially
in Africa and parts of Asia. Over 200 million of
Africa’s 1 billion people regularly consume fish and
nearly half of this comes from inland fisheries.

This approach can be supported by:
•

Improved understanding of the vulnerability to
environmental change of inland fisheries.

•

The development of viable options for addressing
the environmental change threats to inland
fisheries.

•

Capacity building among key stakeholder
groups to increase resilience of inland fisheries
at local, national and regional scales as well
as capacity to sustain and enhance social benefits from these resources.

•

Improved governance of inland fisheries and
their ecosystems.

The policy implications of UNEP’s ecosystem
approach applied to inland fisheries include:
•

Participation of key stakeholders, especially
those concerned with land and water management, and economic development such as en-
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Appendix 2
Water for Food and Ecosystems (FAO 2005)
Sustainable use of water is fundamental for
production
functions
and
well-functioning
ecosystems. However, unsustainable water use
is common as population growth and increased
water use per capita put increasing pressure on the
availability and quality of water resources and on
the ecosystems which are key to regulation, supply
and purification of water. The poor are the first to
suffer from this as the satisfaction of basic food
needs is often obtained at the expense of the natural
environment, which in turn threatens the very basis
of future food production. FAO recognizes this and
calls for an integrated approach to water resources
and ecosystems at the river basin level.
By identifying best practices and generic lessons the
FAO/Netherlands Conference Water for Food and
Ecosystems (FAO 2005; http://www.fao.org/ag/
wfe2005/) aimed at facilitating the implementation
of existing international commitments on sustainable
water use in relation to food and ecosystems.
The conference provided a high-level platform for
governments to 1. identify management practices;
2. analyze practical lessons learned; and 3.
develop the necessary enabling environments, all
leading to sustainable water use at the river basin
level and the harmonization of food production and
ecosystem management:
1. Fostering implementation: know-how for action. Increased knowledge, reliable information
and greater awareness of the complex interactions between water for food and ecosystems,
will help improve the capacity of stakeholders
and ensure that sound decisions are made.
Focusing on best practices can contribute, in
a practical way, to implementing governments’
commitments to effectively balance water for
livelihoods and resilient ecosystems. Key questions include:
•
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•

How to integrate and apply knowledge
for managing the intertwined relation between water for food and ecosystems?

2. “New economy” for water for food and ecosystems. Inputs, services and impacts must be
analyzed in terms of their social, economic, and
environmental values for each stakeholder. The
goal is to help all involved stakeholders make
well informed, transparent decisions on the allocation of natural resources, and ensure that their
decisions are consistent with higher level (national/cross boundary) priorities. This will lead
to a new prospect, “a new economy” of water
for food and ecosystems. Key questions include:
•

How to assess the various positive and
negative externalities of water use?

•

How to ensure that the diverse value of
water is included in decision making processes by stakeholders?

3. The enabling environment. Promising institutional and managerial arrangements must be
adopted at local and national/cross boundary
levels to enable sustainable water management
for food and ecosystems, equitable representation of all stakeholders in the decision making process, and consistency at all levels. Key
questions include:

How to enhance effective stakeholder
involvement?
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•

What institutional arrangements and policies help to enable local stakeholders to
manage their resources and to accommodate the diverse users and uses of water?

•

How can institutions and organizations
offer a platform for joint decision making/negotiation – involving fishers, pastoralists, rainfed agriculturists, and industries – that includes the specific needs of
nature and environment?

Appendix 3
Ecosystems and Human Well-being (MA 2005a)
Key messages synthesized from the Millennium
Ecosystem Assessment (http://www.maweb.org/en/
Index.aspx).
“Initiated in 2001, the objective of the Millennium
Ecosystem Assessment was to assess the consequences of ecosystem change for human well-being and
the scientific basis for actions needed to enhance the
conservation and sustainable use of those systems and
their contribution to human well-being.” The MA was
an enormous undertaking that sought to catalogue the
state of the environment and the changes taking place,
as well as produce recommendations for actions. The
MA has involved the work of more than 1,360 experts worldwide. Their findings on the condition and
trends of ecosystems, scenarios for the future, possible
responses, and assessments at a sub-global level are
set out in technical chapters grouped around these four
main themes. In addition, a general synthesis draws
on these detailed studies to answer a series of core
questions posed at the start of the MA. The practical needs of specific groups of users, including the
business community, are addressed in other synthesis
reports. Each part of the assessment has been scrutinized by governments, independent scientists, and
other experts to ensure the robustness of its findings.
The Millennium Ecosystem Assessment includes a
series of “Key Messages,” which can be stated
generally: Everyone depends on the environment in
countless ways, and that dependence has resulted
in massive changes to ecosystems. It also said that
people, mainly through conversion of land to more
or less intensive agriculture, are the single largest
contributor to reduced regulation and supporting
ecosystem services. These changes have improved
the lives of billions, but have caused significant
environmental damage that has caused the extinction
thousands of species and weakened many ecosystems
to a breaking point. It points out that to prevent more
damage and start to repair the damage that has
already occurred, coordinated conservation efforts
must prevail over unchanging attitudes and ignorance.
The MA made popular the paradigm of environmental

(or ecosystem) services, which was used in a nearly
every environment-al assessment published since.
The MA is broken into five synthesis reports, in addition
to the general synthesis (http://www.maweb.org/
en/Synthesis.aspx):
•

Ecosystems and human well-being: biodiversity
synthesis

•

Ecosystems and human well-being: desertification
synthesis

•

Ecosystems and human well-being: opportunities
and challenges for businesses and industry (MA
2005b)

•

Ecosystems and human well-being: wetlands and
water (MA 2005c)

•

Ecosystems and human well-being: health
synthesis

Each of these synthesis reports is a result of a much
larger report that was produced by a set of experts. In
the report on “wetlands and water” the focus is on the
challenges faced by wetlands and the services they
provide. Through the lens of wetlands, it examines
topics ranging from climate change, population
growth, water scarcity, and ecosystem services
among others. It goes on to suggest cross-sectoral and
ecosystem based approaches to water management
that take into account drivers outside of the traditional
water sector.
Furthermore, a set of three global Assessment
Reports was produced (http://www.maweb.org/
en/Global.aspx) that provide a synthesis of the
information gained from the Millennium Ecosystem
Assessment and organize it conceptually in a way
that is most useful to policymakers. Hence separate
reports have been published under the titles; Current
state and trends (Hassan et al. 2005), Scenarios,
and Policy responses. In addition, various multi-scale
assessments are available (http://www.maweb.org/
en/Multiscale.aspx).
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Appendix 4
Environment for Development (GEO4)

Key messages synthesized from the Global
Environmental Outlook 4 (GEO-4: UNEP 2007),
see http://www.unep.org/geo/geo4.asp.

B. State-and-Trends of the Environment: 1987–
2007 presents trends in each of four areas:
Atmosphere, Land, Water, and Biodiversity.

Published in 2007, the GEO-4, places sustainable
development at the core of the assessment,
particularly on issues dealing with intra- and
intergenerational equality. The analyses include the
need and usefulness of valuation of environmental
goods and services, and the role of such services
in enhancing development and human well-being,
and minimizing human vulnerability to environmental
change.

C. Regional Perspectives focuses on regional
changes since 1987

The GEO-4 uses a “drivers-pressures-state-impactsresponses (DPSIR)” framework for analyzing
environmental change. It privileges human wellbeing and ecosystem services as key concepts, but
moves away from an exclusive focus on ecosystems
to look at the entire set of interactions between
society and the environment.
The GEO-4 is composed of 6 parts:
A. Overview presents the changes that have occurred in the environment and our understanding of it that have occurred in the last 20 years.

116

D. Human Dimensions of Environmental Change
is split into two parts: vulnerabilities of people
and the environment, and governance for sustainability.
E. The Outlook – Towards 2015 and Beyond
presents four scenarios for the future of the environment.
F.

Sustaining Our Common Future presents a number of options for action.

The GEO-4 section on water looks at a variety of
different topics, including: drivers of change, ocean
and aquatic ecosystem health, freshwater availability
for human use and well-being, implementation of
IWRM, the effects of water quality degradation
on human and ecosystem health, water for food,
and tries to establish balanced solutions to these
problems.
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Appendix 5
Water for Food, Water for Life
Key messages synthesized from the Comprehensive
Assessment of Water Management in Agriculture
(CA 2007).

than its irrigated counterpart. The Comprehensive
Assessment changed the way that many in the water field thought about rainfed agriculture.

Published in 2007, the Comprehensive Assessment
of Water Management in Agriculture (CA) was
hailed by many as one of the most important documents focusing on water ever to be produced. It begins with the question: “Is there enough land, water,
and human capacity to produce food for a growing
population over the next 50 years–or will we ‘run
out’ of water?” The answer of the CA is that it is
possible to produce the food–but it is probable that
today’s food production and environmental trends,
if continued, will lead to crises in many parts of the
world. Only if we act to improve water use in agriculture will we meet the acute freshwater challenges
facing humankind over the coming 50 years. It approaches this problem from the view that agriculture is responsible for the vast majority of freshwater
withdrawals, so improving water efficiency in agriculture is the best way to affect the water sector.
After integrating over 5 years of work by over 700
scientists, the Comprehensive Assessment produced
8 policy actions that then formed the basis for the
structure of the rest of the report.

Policy actions recommended by the Comprehensive
Assessment of Water Management in Agriculture
were (CA 2007):

The Comprehensive Assessment argues that the
greatest hope for meeting the food and water
demands of the world 50 years from now lies in
increasing agricultural productivity for many of the
least productive areas. Because of massive disparities between technology and technique, many
farmers have not increased their productivity for
thousands of years. It argues that 75% of the additional food we need could be met by increasing
the productivity of low-yield farmers to 80% of the
productivity that high-yield farmers get from comparable land. The largest potential increases that the
Comprehensive Assessment outlines are in rainfed
areas, which is where many of the world’s poorest people live. Rainfed agriculture had long been
written off by many as low-yield and less important

•

Change the way we think about water – This
entails several things. Instead of focusing only
on obvious water sources like rivers and groundwater, rain should be viewed as the ultimate
source of all fresh water. It also argues that we
should not use standard solutions. Rather, solutions should be crafted based on the political,
social, and economic context. Lastly, agriculture should be viewed as its own multiple use
system and ecosystem.

•

Fight poverty by improving access to agricultural water and its use – This involves improving
water access through legal (water rights) and
infrastructure (storage, etc.) reforms. This also
includes building infrastructure and promoting
pro-poor technologies that target multiple-use
systems.

•

Manage agriculture to enhance ecosystem services – This action aims to recognize the benefits that the agroecosystem can provide, as well
as showing that water for agriculture does not
have to trade off with other services. However,
it notes that there will be changes and careful
and informed decisions must be made.

•

Increase the productivity of water – Increasing
water productivity shows incredible potential
for helping all areas of the water sector–from
environmental flows to crop productivity and
poverty reduction.

•

Upgrade rainfed systems – By improving soil
water soil moisture conservation and providing
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some supplemental irrigation, rainfed systems
hold the potential to lift the greatest number of
people out of poverty and increase water productivity where it is needed most.
•
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Adapt yesterday’s irrigation to tomorrow’s
needs – Expansion of irrigated land has begun
to reach its limits in certain parts of the world,
so adapting current infrastructure to increasing
needs is one of today’s great challenges. Better
technology, integration with agriculture, and
better water management all show potential to
help.

•

Reform the reform process–targeting state institutions – Water institutional reform is important
to facilitate better water management. Involving
a variety of actors and tailoring solutions to specific situational needs are important for crafting
solutions to water problems.

•

Deal with trade-offs and make difficult choices
– Engaging all stakeholders to make difficult
decisions is an important part of the solution to
the coming water crisis.
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Appendix 6
Water in a Changing World (WWDR3)
Key messages synthesized from the third World
Water Development Report (WWDR3: WWA
2009).
The goal of the WWDR is “getting out of the water
box. Many paths to sustainable development are
linked to water, but the decisions that determine how
water resources are used or abused are not made by
water managers alone”. Currently most international
reports and suggestions have water managers as
a target audience. This report acknowledges that
in fact, civil society actors, political actors, and
businesses and economic actors all have a large
influence on the water sector. They are responsible
for many drivers of change, and control access to
most of the response options.
While this approach defines the way that the
WWDR looks at the water sector, the report also has
a number of other focal points. It seeks to provide a
comprehensive assessment of the state of the world’s
water resources, and tries to apply a new approach
to water supply and demand that links them to other
global dynamics. This approach demands more
recognition of the fact that water is vitally important
for a number of other global dynamics including
poverty, and the achievement of all eight millennium
development goals.
The WWDR is divided into 4 parts:
•

Understanding what drives the pressures on
water – This part focuses primarily on drivers,
including demographic, economic, social,
technological, legal and political, and climatic.

•

Using water – The second part first focuses on
the importance of water and its wide scale application in areas from economic development
through ecosystem services. Then it outlines the
evolution of water use, the impacts of water use
on the environment, and begins to address how
to manage water competition.

•

State of the resource – Part 3 begins by examining the global water cycle and the changes that
have recently begun to speed that cycle up.
It then looks at specific changes that have occurred and the challenges that those changes
represent. Finally, it analyzes the state of hydrological observations.

•

Responses and choices – This part looks at potential solutions to water problems. First it notes
responses from inside the “water box,” but then
spends more time evaluating responses that differ from traditional water solutions. Finally, it
looks at solutions that integrate water decisionmaking with broader planning and management decisions.

The WWDR devotes two chapters and nearly 30
pages to effects of water sector changes on the
environment. The focus of the report is on water
for agricultural productivity, and the effects that
pollution and overuse have on ecosystem services
and environmental flows. The report views nonagricultural ecosystems as ‘other’ water users, and
tries to manage water demand within this framework.
It also primarily views the importance of ecosystems
in terms of ecosystem services that they provide.

E c o s y s t e m s f o r Wat e r a n d f o o d s e c u r i t y

119

Appendix 7
International Assessment of Agricultural
Knowledge, Science, and Technology for
Development (IAASTD)
Key messages synthesized from the IAASTD
(McIntyre et al. 2008; www.agassessment.org).
The project to complete the IAASTD was initiated by
the Food and Agriculture Organization (FAO) and
the World Bank, and was eventually sponsored by
a variety of organizations including UNEP. Its goals
were to assess the impacts of past, present, and future
agricultural knowledge, science, and technology
on; i) the reduction of hunger and poverty, ii) the
improvement of rural livelihoods and human health,
and iii) equitable, socially, environmentally and
economically sustainable development.
While the report does not focus explicitly on water
or the environment, it is nevertheless a particularly
important document for this study to include. It has
helped to define the current understanding of how
agriculture works in the world, and has helped to
motivate significant changes in agricultural practice.
Hopefully, this trend will continue into the future and
the IAASTD will keep helping to alleviate poverty.
The IAASTD argued that agriculture is multifunctional–
that it fills many more roles than simply providing
food. It provides fiber, fuel, a variety of other goods,
ecosystem services, a social center, employment,
and a transmission of cultural practices. It accounts
for the livelihood of 40% of Earth’s population.
It acknowledges that any scale of farming can
be either sustainable and highly productive, or
highly vulnerable. It seeks to push agriculture
towards sustainability and productivity through the
application of Agricultural Knowledge, Science,
and Technology (AKST). Furthermore, it aims at
reducing agriculture’s role in poverty. It focuses
on the relations between the environment and
agriculture, and the relations between agriculture
and social equity issues. Finally, it examines
drivers of change, including climate change, land
degradation, reduced access to natural resources,
and several other issues.
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The IAASTD has eight chapters:
•

Context, conceptual framework and sustainability indicators, which focuses on setting up
a framework for the data and arguments provided in the rest of the report,

•

Historical analysis of the effectiveness of AKST
systems in promoting innovation, which sets the
potential for change and guides the goals of
the report based on the historical effectiveness
of other strategies,

•

Impacts of AKST on development and sustainability goals, which looks at past AKST advances and the impacts that they have had,

•

Outlook on agricultural changes and its drivers,
which examines the drivers and the changes
that they will produce,

•

Looking into the future for agriculture and AKST,
which examines possibilities for positive change
as a result of AKST,

•

Options to enhance the impact of AKST on
development and sustainability goals, which
seeks to make improve the use and uptake of
AKST to improve development,

•

Options for enabling policies and regulatory
environments, which is about institutional solutions to water problems, and

•

Agricultural knowledge, science and technology: Investment and Economic Returns, which
addresses the economic aspects of implementation of the IAASTD’s suggestions.

The IAASTD spends a significant amount of its pages
on improving water efficiency in agriculture as a
key driver of overall water use. Furthermore, it seeks
to view agriculture as a part of the environment,
identifying and basing actions on the linkages
between it and other ecosystems. This approach has
gained traction and now helps define how people
look at agriculture’s interaction with ecosystems.
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Appendix 8
Impact of Agriculture on Climate Change
While climate change can be seen as a driver
of food and water security, influencing the role of
ecosystems, agricultural food production has its own
effects on climate change too. Livestock production,
especially cattle, has a negative effect on climate
change by producing greenhouse gases. Its
contribution has been estimated at 18% of the global
anthropogenic greenhouse gas (GHG) emissions
through methane (25–30%), CO2 (30%) and N2O
(25–30%) (Steinfeld et al. 2006). However, more
recent estimations suggest that the agricultural sector
as a whole accounts for roughly 14 percent of
global greenhouse gas (GHG) emissions, of which
three quarters come from developing countries
(Parry et al. 2007; FAO 2009d).
Stored manure and rice grown under flooded
conditions also contribute methane to the atmosphere
(Mosier et al. 1998), while over-application of
fertilizer results in emission of nitrous oxide (Oenema
et al. 2005; Smith and Cohen 2004). Carbon
dioxide (CO2) is released largely from microbial
decay or burning of plant litter and soil organic
matter (Janzen 2004). On the other hand, many
ecosystems absorb carbon dioxide and thus serve
as carbon ‘sinks’, decreasing the CO2 present in the
atmosphere and thereby potentially slowing down
climate change. For example, the world’s forests
are an important carbon sink influencing the global
carbon cycle (Lobell et al. 2008). The world’s

grazing lands store 10 to 30% of total soil carbon
(Schuman et al. 2002). Sahelian rangelands are
highly degraded, but with proper management
could potentially annually capture 0.77 tons of
carbon per hectare (Woomer et al. 2004).
Overall, terrestrial ecosystems have taken up
approximately 25% of anthropogenic carbon in the
last century (WWA 2009). However, destruction
of ecosystems as a result of population growth
and other drivers is limiting the buffering capacity
of those ecosystems. Agriculture, or rather, sound
management of agroecosystems, can play its part
in reducing ecosystem degradation and in turn
reduce greenhouse gas emissions through improved
crop and grazing land management (to improve
soil carbon storage), and improved rice cultivation
and fertilizer application techniques (Metz et al.
2007). Most (70%) of the technical and economic
mitigation potential is in developing countries
(FAO 2009d). However, the impact of carbon
fertilization is uncertain. Atmospheric carbon stored
into (agricultural) plants is quickly cycled back
into the atmosphere through harvesting, human
consumption, and decomposition. Further changes
in the composition of the atmosphere could result in
crop yield increases as a result of CO2 fertilization
and improvements in the efficiency of water uses,
but could also increase pollution (FAO 2009d).
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Appendix 9
From Farming Systems to Agroecosystems
In this document, agriculture is considered as a
continuous range of agroecosystems determined by
the environment (e.g. climate and soil type) in which
they are situated, but also by the farming system
used. This appendix illustrates various types of
farming systems (according to FAO’s classification),
with particular attention to livestock-based systems,
followed by some background on how agricultural
production systems evolve and the introduction of a
new concept of ‘anthropogenic biomes’ (Ellis and
Ramankutty2008).

•

Wetland rice-fish integrated farming – dependent on monsoon rains and supplementary irrigation

•

Rainfed in humid areas – small scale and commercial (tree) crop cultivation, mixed crop-livestock systems

•

Rainfed in steep and highland areas – often
mixed crop-livestock systems

•

Rainfed in dry or cold areas – mixed crop-livestock systems and pastoral systems

•

Dualistic – including large commercial farms
and smallholders

•

Coastal artisanal fishing – often combined with
farming

•

Urban-based – focused on horticulture and livestock

A9.1. Classification and numbers
The Food and Agriculture Organization of the
United Nations (FAO) developed a classification of
farming systems of developing regions based on the
available natural resource base and the dominant
pattern of livelihoods and farm activities. Inputs are
physical, such as climate, soil, altitude, as well as
human, such as availability of labor, market access,
cost of land, tradition, demand for products, capital.
Arable processes include plowing, harvesting and
weeding, while grazing, shearing and milking are
pastoral processes. Outputs can be crops, animals
and animal products. Hence eight broad categories
of farming systems were distinguished (Dixon and
Gulliver 2001):
•
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Irrigated – small holders, medium and large
systems

Each category includes a number of separate farming
systems and has its own issues of vulnerability and
poverty (Table A1). Like any classification system,
especially one trying to divide a global continuum
of agroecosystems into only 8 categories, it fails to
capture diversity. For the sake of this publication,
and particularly due to its focus on water, livestock
numbers have been added because livestock farms
are such large users of land and water.
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Irrigated

Wetland rice-based

Rainfed humid

Rainfed highland

Rainfed dry/cold

Dualistic large/
small

Coastal artisanal
fishing

Urban based

Table A1. Categories of farming systems in developing countries with some characteristics and estimated livestock units (LU) (adapted from Dixon and Gulliver 2001 with
livestock data calculated by An Notenbaert on the basis of FAO 2007c).

3

3

11

10

19

16

4

6

Total land (m ha)

219

330

2013

842

3478

3116

70

Cultivated areaa (m ha)

15

155

160

150

231

414

11

Irrigated area (m ha)

15

90

17

30

41

36

2

Agric. population (m)

30

860

400

520

490

190

60

40

Market surplus

high

medium

medium

low

low

medium

high

high

Poultry (m LU)

1.2

22.4

17.4

18.4

15.8

20.1

0.4

Pigs (m LU)

0.6

34.7

17.0

35.6

6.6

24.6

0.1

Small ruminants (m LU)

3.2

15.2

19.0

16.5

56.5

15.8

0.6

Cattle (m LU)

8.4

81.5

105.0

73.1

118.6

202.4

2.0

No. of farming systems

Cultivated area refers to both annual and perenial crops

a

A9.2. Livestock systems and
drivers

industry is around 1.4 trillion dollars, excluding the
value of infrastructure or land (Herrero et al. 2009).

Livestock production is the single largest land user
globally, with overall 45% of the global surface area
dedicated to livestock production (Herrero et al.
2009). Grassland covers 25% of the land surface
and land dedicated to feed crops occupies one third
of the global cropped area. Livestock production
contributes 53 and 33% of the agricultural gross
production in industrial and developing countries
respectively. Developing countries produce 50% of
the beef, 41% of the milk, 72% of the lamb, 59%
of the pork and 53% of the poultry globally. Mixed
crop-livestock systems produce close to 50% of the
global cereals. The importance of the livestock sector
is also clear from the value of production as milk has
the highest value of production of all commodities
globally. After rice (second), meat from cattle, pigs
and poultry are next in order of importance. In the
least developed countries, the value of the livestock

In terms of cattle numbers, the mixed rainfed systems
have a 40% share of the total cattle herd in the
world’s drylands, followed by grazing systems
(31%) and mixed irrigated systems (29%). In
terms of livestock density in dryland environments,
mixed irrigated systems have the highest animal
density with 39 tropical livestock units per square
kilometer (TLU/km2) followed by mixed rainfed
(20 TLU/km2) and grazing systems (3 TLU/km2). In
general, the combined livestock densities decrease
with increasing aridity, because of concomitant
decreases in primary productivity and carrying
capacity (Thornton et al. 2002). Rainfed areas
of the Nile River Basin with relatively high annual
rainfall per capita (1000 m3) were dominated by
livestock production systems while areas with lower
rainfall per capita mainly had mixed crop-livestock
systems (Peden et al. 2009a; Table A2).

Table A2. Annual rainfall per capita in livestock dominated and mixed crop-livestock production systems of the Nile River Basin.
Production system

Hyper-arid

Arid and semi-arid

Humid

Temperate

Livestock dominated

4

52

191

6

Mixed crop-livestock

-

23

9

8
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Growth in the industrial pig and poultry sectors in
South America and Asia will create the need for
more grain for feed: by 2050, more than 40% of the
global cereal use will be for feed purposes (Herrero
et al. 2009). Because rich countries already
consume high amounts of livestock products, the
growth in demand is predominantly a developing
country phenomenon (Table A3), where some 1
billion poor people are supported by livestock.

For poor smallholder farmers, livestock provide
diverse products and services and an insurance
against various shocks. Livestock are also an
income source, provide livelihood diversification
and improved nutrition (Table A4). In addition to
urbanization and changes in diet, other drivers affect
livestock production and illustrate how food security
and consumption may drive agriculture and influence
management of agroecosystems (Table A5).

Table A3. Current and project consumption of animal products (Herrero et al.
2009).

Table A4. Energy and protein sources in developing countries, by sub-region
(Herrero et al. 2009).

Countries
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Annual per capita
Total consumption
consumption
Meat (kg) Milk (kg) Meat (Mt) Milk (Mt)
28
44
137
222

Developing

Year
2002

Developed

2050
2002

44
78

78
202

326
102

585
265

2050

94

216

126

295
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Region

% of energy from
cereals, roots, tubers

% of energy
from livestock

% of protein
from livestock

West Africa

66

5

16

Central Africa

69

4

19

East Africa

63

11

26

Southern Africa

72

12

36

India

64

8

16

Bangladesh

54

2

6

Table A5. Balancing food production, maintenance of ecosystems service and poverty reduction in livestock systems of the developing world through policy, investment and
technology (adapted from Herrero et al. 2009, 2010).
Drivers and pressures

Policy needs

Investment needs

Technology needs

Agro-pastoral systems
Significant rural – urban migrations,
more conflicts, higher numbers
of vulnerable people, increases in
livestock numbers in some places,
significant impacts of climate change in
places, resource degradation

Frameworks for diversifying income
sources including payments for
ecosystem services and others,
insurance-based schemes

Roads, livestock markets, health and
education establishments, development
of water sources, food storage
systems, telecommunications

Matching livestock breeds to the
agroecosystems, livestock species
changes in some places, suitable crops if
required, early warning systems, mobile
phone based telecommunication products:
prices information and others

Extensive crop-livestock systems
Manageable increases in population
density but significant rural-urban
migrations, potential for increased
crop and livestock production through
intensification, and though large
impacts of climate change in some
places

Infrastructure: roads,

Policies to create incentives and an
enabling environment to produce
food in these regions, appropriate
credit, land tenure rights, incentives
for public-private partnerships,
service and support institutions

post-harvest storage systems,
water sources and storage, health
and education establishments,
markets, development of value
chains, involvement of the private
sector, product processing plants,
telecommunications

Crop varieties suitable for the
agroecosystem, fertilizers and agricultural
inputs, livestock feeds, breeding
systems, livestock vaccines and health
management

Intensive crop-livestock systems
Large increased population densities,
reductions in the primary productivity
of crops, water scarcity or soil fertility
constraints, large increases in livestock
numbers, increases in food prices,
potential food insecurity, environmental
degradation, increases in zoonotic and
emerging diseases

Infrastructure to support value chains:
ports, railways, cold chains, processing
plants, supermarkets and storage
facilities.

Regulations for intensification /
de-intensification, monitoring and
evaluation frameworks for assessing
environmental impacts. Appropriate
regulatory frameworks for global
food trade

Human capacity development to
improve management skills

Options with high efficiency gains:
more crop per drop, more crop per unit
of fertilizer, species or animals with
improved conversion efficiencies of feed
into milk and meat

Industrial landless systems
Most growth in monogastric
production, heavy dependence on
grains as feed, expansion into areas
further away from centers of demand
as transport efficiency develops

Infrastructure to support value chains:
ports, railways, cold chains, processing
plants, supermarkets and storage
facilities

Regulations for intensification /
de-intensification, monitoring and
evaluation frameworks for assessing
environmental impacts. Appropriate
regulatory frameworks for global
food trade

A9.3. Agroecosystems: towards
a broader vision of production
systems
While analyses generally assume average
conditions (such as average temperature and
average monthly rainfall) and equilibrium states,
deviations of the mean better represent reality as
systems are continuously adjusting towards an
equilibrium that may never be reached. Buffering
mechanisms to mitigate shocks should therefore be
put in place in the entire food chain, for instance
through as storage and processing. Sufficient storage
capacity should be maintained in agroecosystems
to sustain long term use of natural resources and
to provide buffering mechanisms to mitigate
fluctuations in production due to environmental
variability, especially of rainfall, that are expected
to increase. Without such measures, the frequency

Animals with improved conversion
efficiencies of feed into milk and
meat, more efficient diet formulation,
technologies for waste disposal

with which shocks occur is likely to increase, while
the intensity might be higher. This will likely worsen
food security of the most vulnerable under conditions
of tightening supply and demand of food, and high
concentrations of people.
Historically, intervention measures have been
continuously implemented to “control” the production
conditions for food to reduce risk and uncertainty.
Development of the agricultural sector faces severe
limitation if control measures to mitigate variability
are inadequate, such as in many countries in subSahara Africa. A rather basic concept underlying
the success of the various agricultural revolutions
in Europe and the United States, Asia and Latin
America holds universally: enabling technologies
should be designed to suit local biophysical and
social conditions to lift productivity (Figure A3).
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Figure A3. Production systems are a consequence of complex interaction of agroecological and economic conditions within a socio-institutional environment (Bindraban et
al. 2009b).

The above concept emphasizes intervention
measures at the farm scale and seeks to secure food
availability and livelihood for the farmer and her/
his family. While farming systems should be well
embedded in the social and economic conditions
they operate in, we increasingly realize the
necessity for them to be sustainably embedded in
their eco-regional setting as well. While excessive
use of water may reduce farmers’ risks as in rice
production, collective demand for water may call
for optimized use of water (Senthilkumar et al.
2009). Also, resource allocation for ecosystems
to function properly and for ecosystems to provide
the necessary services to maintain human activity
should be explicitly accounted for.

Agroecosystems are continuously evolving due
to changing external conditions. Changing
norms, values or international competition lead to
adjustments in production systems. For European
agriculture, Vereijken (2003) classified production
systems that have evolved over the past decades
based on their core objectives (Figure A4). Starting
off as systems to secure food production along with
work and income, integrated systems have evolved
to take ecosystem issues into consideration. With
improving wealth and increasing societal demand
for non-food products and a broader range of
ecosystem services, along with policies to revitalize
the dwindling rural economies, agricultural systems
have evolved with multiple functions embedded in
a mixed landscape.

Figure A4. The multiple functions of agriculture and land use systems to meet ever more rural functions as societal objectives (Modified from Vereijken 2003).
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A9.4. Anthropogenic biomes

Table A6. Biomes with their population and land cover (Ellis and Ramankutty
2008).

A relatively new concept is that of ‘anthropogenic
biomes’, which offers a new view of terrestrial
ecosystems (Ellis and Ramankutty 2008), embedding
a range of agroecosystems. The authors recognize
the impact of human residence and agriculture,
proposing a mosaic of 21 categories in 6 groups:
wildlands to forested, rangelands, croplands,
villages and dense settlements (Table A6).

Biome
Wildlands
Forested
Rangeland
Croplands
Villages
Dense settlements
Global total

Area
million km2
29.4
25.3
39.7
27.3
7.7
1.5
130.9

%
22.5
19.3
30.4
20.8
5.9
1.1
100.0

Population
million people
%
0
0
40
0.6
280
4.3
930
14.5
2,560
40.2
2,570
40.3
6,380
100.0
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Appendix 10
Food from Non-Agricultural Ecosystems

Probably the most documented type of food
collection from non-agricultural ecosystems is
fisheries (UNEP 2010). However, other wild plants
and animals also play an important role in food
security and merit attention (Foresight 2011). In
many cases, ecosystems are actively managed to
facilitate hunting and gathering (Bharucha and Pretty
2011). Integrated management of agroecosystems
can support ecosystem services that are important
for biodiversity and contribute to safeguarding ‘wild
food’. The three mentioned publications provide a
wealth of information on the importance of food
from non-agricultural ecosystems, so here we present
only two examples of ecosystem management that
enhance the sustainability of fishing and other ways
of collecting food from ecosystems.

A10.1 Protecting wetlands in
Madagascar
The Mahavavy-Kinkony Wetlands Complex covers
an area of 268,236 hectares in Madagascar.
Lakes, rivers, marshes, shorelines and mangroves
in this area are home to 12 globally threatened
species of birds, reptiles and fishes, including the
endangered Madagascar teals and Madagascar
sacred ibises. Hunting, overfishing and wetland
conversion to agribusiness are the main threats
to this freshwater ecosystem. BirdLife International
(2007) developed a model for managing these
wetlands by actively involving local communities,
governmental institutions and industrial food
producers established in the area. Various activities
were launched in collaboration with the local
communities and local large private sector food
producers, such as ecotourism, community-based
fisheries management, and controlled hunting
activities. Local associations were developed so
that they were able and legally eligible to take on
management of natural resources in the wetlands.
In January 2007, local achievements were further
strengthened when the government of Madagascar
included the Mahavavy-Kinkony Wetlands Complex

128

in the declaration of an additional 1 million hectares
of new protected areas in the island nation.

A10.2 Small-scale highland
fisheries enhancement in Asia
Assessments of small-scale fisheries in Bangladesh,
China and Vietnam (Ahmed et al. 2011; Cai et
al. 2010; Tien et al. 2010) have shown they are
an important component of local livelihoods and
food security. Globally such fisheries produce
several million tons of catch annually and provide
employment for millions of people. Surveys and
co-monitoring with fishers on the Brahmaputra
River, Mymensingh, Bangladesh indicated that
professional, seasonal and subsistence fishers went
fishing on average 290, 179 and 187 days per
year and landed 1–1.3 kg per day (Ahmed et al.
2011). Although landings by individual fishers may
be relatively small, national level estimates suggest
over one million tons of fish are landed by inland
capture fisheries in Bangladesh (DOF 2009).
Overfishing of what are perceived to be common
property resources combined with habitat loss
and pollution has led to significant declines in the
once abundant freshwater fisheries of Bangladesh.
Capture fishery returns from the Beijiang River,
China declined significantly between the 1950s
and 2000 from around 8,000 to 2,000 tons
per year (Cai et al. 2010). In northwest Vietnam
a decline of around 50% in capture fisheries
yields was found in the Da River since the 1980s
(Tien et al. 2010). Declining fish stocks in China
and Vietnam have been blamed on overfishing,
pollution, sand mining, and dam construction for
irrigation purposes and hydro-electricity generation
(Cai et al. 2010; Tien et al. 2010).
Community-based management could enhance
decision-making and the enforcement of fisheries
regulations, promote broader environmental
awareness and contribute to better pollution control
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and planning and management of proposed
conservation areas (Ahmed et al. 2011). Another
option is aquaculture development, this has been
proposed as one means to supplement fish supplies
in Shaoguan City, China and northern Vietnam,
even though environmental and social concerns
have been noted. Under these development projects
culture-base fisheries are promoted with several
million Common carp (Cyprinus carpio) and Crucian
carp (Carassius carassius) being stocked annually
from fry release platforms moored in Shaoguan City.
Bioeconomic modeling is employed as part of the
HighARCS project to better understand the socio-

economic impact of such restocking programs and
alternative livelihood strategies and conservation
plans. In addition, action is taken to conserve and
restore wild fish stocks and a number of aquatic
conservation areas have been established under
Shaoguan City with objectives including protection
of spawning areas and conservation of rare species.
Insights from the planning and management of
these aquatic conservation areas would be useful
in guiding the establishment of proposed protected
freshwater areas in Bangladesh and potentially
throughout Asia.
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Appendix 11
Regulatory Ecosystem Services in a Watershed
Tibet supplies an important ecosystem service in
the form of fresh water to a large part of Asia.
During the monsoon months the water supplied by
the Tibetan plateau is a negligible fraction of the
total river flows. However, at the end of the winter
and in early spring, glacial melt from the Tibetan
plateau is the major water source for agriculture in
the downstream agricultural areas during a crucial
period of the growing season. In Tibet, the main crop
is spring barley, which has been its staple food crop
for centuries. Over 80% of the catchment consists of
extensive grasslands used for yak herding.
The increased demand for agricultural production in
Tibet, the expected impacts of climate change and
the need to sustain the water flow to downstream
areas challenge policy makers to make the most
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appropriate trade-offs between agriculture and the
environment. Immerzeel et al. (2008) assessed
whether it would be technically and economically
feasible to pay farmers to reduce water consumption
by changing from irrigated to rain-fed crop
production and thus secure the water tower of Tibet.
The analysis shows that it is theoretically possible
to increase discharge out of the catchment in the
critical months April–June by 11% on average.
When farmers are provided with a sufficiently high
economic incentive the river discharge in the critical
pre-monsoon period can be increased significantly
even if the percentage of irrigated lands is
relatively low. Accumulated over larger areas this
could provide a significant increase in total upper
discharge of some of the major rivers (Immerzeel et
al. 2008).
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Appendix 12
Ecosystem Services: Values and Trade-Offs

A12.1. Ecosystem services in the
Mississippi River Delta

A12.2. Global values of
ecosystem services

A recent detailed evaluation was carried out by
Batker et al. (2010) to value various ecosystem
services in the Mississippi Delta. Table A7 shows a
summary of the ranges of values found for a selection
of ecosystem services. Wetlands especially have
very high potential values, largely because of their
crucial role in storm surge and cyclone protection
and in water flow regulation, but also because of
their role in food provision, which is much more
than that of forests. Interestingly, the value of food
production for agricultural land is reported to be
higher only when compared to open fresh water
and upland forest, while all types of wetland yield
more value in food production, most of which comes
from fisheries (Table A7).

When compared to other groups of ecosystems, or
biomes, the total value of ecosystem services from
cropland is relatively low, even for food production.
For example, Costanza et al. (1997) suggest that,
in comparison to croplands, wetlands provide more
valuable food per hectare annually, resulting in
some 84.5 billion dollars in food, while four times
the area in cropland produce only 75.6 billion
dollars globally (Table A8). Graphically these
findings are even more striking (Figure A5), though
the values in this study are rough estimates only.
However, part of the difference could be explained
by the much higher price of wetland food products
such as fish and shrimps, as compared to grain
or pulses. Nevertheless, the paper sparked worldwide discussions and has since then been followed
by many site-specific and more accurate studies
and global analyses (e.g. Balmford et al. 2009;
Batker et al. 2010; TEEB 2010; van der Ploeg
et al. 2010). Interestingly, TEEB (van der Ploeg
et al. 2010) found similar values for lakes and
rivers (7,433) and for wetlands (15,752 both in
Int.$/ha/year – 2007 values) as Costanza et al.
(1997), who reported 8,498 and 14,785 USD/
ha/year – 2004 values, respectively. For other
biomes, such as forests and grassland, the values
were much higher (Costanza et al. 1997; van der
Ploeg et al. 2010).

Upstream water management has been the major
driver of adverse ecosystem change in the Delta.
In particular dam construction and the resulting
changes in hydrology have reduced sediment
transportation and affected the functioning of
wetlands in the Delta. This has increased the
financial costs for maintenance of physical water
and land infrastructure and reduced the ability of
wetlands to protect the area from storms. Despite
agriculture having relatively low ecosystem service
value in the Delta it has dominated water allocation
policy. The result has been an increase in food
production and reduction in water risks for farmers
but an exponential escalation of environmental
risks downstream, such as higher vulnerability to
extreme meteorological events as in the devastating
hurricanes of 2005 (Batker et al. 2010).
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Table A7. Estimation of the average value of ecosystem services of various land cover types in the Missisipi River Delta (in range of US$/ha/year – 2004 values, adapted
from Batker et al. 2010). Empty cells mean that no data were available.
Ecosystem services

Wetland
(fresh & intermediate)a

Wetland
(brackish & saline)a

Wetland (wooded)b

Open waterc

Wooded uplandd

Agricultural
land/pasture

Provisioning services
Food production

145-3,346

145-3,346

145-3,346

57

70

115-308

115-308

115-308

45-1,137

24-1,044

12-13

12

12

693-2,183

693-2,183

511-1,602

1,013-9,865

349-1,513

1,513-16,159

4

3783

3783

3783

3

1,220-4,217

1,521-5,259

1,420-5,353

931

336-628

39-64

Supporting services

503-1,201

503-1,201

503-1,201

3-903

274-1,377

1

Total

7,483-24,914

7,121-17,603

8,001-31,762

1,053-7,006

765-7,569

195-220

Water supply
Raw materials
Cultural services

e

85

35
17-3,978

18-4,408

70

Regulatory services
Water flow regulation
Storm protection
Other

f
g

Weighed (by area size) average of the two types of wetland. Throughout the table, in cases where the value was given for only one type of land use, that value was taken.
Weighed (by area size) average of shrub-scrub wetland and forested wetlands.
c
Average of open fresh water and open estuarine water.
d
Average of upland shrub-scrub and upland forest.
e
Cultural services include recreation and aesthetic value.
f
Other regulatory services include carbon sequestration, gas regulation, waste treatment, pollination, erosion control, and biological control.
g
Supporting services include soil formation, nutrient cycling, genetic resources and habitat refugia.
a
b

Table A8. Estimation of the average global annual value of ecosystem services of terrestrial biomes (in 1994 US$/ha, adapted from Costanza et al. 1997).
Ecosystem services

Forests

Grass

Wetlands

Lakes and rivers

Cropland

Food production

43

67

256

41

54

Water supply

3

0

3,800

2,117

Provisioning

a

Other provisioning

138

Cultural

68

2

1,455

230

Water flow regulation

2

3

15

5,445

Extremes

2

b

106

Regulatory

c

e

4,539

Other regulatory

326

171

4,310

Supportingd

387

1

304

665

38

Total (US$/ha/year)

969

232

14,785

8,498

92

Area (106 ha)

4,855

3,898

330

200

1,400

Total global value (109 US$)

4,706

906

4,879

1,700

128

Provisioning services: water supply, food production, and raw materials.
Cultural services include recreation and other cultural services.
c
Regulatory services such as gas regulation, climate regulation, disturbance regulation (extreme events such as floods, droughts and storms), water flow regulation, erosion
control, waste treatment, pollination, and biological control.
d
Supporting services: soil formation, nutrient cycling, habitat refugia, and genetic resources.
e
Regulation of extreme environmental fluctuations, including flood control, drought recovery and storm protection.
a
b

An interesting exercise would be to use the values from Costanza et al. (1997) to estimate the increase in
ecosystem services in the hypothetical case that croplands were managed for multiple functions rather than
solely for food production. In some cases it seems easy as several ecosystem services had not been assessed
at all in the original studies. But in most cases, naturally this can only give a very coarse idea as the global
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Figure A5. Global distribution of terrestrial biomes (groups of ecosystems), by area (left) and by their contribution to the total annual value of terrestrial ecosystem services
as estimated by Costanza et al. (1997) in 1994 US$. The category ‘other’ includes desert, tundra, ice/rock and urban, for which annual values of ecosystem services are
either unknown or negligible. Freshwater ecosystems in particular provide high value ecosystem services as the contribution of 530 million hectares of wetlands, lakes and
rivers (3% of the land) makes out more than half (53.4%) of the global value of ecosystem services.

values are rough estimates and their extrapolation
only hypothetical. What if, for example, food
production could be enhanced by integrating treecrop-livestock-aquaculture systems? Perhaps this
would increase productivity so much, especially
for high value products such as animal protein,
that it would be acceptable to take the average
value of all productive biomes from Table A8. And
what if the current 10% tree cover in half of the
croplands (Zomer et al. 2009) could be increased
to 15%? By using mainly multipurpose trees that
provide fruits, fodder and timber products, this 15%
tree cover would provide not all, but perhaps two
thirds of the ecosystem services provided by forests,
i.e. 10%. Applied to half of the cropland area, it
might be justified to then add 5% of the value of
forests to cropland. More attractive agroecological
landscapes may have higher cultural value, but
lacking reliable data on this, a safe assumption
could be to estimate this at 1% of the value of
forest or wetland (taking the average of the two).
Since all measures for increasing water productivity
will improve water regulation, agroecological
landscapes should provide better water regulation
services, at least similar to the average of forest
and grassland. Better soil and water management,
combined with intercropping (especially when
using perennial crops), should also reduce erosion;
for this we could use the value of grassland (29
USD/ha/year). Reduction of waste and increased

resource recovery will enhance the waste treatment
potential of cropland, possibly to a similar level as
grassland and forest (both the same value of 87
USD/ha/year in Costanza et al. 1997). Finally,
with increased productivity and better soil nutrient
management, reduced losses, introduction of buffer
strips and habitat corridors, and much higher
biodiversity, various supporting ecosystem services
could increase. Soil formation could be the same
as under grasslands, i.e. 1 USD/ha/year. A low
estimate for the other supporting services could be
to take 1% of the forest value for nutrient cycling
(3.6 USD/ha/year), 2% of the habitat value
of wetlands (6.1 USD/ha/year) and 1% of the
genetic resources value of forests (0.2 USD/ha/
year) (Costanza et al. 1997). All other values would
remain the same, though there might be beneficial
impacts on other ecosystems. Table A9 combines all
these estimates into one, bringing the total potential
value of ecosystem services of cropland from 92 to
278 USD/ha/year. If 10% of this increase could
be achieved, or all of it on 10% of the area, then
the value of the benefits would theoretically increase
by 19% to USD 154 billion globally, if all the above
hypotheses are true. However, the global values
from Costanza et al. (1997) are very coarse and
the hypothetical projection is even coarser, so these
values are only illustrative. Higher and more realistic
projections are discussed in Appendix 12.4 for two
Minnesota watersheds (Boody et al. 2005).
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Table A9. Estimated (Costanza et al. 1997) and potential extrapolated (own
calculations) average global annual value of ecosystem services of cropland that
could be achieved by taking an ecosystem approach to agricultural production,
creating agroecological landscapes (values in 1994 USD/ha).
Estimated value

Potential value

Provisioning services
Food production

54

92.2

Water supply

0

0

Other

0

6.9

Cultural

0

4.4

Water regulation

0

2.5

Disturbance regulation

0

0

Other

38

154

Supporting services

0

10.9

Total value (USD/ha/year)

92

270.9

Regulatory services

A12.3 Polyscape tool for
comparing impacts on ecosystem
services
One of the new tools under development for
assessing ecosystem services is the polyscape
tool (adapted from Pagella et al. 2011). It allows
quantification of trade-offs and synergies among
impacts of land use interventions such as changing
tree cover. Small catchment maps indicate with
colors where new tree cover is most desirable to
enhance woodland habitat connectivity, reduce
flow accumulation, have minimum impact on farm
productivity, and reduce sediment transport (Figure
A6). Green (trees desirable) via orange to red
(trees not wanted) all denote degrees of impact.
When the four benefits are traded off in the large
map, there is only a small area of the catchment
(green) where tree placement benefits all goals. To
substantially enhance some ecosystem services by
increasing tree cover, farmers would need to be
well compensated for loss of production; for others
only certain farms in the landscape are important
and different bits of the landscape have different
value for each service considered.

Figure A6. Example of the application of the polyscape tool (adapted from Pagella et al. 2011) to explore trade-offs and synergies of impacts of tree cover on ecosystem
services.
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A12.4 Potential benefits of
multifunctional agriculture in
Minnesota

extension of the riparian buffer strips to 90 m, and
the use of cover crops (green manure).

Scientists, farmers and other residents of Wells Creek
and Chippewa River watersheds in Minnesota,
USA, developed four scenarios to learn how
farming policy and practices would lead to various
environmental and economic impacts (Boody et
al. 2005). Under scenario A, current practices
continued and a trend towards fewer farms with
increased cultivation of corn and soybean was
projected. Scenario B envisages the introduction of
Best Management Practices such as conservation
tillage, 30 m riparian buffers alongside streams and
no over-application of fertilizers. Scenario C aims at
maximizing diversity as well as profitability, adding
to scenario B wetland restoration, increased crop
diversity (including less than 5% organic farming),
perennial crops, and rotation of crops as well as
grazing. The five year crop rotation included small
grains and alfalfa, leading to a reduction in the
area currently under corn and soybean rotations.
Scenario D further extended this by increasing
vegetation cover, especially perennial grassland,

In both watersheds, ecosystem services such
as erosion control (reduction in sediment and
phosphorus outflow), soil carbon storage, and
days without lethal fish effects increased with
increased sustainable practices (Figures A7 and
A8). Interestingly, net farm income was also highest
under the most environmentally sustainable scenario
(D). Part of the costs of the transition from a series
of intensive production systems to a multifunctional
agroecological landscape, were envisaged to
come from public funds for nature conservation.
While the funds were especially high for scenario
D, these were compensated by the reduced need
for commodity subsidies for corn and soy bean
that are of a higher level altogether (Table A10).
In Wells Creek, greenhouse gas emissions would
be higher under scenario D (7,705 MTCE) than
the baseline (5,003 MTCE), because of the higher
numbers of livestock. This would largely, but not
entirely, be compensated by the increased carbon
storage in the soil (7,258 metric tons/year)

Figure A7. Projected changes (in %) in selected ecological and environmental indicators as compared to the baseline (Table A10) in Wells Creek watershed under scenario
A current practices, B best management practices, C maximizing diversity and profitability and D increased vegetative cover (adapted from Boody et al. 2005).
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Figure A8. Projected changes (in %) in selected ecological and environmental indicators as compared to the baseline (Table HH) in Chippewa River watershed under scenario
A current practices, B best management practices, C maximizing diversity and profitability and D increased vegetative cover (adapted from Boody et al. 2005).

Table A10. Baseline values of the indicators in Figures FF and GG for Wells Creek and Chippewa River watershed in Minnesota, USA (adapted from Boody et al. 2005;
dollars are based on 1999 values).
Baseline values
Indicator

unit

Sediment outflow

000 kg/year

Phosphorus outflow

Wells Creek

Chippewa River

36

1.8

kg/year

3,430

2,322

Greenhouse gas

metric tons carbon equivalent

5,003

2,065

Soil Organic Carbon

metric tons/year

3,902

4,792

Lethal fish effects

days/year

Production costs

000 USD/year

13,522

9,202

Farm income (net)

000 USD/year

2,089

979

Conservation Reserve Program

000 USD/year

115

306

Commodity payments

000 USD/year

1,370

1,386

6.7

11.2

Public funds
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Appendix 13
Opportunities and Trade-offs Between Animal
Production, Ecosystems, and Livelihoods

A13.1 Exploring trade-offs
between livestock, livelihoods,
and ecosystems
In response to several future scenarios, the MA
concludes that in the next 50–100 years, major
agricultural decisions will come in the form of tradeoffs, especially “between agricultural production
and water quality, land use and biodiversity, water
use and aquatic biodiversity, and current water
use for agricultural production” (Nelson 2005).
The accelerating demand for livestock products is
increasingly being met by intensive (industrialized)
production systems, especially for chicken and
pigs in Asia (Thornton 2010). These systems have
contributed to large increases in production: over
the last decade, bovine and ovine meat production
increased by about 40%, pig meat production
rose by nearly 60%, and poultry meat production
doubled (Steinfeld et al. 2006). However, intensified
livestock production poses serious waste problems
and puts increased pressure on cultivated systems
to provide feed inputs, with consequent increased
demand for water and nitrogen fertilizer.
Whereas the negative impact of these systems on
ecosystem services are well known, it is harder
to find suggestions for changes that would allow
these production systems to make a positive
contribution to ecosystem services. The focus is
mainly on mitigation of the negative impacts of
these systems, for example through recovery of
nutrients from manure. In general, producing in a
more sustainable and less polluting way, while still
meeting the demands, will require an investment by
the producer, at least in the short term. For instance,
recovery of nutrients from manure, an important
contribution to the supporting ecosystem service
of nutrient cycling, is highly variable and depends
significantly on infrastructure and handling (Herrero
et al. 2009). Approximately 65% of manure

nitrogen is recovered from (industrialized) intensive
systems in Europe. Almost 30% of this is lost during
storage and maximum cycling efficiencies as
nitrogen available to crops is around 52%, though
with large differences between countries (Oenema
et al. 2007). In developing countries as well there
is a large range of variation in nitrogen-cycling
efficiencies in manure management systems (Rufino
et al. 2006). Manure handling and storage and
synchrony of mineralization with crop uptake,
hence fine tuning of nutrient cycling in the soil, are
key ways of increasing nitrogen cycling efficiencies
in mixed intensive systems, thus contributing to better
regulation of water quality.
Yet, there are also examples of situations where cobenefits emerge between agricultural outputs and
maintenance of ecosystem services. These examples
may not be readily available as they require in-depth
analysis of scientific as well as indigenous evidence
and thus come at a (knowledge intensive) cost.
Some guiding questions on livestock, ecosystems
and livelihoods have been formulated by Herrero
et al. (2009):
General questions
•

Can we meet the demand for livestock products in an environmentally sustainable way
or will the demand for livestock products will
be forced down as trade-offs for resources increase livestock product prices?

•

Will reductions in demand for livestock products in the developed world lead to higher
environmental sustainability? What will be the
effects on producers?

•

Can livestock product prices be maintained at
low levels while accounting for the full environmental costs of livestock production? What will
be the impacts on the poor?
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•

Will livestock systems evolution lead to more
sustainable livestock benefits for society?

•

Can the limits to sustainable intensification be
adequately defined and indicators for measuring it be developed and monitored in livestock
systems?

vestments are required in services and markets.
How do we increase productivity and incomes
in African smallholder farming systems without
significantly reducing soil fertility? Can the role
of livestock be re-defined?
•

How will ruminants in Asia be fed in irrigated
systems as water tables drop and land use is
devoted to the production of staple crops?

•

Mixed systems in North America are gaining
significant research interest but will these systems remain as productive and economically viable as their more industrialized counterparts?

Pastoral and agro-pastoral systems
•

Can the increased global demand for livestock
products lead to increased incomes of livestock
keepers?

•

Will increases in extensive livestock production
to meet demands increase deforestation in the
neotropics?

•

Can we increase grassland productivity through
management and fertilizer inputs without increasing the environmental impacts of livestock
production?

•

A significant carbon sequestration potential
exists in pastoral systems in Africa and Latin
America, but can simple and transparent systems of payments for environmental services
(measurements, monitoring, and payments) be
developed and implemented?

•

Can pastoralists really reap the economic benefits of livestock/wildlife co-existence under increasing human population density, agricultural
intensification and increasing rangeland fragmentation?

Industrial systems
•

Demand for livestock products has significantly
increased the production of monogastrics like
chicken and pigs. This has reduced prices of
meat for poor consumers but at the same time
has caused pollution problems in places.

•

High efficiency (output per unit of feed) is possible in the productivity of monogastrics, but
dependence on concentrates will increase demands for feed grains, possibly fuelling deforestation in the neotropics. Can grain use for
animal production be reduced while maintaining the economic viability and efficiency of
these systems?

•

Systems in North America and Europe are
heavily subsidized to maintain certain environmental and landscape benefits but at the same
time this creates demand for feed (grains) and
resources elsewhere. Is this sustainable?

Mixed crop-livestock systems
•
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Intensifying the diets of ruminants can decrease
methane production, but can this be done without increasing the demand for grains?

•

Intensification of production may increase food
production in parts of the developing world but
can this be done without eroding the diversity
of animal and plant genetic resources as more
productive animals and plants are sought?

•

In Africa sustainable intensification of mixed
extensive areas is possible but significant in-

A13.2 Opportunities for
sustainable livestock systems
It is important to distinguish extensive and intensive
livestock production. Livestock grazing is the single
largest user of land globally in terms of area, but
most of the world’s animal production comes from
intensive industrialized production in developed
countries, closely followed by rainfed mixed croplivestock systems in developing countries. These
intensively farmed areas land areas are the focal
points for ecosystem degradation. For example in
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Table A11. Estimated major sources of soil loss from different land-use practices in Ethiopia and implied major sources of sedimentation of water bodies in Ethiopia (Hurni
1990).
Land use or cover

Area of country (%)

Estimated soil loss (tons/ha/year)

Total soil loss
(million tons/year)

(% of total)

Annual crops

13

42

672

45

Grazing and browse

51

5

312

21

Wood and bush-land

8

5

49

3

Forests

4

1

4

<1

Other

24

-

457

30

Total

100

1,493

100

Ethiopia, 45% of the soil loss occurs on the 13%
of country under cultivation, while grazing lands
covering about half of the country account for only
21% of the soil loss (Hurni 1990; Table A11).
Livestock keeping creates multiple impacts on both
the carbon and the nitrogen cycles, thus impacting
climate change. Luckily, this also implies that there
are multiple options for mitigation within the livestock
sector (World Bank 2009). Livestock production
systems offer significant potential in carbon
sequestration, for instance in improved pastures,
and in reversing deforestation for the production of
feed stuffs through increased agricultural productivity
(Watson et al. 2000). Some livestock herding
systems in Africa have managed large areas in
semi-natural status, maintaining vegetation cover
and indirectly preserving vital ecosystem services.
With respect to reduced emissions, much can be
done by keeping fewer, but more productive animals
through better nutrition, animal health, breeding
and husbandry techniques (Tarawali et al. 2011).
To mitigate greenhouse gas emissions from animal
waste, options lie in increased feed digestibility,
storage and treatment of the waste and appropriate
waste applications (World Bank 2009).
Land degradation is linked with low water
productivity and impaired ecosystem services
(Bossio et al. 2008). Land degradation is often
associated with high population pressure. However,
the extent of land degradation and its causative
mechanisms are highly site-specific (Muchena
et al. 2005). One way of dealing with this is to
facilitate outmigration of people from vulnerable
areas, through the provision of education and credit

services offering alternative livelihoods (World Bank
2009). However, high population pressure and
market demand can in itself trigger investments in
labor-intensive conservation practices and natural
resources management (Nelson 2005). Solutions
tackling land degradation lead to improved
water productivity and environmental health
(Descheemaeker et al. 2009), without reducing the
water availability for food and feed production.
With respect to nutrient cycling, adjustments are
needed both in nutrient-deficient systems, where
soil fertility is being depleted, and nutrient-loaded
systems, where groundwater contamination,
surface-water eutrophication and soil pollution are
major problems (World Bank 2009). Technical
solutions to reduce the quantity of animal waste and
facilitate its proper management and application
have to be supported by regulatory measures and
financial instruments, such as subsidies and taxes.
In nutrient-deficient systems, proper integration of
livestock and crop production components in mixed
and agro-pastoral systems can alleviate nutrient
export through the application of manure and urine
to cultivated areas (Powell et al. 2004).
Sustainable growth and intensification of livestock
production systems will be required to cater for
opportunities of increasing demands for livestock
products, while mitigating the negative effects of the
sector (Tarawali et al. 2011). Substantive investments
and policies are essential to implement the measures
above (World Bank 2009). With more sustainable
livestock production systems, the increased demands
for animal products could be satisfied while
maintaining environmental flows and services.
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Example based on Descheemaeker et al. (2010b).
Crop-livestock farming is an important livelihood
strategy for smallholder farmers in water scarce
areas of Ethiopia, which are characterized by
land degradation, low agricultural productivity,
food insecurity and increasing population pressure.
Integrated watershed management has become a
popular way to tackle the inter-related problems of
land degradation, low productivity, institutional and
organizational constraints and poverty (German
et al. 2007; Shiferaw et al. 2009). Communitybased integrated watershed management, through
exclosures and water harvesting ponds, was
implemented in the water scarce LencheDima
watershed in the northern highlands of Ethiopia (Liu
et al. 2008).

The second intervention consisted of domeshaped water harvesting structures in the farmers’
homesteads. Farmers used on average 50% of the
water to irrigate fruit trees and vegetables planted
in their homesteads. Domestic uses accounted for
about 20% of the water use, and livestock drinking
for the remaining 30%, mostly in the dry period.
The effect of water harvesting structures on livestock
water productivity was brought about through the
reduction of the energy spent by animals for walking
to the drinking points in the dry season (about
11% of their annual energy budget). The energy
saved could potentially be used for productive
purposes such as milk production (Descheemaeker
et al. 2010a). Other studies (Muli 2000; Staal et
al. 2001; Puskur et al. 2006) found that water
harvesting structures enabled farmers to combine
vegetable production with small scale dairy, which
significantly increased milk production and farmers’
income. While animals were kept in the homestead
for drinking, the pressure on the rangelands was
also reduced, avoiding land degradation and
disruption of environmental flows.

Photo: Katrien Descheemaeker

With the overall aim to rehabilitate the degraded hill
slopes in the watershed, exclosures (areas closed
for grazing and agriculture) were established. In
these closed areas contour trenches were made for
improved water infiltration and multipurpose trees
were planted at the time of closing. This enhanced
regulatory (water regulation) and supporting (soil
formation) ecosystem services. The community was
responsible for the protection of the area and this was
institutionalized through written bylaws. Provisioning
services were enhanced as herbaceous and
woody biomass production in exclosures recovered
drastically (Figure A9) and farmers harvested the
grass for haymaking. Exclosures led to improvements

in livestock water productivity (Descheemaeker
et al. 2009): by protecting about 40% of the
rangelands in the watershed, the water productivity
of the feed increased by 18 to 49%, depending
on the amount of hay produced in the exclosures.
As a result, the livestock production per unit of
water depleted also increased (Descheemaeker
et al. 2010b). Long-term environmental benefits
(observed runoff reduction, groundwater recharge
and protection of downstream cropland from peak
flows) and increased woody biomass production
from exclosures contribute to improved ecosystem
services in the watershed.

Figure A9. Degraded open access grazing land (left) and protected exclosures, three years after closing (right).
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Photo: Katrien Descheemaeker

A13.3 Integrated watershed
management for improved water
productivity and ecosystem
services in Ethiopia

Appendix 14
Options for Sustainable Agriculture in Arid
Environments
A14.1 Low tillage and other soil
improvement measures
Amending cultivation methods to fit the landscape
is not a new idea. Sir Alfred Howard, whom many
credit with the invention of organic agriculture13,
talked about farming to fit the land in his 1943
book, An Agricultural Testament (Howard 1943).
In this book, Sir Alfred describes in detail the
damage done to soil structure by excess tillage:
each plowing simplifies the soil, taking away part
of its crop capacity. Plowing breaks up the intricate
structure of living soil and exposes the microflora
and fauna to the sun and the drying air. Deprived
of these vital organisms, the soil loses its ability to
‘clump’ or form colloids of soil and organic matter.
This clumping leaves air channels throughout the
soil; when clumping does not occur water has
no way to penetrate and soils lose their ability to
retain moisture. Plowed soil may then compact
into cement-like surfaces or turn into fine dust that
can easily be blown or washed away by weather
events. Taking all this into consideration, Sir Albert’s
ideal format for rainy England was almost a no till
format depending very much on pasture and animal
husbandry, woodlots, hedgerows and orchards.
The amount of topsoil lost varies from crop to crop.
The rich soils of the American prairie have been
farmed for a hundred or so years, losing one third
of the topsoil and approximately half of the soil’s
fertility. Topsoil is a non-renewable resource, once
lost; it may take hundreds of years to regenerate
naturally. However, with adequate management it
is possible to build an arable layer in 10 years and
thus enhance the supporting and regulatory services
of an agroecosystem. This would involve maintaining
groundcover and steadily increasing the amount of
organic material in the soil, which then increases
its structure, water storage capacity and fertility (Lal
13 Organic or ecological agriculture do not necessarily or always imply low or
no tillage.

2010). Increasing soil organic matter is extremely
hard and the very slow accumulating effect can
easily be disturbed by plowing, especially in arid
areas.
To keep soil in dry areas healthy and intact, long
cycle crop rotations and long fallows are necessary.
Alan Grainger describes such systems in his book,
The Threatening Desert (Grainger 1990):
“Traditional farming in arid and semi-arid areas
was designed to reduce risk of crop failure by
planting a variety of crops with different water
requirements so that there was a good chance
that one would survive if rains were late or limited.
Essential components of this crop system were
drought-resistant food crops. More profitable and
demanding crops such as cotton or groundnuts
could be planted in years when rains were
plentiful. Long fallows were used so that fertility
could regenerate. After four or five years of
continuous cropping on one plot, farmers would
move to another, leaving the first plot idle or to be
used as pasture for up to five years. In some areas,
Acacia senegal trees were allowed to invade the
fallow plot and when mature they were tapped
for Arabic gum, a highly profitable commodity, for
about seven years. During this fallow period, soil
was protected from erosion by tree cover, falling
leaves built up a litter layer so that vital nutrients
and humus accumulated in the topsoil and fertility
was also enriched by nitrogen fixing bacteria in
the tree roots. Finally the trees were felled and
burned and the land was cultivated for food crops
once more.”

These systems were highly effective examples
of biomimicry and sustainability in traditional
agriculture (Benyus 1997). The vegetation
introduced was diverse (see also A14.2) and
required different amounts of moisture at different
times and from different soil layers. The water used
was the water that collected in wadis (temporary
rivers) or alluvial fans from the irregular rains. The
cultivars were a mixture of annual food crops, useful
bushes and perennial indigenous trees, similar to
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the vegetation that grows in such areas with no
human intervention. Wood, cereal, herbs, gum,
fodder, shade, shelter and charcoal were among
the benefits reaped from these traditional systems.

scale production, and for increasing the amount
of usable materials for the desert household. These
goals can be supported by the cultivation of a
diverse and sustainable crop repertoire.

Approaches like this can be applied in areas where
pressure is low. However, when population pressure
increases these farming systems either collapse or,
with increased value of the land, may become
more sustainable. The greening of the Sahel after
successive droughts was not only attributed to
increased rain, but also to widespread adoption
of sustainable farming practices (Herrmann et al.
2005; Reij et al. 2005, 2009).

An investigation of local plants in each candidate
site helps to identify which local plants may be a
valuable source of food for the human population
and which can be utilized to support the flocks
and herds (Danin 1983). There are usually both
seasonal and constant resources among local
species. Many suitable crops might be found
among the local perennial plants (Shmida and
Darom1992). Perennial plants and their longer
cycles of living and yielding are much more
suitable to the desert than annual crops. Perennial
plantations need little tillage allowing for natural
regeneration of soil structure. Desert perennials are
more water thrifty; each liter of water invested in
a perennial is converted to long-lived plant tissue,
fruit, seeds and leaves, an investment not only in
yield for the season but in future yields. Perennial
plants allow for more ecological agriculture; the
long slow breakdown of organic matter and release
of minerals in the arid zones is suitable for the soil of
long-lived plantations. Perennial plants are both the
agents and the beneficiaries of such cycles.

Since desert soils are generally poor, attention must
also be paid to available plant nutrients. Nitrogen
can be increased by the planting of nitrogenfixing trees and legumes, or by the application of
animal manure. Potassium is made available by
the breakdown of leaf litter and the addition of
composted material to the areas under cultivation.
Phosphorus on the other hand, cycles in and out
of plant-available states, which makes it a difficult
nutrient to manage. Most soils contain phosphorus
in unavailable forms: in acidic soils phosphorus
binds to aluminum and iron, in alkaline soils it binds
to calcium, and even with relatively neutral pH soils
phosphorus can become immobile, lost to erosion,
or trapped in clay-humus complexes. It is possible
to add phosphorus in the form of powdered rock
phosphate or rock dust but the release of the nutrient
depends on biological activity in the soil. Acids
produced by bacteria and mycorrhizal fungi act
upon soil phosphorus and change it to available
forms. Therefore phosphorus availability is not just a
function of supply and demand but also of starting
and maintaining high levels of biological activity in
the soil, which illustrates the importance of nutrient
cycling as a supporting ecosystem service.
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A14.2 Sustainable crop selection
for arid agroecosystems

Table A12 lists several local crop candidates from
a zone of hyper-aridity shared by Israel and Jordan.
The advantages of using such desert-adapted plants
include the water-thrifty nature of the germplasm, the
availability of fresh genetic material with no need
for quarantine, local knowledge and familiarity
relative to the plant material and possibly existing
systems for utilization of the plant products. They
are all physiologically appropriate for arid and
hyper-arid areas and multipurpose, producing food
and material for sale and trade and improving the
organic matter content of poor soils and the soil’s
permeability. Hence these plants perform better and
provide more benefits to a population living in a
hyper-arid area.

A combination of farming practices (including soil
management), animal husbandry and agroforestry
can make dry agroecosystems more productive and
sustainable, thus improving livelihoods at the local
level. There may be opportunities for trading and
sale of some percentage of the harvest, for small

Finally, perennial plantations, ideally made up
of various species, such as in many oases, are
regenerative-friendly. They may make best use
of the available water and even help generating
supporting and regulatory ecosystem services. Trees
shade and protect the soil from the sun, lowering
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soil temperatures and thus regulating the micro-climate.
Fallen leaves produce natural mulch and encourage
colonization of beneficial soil organisms. Trees and
perennial plants are sanctuaries and nesting places for
birds, hunting grounds for insectivores, feeding areas
for pollinating insects. Their roots are highways into
the earth for ants, beneficial nematodes, beneficial
fungi and mycorhizza, as well as conduits for sparse
and precious rainfall. When perennial plantations are
established, their mitigating presence allows for the
integration of some annual plants to utilize the runoff from
the irregular rains. Hence a balanced agroecosystem
can be established, with a wealth of regulatory and
supporting ecosystem services, safeguarding the
delivery of food and other provisioning services. In
semi-arid areas, well-managed rangelands could have
similar impacts.
Local species may provide some of these perennial
and annual elements as appropriate choices for
biodiversity resources. The annual plants may include
grass for grazing, medicinal herbs for use or cottage
industry and leafy vegetables to improve the diet of
the farmer and herder. Perennial trees would ideally
be multipurpose, providing fruits, shade, fodder, wood

and more. A good example of such a multipurpose
tree is the Argania spinosa in southern Morocco
that produces hard wood for tool manufacture when
coppiced, can be a source of browsing for goats,
a source of nectar and pollen for honey bees, an
anti-erosive tree in areas with seasonal flooding,
but is most of all a source of edible oil, soap and
cosmetic oil for the local people. Argania oil is
added to porridge (semetar), nut butter (amalou) and
used very much like olive oil in the Moroccan kitchen
(Morton 1987). Another interesting tree is the Lalob or
Balanites aegypticus which supplies browse for goats
and camels, fruit pulp for fermentation, medicinal sap,
oil of good quality for illumination and firewood and
can serve as an anti-erosive (NRC 2008). Members
of the Prosopis family of trees are all nitrogen fixers.
These trees can supply browse, high quality protein
food from pods, firewood, syrup and non-gluten flour
for human consumption, shade and shelter for the
flocks, wind-break and building material. Especially in
the dry season, the trees provide high quality feed for
livestock. Unfortunately several prosopis species have
a tendency to invasiveness that needs to be carefully
managed and thinned to allow for the planting or
emergence of other species.

Table A12. Crop candidates and the potential contributions of their germplasm to ecosystem services in a desert area shared by Israel and Jordan.
Crop Candidate

Provisioning services

Regulatory servicesa

Supporting servicesb

Atriplex

Flowers, pasture, medicinal

apiary

H. salicornia

Browse, flowers, oil

apiary

reclamative, pioneer

Marula

Fruit, oil, timber, liquor, browse

shade

reclamative

Balanites

Fruit, oil, flowers, sap, leaves, medicinal, poles, fence, browse

shade

Commiphorasp

Sap, smoke wood, flowers, medicinal

xerophyte, apiary

reclamative

Boswellia sp.

Sap, incense, smoke wood, medicinal

apiary

reclamative

Acacia

Sap, pods, wood, browse

xerophyte, apiary

pioneer

Achillea

Essential oil, flowers, medicinal

apiary

pioneer

Argania

Nuts, oil, wood, poles, browse

apiary

reclamative

Capers

Buds, medicine, cosmetics, liquor

apiary

ground cover
reclamative

Terebinth

Resin, wood, browse, rootstock

shade, windbreak

Zisiphus

Fruit, poles, liquor, juice, browse

living fence, windbreak

Cassia

Flowers, leaves, pods

apiary

ground cover, reclamative

Saxaul

Browse, sap, flowers

dune stabilization

reclamative

Propsopis

Browse, wood, poles, pods

stabilization, apiary, windbreak

reclamative

Zyglophyllum

Browse, sap, flowers, pasture, medicinal

Artemisia

Essential oil for medicinal use (antimalarial)

pioneer
apiary

Apiary plants are important habitats for bees, hence contribute to pollination. Shade and windbreaks plays a role in climate regulation. Xerophytes use very little water
hence help regulate water flows. Living fence and (dune) stabilization are important in erosion regulation.
b
Reclamative plants and ground cover (also through nutrient cycling) help soil formation. Pioneer plants contribute to climate change mitigation.
a
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A14.3. Arboreal pastures
Another potential intervention in harmony with the
harsh environment of arid areas is the establishment
of arboreal pastures. The first aspect of the planting
of arboreal pastures is their influence on the merciless
wind and water erosion rampant in the parts of the
arid world that have been overgrazed and damaged
by centuries of neglect, then made worse by wasted
run-off and non-sewage saline water. The second
aspect of the planting of arboreal pastures is that it
helps to mitigate the problem of fierce competition
between local animal herders over the rights to graze
sheep and goats on the vegetation that remains.
The goal of arboreal pasture planting is to stop
the erosion by reclaiming and reusing the water
resources to plant native trees and plants. These
plants should be planted in sufficient format and
quantity to regenerate the chosen sites and produce
more biomass for grazing. The competing factions,
who may be communities, institutions or even
commercial stakeholders, in all sites must agree to
work together towards this goal, and share the task
of planting and site care and pledge to share the
pasture areas in a sustainable manner for summer
grazing after the trees and plants are mature. The
immediate objectives of arboreal pasture planting
are the establishment of systems to reclaim and use the
wastewater and runoff that are currently damaging
factors and to turn them into water resources for the
deliberate increase of native vegetation, thereby
halting the ongoing land degradation. The ultimate
goal is an increase of vegetation for grazing,
the establishment of partnerships for sustainable
grazing sites between former rivals and hopefully
the creation of examples that can be emulated in
other contested, arid and desolate grazing areas to
the benefit of all stakeholders (Even-Ari et al. 1982).
Runoff water from non-sewage or saline wastes is
used to nourish indigenous wild trees and shrubs on
rehabilitated ancient terraces. Supporting measures
include fencing the plantings until the trees are
mature enough to be grazed. Various factors are
monitored, such as plant growth, the weather, the
amount of runoff water and other environmental
factors, including biomass, the effect on soil
temperature and the amount of organic material
and available nutrients in the soil. This will allow
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for an accurate evaluation of the development of
the species in the context of the available water
resources. Once the trees are big enough, animals
are introduced to the mature planting to observe
their behavior and preferences during grazing and
to reach an approximation of number of trees and
combination of native plants that will be needed per
head of sheep and goats for sustainable grazing.
Arboreal pasturage can thus provide a wide range
of ecosystem services in addition to grazing grounds,
such as erosion control and enrichment of the soil
by leaf litter and nitrogen-fixing of appropriate tree
species (Rabia et al. 2008).

A14.4 Examples of water
collection in arid areas
Runoff water can be directed after collection, via a
division box, to lateral canals, especially across the
face of a slope, to allow for storage in that slope or
into small depressions or limans in more level areas.
These features can be produced by hand labor with
simple tools. Both slopes and limans can be planted
with low water use perennials and heavily mulched
to prevent evaporation. Water can also be stored
in berms and swales by directing the water into
loading ditches on the upslope side of the features. A
swale planted with grass or a fodder crop will wick
the water laterally across its face. A planted berm
formation will absorb the water upward into its core.
A sound combination of interventions could also
help protect against wind and water erosion. An
example of a dual strategy would be an upslope
catchment area and a berm planted with water
thrifty trees. The water would be slowed by the
catchment area, stored in the berm and so kept
from creating a damaging gully. The trees on the
berm would be supported by the collected water,
and grow strong and tall enough to break the wind.
These principles have been applied in a rainwater
harvesting project managed by the Arava Institute
for Environmental Studies (AIES) in the Negev,
Israel. Nir Moshe is the site of AIES’s largest
rainwater collection experiment in the Negev,
with an average annual rainfall of 250 mm. There
are 20,000 m2 of berms and contour furrows in
this project that collect rainwater from a series of
nearby slopes. The berms were formed by use of
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a bobcat tractor and hand work to create a series
of five curving berms whose nesting concave sides
face the slopes and whose lower points drain into a
roadside ditch that leads to a pond. The berms have
been planted with drought tolerant trees, including
cassia, moringa, albitzia, carob, argania and
leucaeno. A pond has been created at what was
once the lowest point of a gully caused by erosion.
It has been closed at one end, graveled and lined
so that it can accommodate several thousand cubic
meters of water. By the end of January 2010, after

one winter in operation, two thousand five hundred
cubic meters (2,500,000 liters) of water were
collected on this site by the catchment furrows and
stored in tree covered berms. The runoff water was
drained into the small pond. This was the biggest
rainwater harvested at this site since it was created
four years ago, feeding an agroecosystem that
provides a range of provisioning (food, fodder and
other products from the trees), regulatory (water and
erosion regulation) and supporting (nutrient cycling)
ecosystem services.
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Appendix 15
Wetlands
A15.1 Integrated wetland
assessment in Cambodia and
Tanzania
Example based on the application of IUCN’s
Integrated Wetland Assessment toolkit (SpringateBaginski et al. 2009).
Wetlands contain biodiversity of exceptional
conservation significance, comprising many unique
ecosystems and a wide array of globally-threatened
species. At the same time they typically form an
essential component of local, national and even
regional economies, as well as underpinning the
livelihoods of many rural communities. Yet, despite
their importance, they are under increasing pressure.
Weak consideration of wetlands in decision-making
remains one of the major factors leading to their
degradation. Management decisions affecting
wetlands rarely consider the wider biological,
ecological, development or economic values of
wetlands as they are. IUCN developed a toolkit
of methodologies to assess the value of wetland
biodiversity to livelihoods, particularly of the
poorest, and to find ways to clearly present this
information to decision makers (Springate-Baginski
et al. 2009). The methodologies are integrated and
incorporate biodiversity, economics and livelihoods
approaches. The toolkit was put in practice in two
demonstration sites: Stung Treng Ramsar Site in
Cambodia and Mtanza-Msona Village in Tanzania
(Allen and Springate-Baginski 2008).
Following initial scoping exercises to generate broad
basic data, capacity and awareness on wetland
values within the demonstration sites, fieldwork was
completed and integrated reports on the livelihood,
biodiversity and economic values of the areas were
prepared. These assessments yielded detailed
scientific and management information, including
GIS maps and databases, which document key
values and overlaps between threatened species
and areas of high human dependence. Information
obtained in the Stung TrengRamsar site was included
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in the management and zoning plan for this site,
supporting pro-poor wetland conservation and
sustainable use to the benefit of local livelihoods
and biodiversity. Data obtained in the second
demonstration site helped local communities to
understand the importance of wetlands resources in
their livelihoods. The main output of the project is
“An Integrated Wetland Assessment Toolkit: A guide
to good practice”(Springate-Baginski et al. 2009).
This guideline provides a set of integrated assessment
methods that combine and investigate the links
between biodiversity, economics and livelihoods,
with a particular focus on strengthening pro-poor
approaches to wetland management. It aims to
assist in overcoming the current methodological
and information gaps in wetland planning, factor
wetland values into conservation and development
decision-making and management planning, and
assist in identifying areas of potential conflicting
priorities. It is expected to be of use by wetland
site managers, conservation and development
planners, and researchers from both natural
and social science disciplines. The studies in
Cambodia and Tanzania brought experts from
the social, ecological and economic background
to work together. It was not easy to convince them
of the value of the work in each of the other two
disciplines. For example, it was challenging but
ultimately successful to convince the social scientists
of the value of biodiversity assessment and viceversa and it was challenging to find good models
and tools as examples of integrated work (Allen and
Springate-Baginski 2008).

A15.2 Integrated management of
wetlands in China
Example based on Wetlands International (2007).
China has about 6 million hectares of mountain
wetlands of which the largest majority is peatlands.
They provide key habitats for endangered wildlife
and plant species and they also maintain water
levels in streams, rivers and adjacent grasslands.
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Peatlands also provide important ecosystem
services in storing and sequestrating huge amounts
of carbon. However, they are negatively impacted
by unsustainable farming practices (drainage, overgrazing), mining and infrastructure development,
and by climate change. Wetlands International
has set out to involve different stakeholders from
various sectors and government levels (central,
provincial, prefecture, county and community) to
support the integrated management of mountain
peatlands. The work is being conducted in the
Ruoergai Marshes on the Qinghai Tibetan Plateau
and the Altai Mountains in northwestern China. In
these locations, practical ways in which biodiversity
conservation and provision of ecosystem services
can be supported by different economic sectors
and local communities are being tested.
After various meetings with all stakeholders to
enhance understanding of the project and the
importance of biodiversity conservation, biodiversity
and socioeconomic data was collected in the
two sites. In 2007, field activities such as peat
land surveys were initiated by training key local
personnel in the Ruoergai Plateau and Altai. Based
on collated and field data, various strategies for the
protection and sustainable use of the Altai mountain
wetlands were reviewed and a rapid assessment
report prepared. This report was presented to all
stakeholders and their input considered in its final
version. Solutions proposed for the integrated
management of peatlands focused on changes in
infrastructure planning and grazing management.
Techniques for restoring peatlands damaged by
old drainage schemes were also included in the
plan. Currently, other conservation strategies
are under development with collaboration of
local governments. The next steps will be the
implementation of solutions and monitoring of the
impacts on ecosystem services.

A15.3 Wetlands and livelihoods
in South Africa
Example based on WWF (2009a).
Wetlands are important ecosystems for water
security because of their role in water regulation
and water quality moderation. Additionally, they
possess unique biodiversity and offer important

livelihood benefits. However, in many areas the
use of wetlands for small-scale farming is eroding
the wetland integrity and associated ecosystem
services, through unsustainable practices. This is the
case of the Sand River’s upper catchment wetlands
in South Africa’s Limpopo Province. These wetlands
are within densely populated communal lands. The
wetland farmers, 90% of whom are women, are
among the poorest of the country and depend on
these freshwater ecosystems as their only source
of food. But their farming practices, passed from
generation to generation, are causing increased
erosion, increased desiccation, poor soil fertility and
low productivity. In partnership with the Association
for Water and Rural Development (AWARD), the
WWF South Africa Program Office started a project
to recovery the ecological functions of the Sand
River’s wetlands while improving the livelihoods
of the communities living in this area. The project
aims to promote awareness of the value of wetlands
goods and services in providing livelihood security
to poor rural communities, and to develop good
agricultural practices among wetlands’ farmers and
harvesters in the Sand River Basin.
The project started by evaluating the nature and
intensity of farming practices in the wetlands;
detailed and rapid appraisals on 60 plots were
completed using interviews, field assessments
and documentary photographs. The appraisals
confirmed erosion, desiccation and poor soil
fertility as the main negative outcomes from farming
practices. Because wetlands farmers relied very
much on the wetlands for their livelihoods, it was
assumed that they understood their value. However,
this was not true and getting farmers to change their
practices and think about long term management of
the wetlands was a challenge.
Based on this information, all 60 farmers were
grouped on the basis of shared issues and engaged
in a series of workshops and field visits, whereby
they were introduced to basic wetland concepts,
conservation tillage methods and good wetland
practices. During these workshops, discussions
about the need for change were carried out so that
farmers could understand the connection between
their livelihoods and long term wetland security and
functioning. Farmers then designed their own action
plans as well as impact indicators.
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These actions were implemented and their impact
on agricultural practices and the state of the
wetlands was determined using the indicators. An
obstacle for this was the poor communication and
lack of self-organization amongst farmers. Poor
trust hampered knowledge exchange about the
implemented actions. However, with the support
of the project team, farmers understood with time
the importance of working together to find ways

148

to use the wetlands more sustainably. They also
became aware that a number of the problems they
faced had their origins in the micro-catchment and
that working with other stakeholders was needed.
Hence they started working on reducing livestock
damaging crops, preventing gully erosion and
managing the large quantities of water entering the
wetland from the surrounding villages.
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Appendix 16
Integration of Aquaculture in
Agroecosystems

Livestock, agriculture, horticulture, aquaculture and
fisheries production have been closely integrated
in iconic farming systems for hundreds of years;
e.g. dike-pond farming in the Pearl River Delta and
rice-fish culture in Zhejiang Province, China; canaldike culture in Thailand and Vietnam; chinampa
cultivation in Mexico; and taro cultivation with
fishponds in Hawaiian apupua’a agroecosystems.
Several of these traditional systems have virtually
disappeared and most are now under immense
pressure to change, owing to greater concentration
on high-value, cash crop production supported with
external technology (formulated feeds, inorganic
fertilizer, agrochemicals, mechanical pumps,
aerators and filters and agricultural machinery).
Promising approaches to productive multiple-use of
water resources that persist include rice-fish farming
and integration of aquaculture and culture-based
fisheries in reservoirs and these are discussed
further below. Negative environmental externalities
associated with intensive farming become more
apparent and the full cost of external feed, fertilizer,
fuel and technology inputs are accounted for in
cost-benefit assessments. Together this is likely to
influence policy-making and consumer attitudes and
may signal a renascence for traditional resource
efficient and conserving farming systems. Therefore
it is important to preserve knowledge and ideally
examples of such integrated systems to guide
and inform emerging ecocultures. This appendix
summarizes conditions, constraints, and water use
efficiencies in various aquaculture-agroecosystem
combinations (Table A13). Stocking aquatic animals
in predominantly aquatic agroecosystems, with
interconnected field and pond systems, may make a
significant contribution to farm household and local
community food security and nutrition. Appropriate

management and governance arrangements are
required, however, to ensure costs and benefits are
distributed equitably and that impacts of proposed
changes in access arrangements on poor and
landless groups are considered.

A16.1 Aquaculture in rice fields
A special case that has a long tradition is fish
keeping in rice fields. In the discussion on
wetlands (Appendix 15) it is also important to
recognize the synergies between fisheries and rice
cultivation that are being practiced in South East
Asia and elsewhere. These practices may create
agroecosystems that have higher biodiversity and
increased water productivity.
Culturing fish in rice fields can help control pests
and weeds, promote nutrient availability to rice
plants and enhance nutritional benefits and financial
returns from what are widely regarded as low
input, environmentally friendly and more sustainable
farming systems. Integrating fish culture in irrigated
and rainfed rice fields also makes more effective
use of appropriated water resources. Culturing fish
in rice fields is considered a traditional practice
in China, Japan, and Java; more recently ricefish culture has been introduced by development
agencies and extension services to many countries
in Asia and a growing number in Africa. However,
integrated culture of rice and fish requires refined
farm management approaches with increased
dependency on reliable water supply and farmers
having to coordinate rice production and fish culture
practices. Often this lack of expertise combined with
poor quality and unreliable fish seed production has
constrained widespread and long-lasting adoption.
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Table A13. Integration of aquaculture practices with other activities to optimize efficiency and increase water productivity (adapted from Bunting, in press).
Integration
Livestockaquaculture

Management practices
Ducks and geese foraging on ponds
Wildfowl and poultry housed over fishponds
Waste from pigs and cattle directed to
fishponds for treatment and nutrient
recycling
Plant and fish biomass cultivated using solid
and liquid waste fed to livestock

Aquaculture
in irrigation
and water
management
schemes

Fish cages in irrigation channels in India and
Sri Lanka
Culture-based fisheries in domestic supply
and irrigation reservoirs
Aquaculture in traditional irrigation structures
within micro-catchments in Sri Lanka
Fish culture in irrigated rice-fields and farmer
managed systems in Africa and Asia

Aquaculture in
water storage
reservoirs

Fish cages in reservoirs for hydroelectric
power generation
Culture-based fisheries in water storage and
hydroelectric reservoirs
Polyculture in urban and peri-urban waterbodies primarily for floodwater discharge
and amenity

Urban and
peri-urban
aquaculture

Aquaculture in
multi-purpose
household
ponds
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Potential water use efficiency outcomes
Multiple products from ponds and lakes with lower
water footprints
Enhanced environmental protection of receiving
waters through better on-farm waste management
and nutrient recycling
Aquaculture of biomass and fodder crops helps
avoid public health risks and consumer acceptance
of aquatic products grown using waste resources.
Nature of aquaculture means water is conserved,
potentially with higher nutrient content, enhancing
crop production
Aquatic species may predate on disease vectors
and crop pests and weeds
Integration of aquaculture activities may enhance
nutrient cycling and uptake by plants under
irrigation

Multiple-use of water in reservoirs could contribute
to increased revenue generation and alternative
livelihoods for displaced or marginal communities
Appropriate species selection for aquaculture could
contribute to weed control and enhance water
quality in reservoirs.

Exploitation of saline water resources through
integration of aquaculture can contribute to overall
farm productivity and generate new income
streams
Economic benefits of integrating aquaculture, salt
tolerant crop production and salt harvesting could
help offset costs of controlling saline groundwater
problems
Retention of thermal effluents for aquaculture
Production of juvenile fish in cooling water Chemicals used to clean power station and
variations in water temperate may affect growth production can facilitate heat dissipation and
effluents from nuclear power stations in
contribute to meeting statutory discharge
and product quality
France
standards
Farming marine worms in thermal effluents Farming species for human consumption may
Exploitation of thermal effluents can help avoid
pose unacceptable health risks or not gain
in the UK
greenhouse gas emissions associated with heating
consumer acceptance
water for culturing cold intolerant species
Multiple-use of urban and peri-urban water bodies Floodwater storage and groundwater recharge
Fish cages in canals and lakes in
associated with extensive wastewater-fed
may mean hydrology is out of the control of
Bangladesh and Vietnam
aquaculture operations can contribute to
aquaculture
producers
and
associated
operational
Fish culture in canals, lakes, ponds and
stabilizing local hydrological conditions
borrow-pits in peri-urban areas throughout constraints result in sub-optimal management
Risks from pollution and poaching may constrain Vigilance of aquaculture producers helps in
Asia
monitoring pollution and safeguarding water
aquaculture development
Macrophyte cultivation in drainage canals
quality for other users
and low-lying water bodies e.g. Bangkok, Insecure land tenure and pressure from urban
residential and industrial development may
Hanoi, Phnom Penh
constrain investment in aquaculture systems
Aquaculture exploiting food and drink
production and processing by-products
Appropriate integration of aquaculture in
Fish culture in small ponds used primarily for Introduction of aquaculture can cause conflicts
household ponds can contribute to food security
domestic and agricultural purposes
with other agricultural and domestic uses of
and livelihood outcomes without reducing water
household ponds
Composite fish culture in rainwateravailability for other purpose
harvesting structures
Inclusion of aquaculture in rainwater harvesting
Aquaculture in ponds can help reduce pressure
ponds may constrain the use of water use for
on provisioning ecosystems services of natural
other crops and financial risks
water bodies

Aquaculture in Aquaculture in saline groundwater
saline drainage evaporation basins in Australia
and wastewater Fish culture in saline wastewater from
industrial processes and desalinization

Aquaculture
in thermal
effluents and
cooling water

Constraints and conditions
Possible pathogen and disease transfers within
integrated systems
Chemical treatments and dietary supplements for
livestock may affect production and accumulate in
aquaculture components
Excessive waste loadings or perturbations
affecting the ecological-balance of the pond
can result in low oxygen levels and fish health
problems and mortality
Excessive flow rates can impact on animal welfare
and make food unavailable
Debris can block mesh reducing flow rates and
cause physical damage to cages
Management must balance irrigation and
aquaculture demands
New structures may be needed to sustain fish
populations during low-water periods
Agrochemicals in extended irrigation systems and
adjacent areas can affect aquaculture productivity
and may constitute a public health concern
Inappropriate reservoir bed preparation, presence
of submerged structures and drowned trees and
routine dropdown may reduce the area suited to
aquaculture development
Rapid dropdown may damage physical cage
structures
Changes in access and use rights associated
with aquaculture development may cause social
problems
Variation in salinity levels and possible extremes
may constrain species selection or culture duration
Low production rates as compared with prevailing
commercial operations suggest need for further
assessment of financial and economic attributes
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Integration
Management practices
Wastewater-fed Intentional use of wastewater to supply
aquaculture
water and nutrients for aquaculture
Lagoon-based sewage treatment systems
incorporating fishponds developed under the
Ganges Action Plan initiative, India
Fish culture in 3900 ha of ponds in the East
Kolkata Wetlands, West Bengal, India
Duckweed cultivation on wastewater in UK
for processing to biofuel

Constraints and conditions
Health risks posed by wastewater use for
aquaculture demand that appropriate treatment
and control measures are adopted
Consumer perceptions, prevailing beliefs and
institutional barriers may constrain development
Land area required for combined wastewater
treatment and reuse through aquaculture may
prohibit development

Rice-fish culture was adopted widely in northeast
Thailand and West Java, Indonesia and it has been
shown to make an important contribution to incomes
and food security in poor and marginal farming
communities. A large proportion of global rice
production is not under irrigation, and integrating
fish culture in rain-fed fields unsuited to intensive rice
cropping can help in developing more sustainable
livelihoods for farming communities. Collection of
wild food from rainfed rice fields has been shown
to be important but is often overlooked. Perceived
declines in the availability of wild fish and well
developed trading networks for fish seed from
private hatcheries stimulated the adoption of ricefish culture in northeast Thailand.
As concern grows over the sustainability of high input,
irrigated, monoculture rice production and farmers
face increasing bills for fertilizers and pesticides to
maintain yields, the viability of low-input rice-fish
culture measured in conventional financial terms
and based on standard risk assessment criteria is
likely to increase. Farmers should be supported in
assessing their prospects with regards adopting
rice-fish culture and where demand exists action
should be taken to ensure an enabling institutional
environment exists. Successful development of
rice-fish culture has been attributed to: adaptation
of traditional water management approaches to
accommodate fish culture; appropriate extension
services, training and capacity-building; access to
quality fish seed of appropriate species.

Potential water use efficiency outcomes
Management of wastewater promoted by
integration of aquaculture can help operators meet
statutory discharge standards and help safeguard
public health
Wastewater reuse through aquaculture can help
protect the quality of water bodies receiving
discharge from the system
Exploitation of wastewater flows for biomass
production could help alleviate pressure on
freshwater resources

A16.2 From enhanced fisheries
in wetlands to horizontally
integrated land-based (marine)
aquaecosystems
As stated in sub-sections 3.3.2 and 3.3.4, fisheries
and aquaculture are very important sources of
food from wetland systems. In many wetlands,
interventions such as stocking fish and other aquatic
organisms have blurred the difference between
capture fisheries and aquaculture. However, no
systematic impact assessment of this emerging
aquatic resource management strategy has been
undertaken. According to Gurung (2002) carp
have been stocked in several lakes in upland
areas of Nepal to enhance production and reduce
fishing pressure on ‘thinly populated native species’
while safeguarding employment and income for
traditional fishing communities ‘until measures for
conservation practices of locally vulnerable species
are developed’. When planning and implementing
such a strategy appropriate risk assessments and
control measures should be employed to protect
native fish populations and ensure other species are
not negatively affected. Potential social, cultural,
and environmental impacts of such interventions also
demand careful assessment prior to implementation.
As an alternative to stocking natural water bodies
and in response to environmental concerns over
degradation of open water aquaculture, horizontally
integrated land-based marine aquaculture systems
have been developed.
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Responding to concerns over possible environmental
degradation associated with open-water marine
aquaculture and competition for space and resources
with other coastal zone users several bodies
have advocated the development of horizontally
integrated or multi-trophic land-based marine
aquaculture systems. Within such systems farmers
use formulated feeds specific for each species.
E.g. fish, shrimp or abalone, are cultured together
with other organisms, notably microalgae, shellfish,
and seaweed that convert nutrients released from
the fed component to harvestable biomass, either
for use as a supplementary food source, hence
reducing the demands for feed, or to generate
additional revenue, thereby increasing efficiency
and productivity of the system. Other combination
aquaculture systems have similar potential and risks
(Table A13).
In Israel tank-based culture systems have been
developed combining for instance fish or abalone
with seaweed; abalone, fish and seaweed; fish
and shellfish; fish, microalgae and shellfish; fish,
shellfish, abalone, and seaweed. Constructed
wetlands planted with samphire (Salicornia spp.)
that can be harvested for use as a vegetable,
forage or bio-fuel have been evaluated to a limited
extent for additional ecosystem services, including
nutrient cycling (Bunting and Shpigel 2009), but
further work is required to assess likely production
from commercial scale systems, labor demands
associated with management and harvesting,
market perceptions and risks associated with this
strategy.
Integrated systems permit the generation of
higher revenues and more regular cash-flows
from water pumped ashore or from underground,
or available via tidal exchange. A pond-based
system combining fish, microalgae and shellfish
developed on the Atlantic coast of France received
water from a tidally filled reservoir. However, the
capacity of the reservoir limited the biomass of fish
and consequently limited the integrated production
that could be maintained in the systems. In tropical
coastal areas integrated farming systems combining
pond-based fish and shrimp production with shellfish
and seaweed production have been developed.
However, high suspended solids concentrations
can constrain shellfish growth and high turbidity
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and grazing can limit algae production. Mangrove
stands have been used to condition incoming water
and treat aquaculture wastewater.
Economies of integration associated with
horizontally integrated systems, using the same
water, feed inputs, infrastructure, equipment, and
labor to produce multiple crops, appear to offer a
potential advantage over monoculture systems as
they provide a wider range of ecosystem services.
Opportunities to develop comparable systems
in freshwater settings could be explored, as well
as assessments to determine the impact on the
aquaecosystem on ecosystem services within and
outside the system. However, integration places
new demands on farmers in terms of skills and
knowledge requirements, results in additional risks,
in particular related to engineering requirements
and pests and disease and poses new and poorly
defined statutory and marketing challenges.

A16.3 Aquaculture in irrigation
systems
New capture fisheries are often cited as a secondary
benefit associated with reservoirs developed for
irrigation purposes. However, timely colonization
by species suited to reservoir conditions and valued
by fishermen is not guaranteed. Furthermore,
unrestricted and unregulated fishing could limit
the establishment of a substantial, self-reproducing
stock of a desirable species (Munro et al. 1990).
Consequently, establishing a culture-based fishery
or fish culture in pens or cages may be proposed
as a solution. Construction of pens and cages can
be used to partition the available water resource,
potentially enabling displaced or landless peoples
to gain some form of employment and security;
however, the costs of constructing and stocking such
structures can be prohibitive, often leading to rich
individuals and commercial enterprises dominating
the available resources.
In Southeast Asia cages in inland waters are
traditionally between 10 and 100 m2 (Beveridge
and Muir 1993). However, smaller 1 m2 cages
have been developed in Bangladesh, for example,
primarily to permit poor people to engage in
cage-culture (Brugere et al. 2001). The two major
categories of cages utilized are fixed and floating,
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fixed cages being generally smaller and used in
shallow areas (<10 m depth). Management and
input requirements for cage culture can be extensive,
semi-intensive, or intensive. In tropical fresh waters
the most commonly practiced form of cage
culture is semi-intensive (Beveridge 2004). Tilapia
species and common carp are often used for cage
aquaculture in freshwater reservoirs. Cages can
also be deployed in irrigation canals, but flow-rates
and regimes must be suitable and the requirements
of cage operators must be considered in the overall
planning and management of the irrigation system.
Rapid uncontrollable expansion of aquaculture in
larger irrigation reservoirs could potentially result in
access to fishing grounds and navigational routes

being disrupted and this could in turn lead to social
tension (Beveridge and Phillips 1993). Drawdown
and the presence of submerged trees can restrict
the area available for cage-based aquaculture
development (Table A13). Fast drawdown can
also cause physical damage to cages and lead
to upwelling of deoxygenated hypolimnetic waters
which could cause mortalities in overlying fish cages.
Fluctuating water levels can be a serious problem
in reservoirs used for irrigation and hydroelectric
power generation. Uncontrolled development of
aquaculture and associated waste discharges can
lead to serious water quality problems (Beveridge
and Muir 1993) and this can be compounded by
reduced water exchange owing to the physical
presence of pen and cage structures.
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Appendix 17
Ecological Agriculture
One of the recommendations of UNEP for dealing
with the environmental food crisis is to support
farmers in developing diversified and resilient ecoagriculture systems (Nellemann et al. 2009). This
is not exactly the same as agroecosystems that
can include any type of agricultural ecosystem.
Ecoagriculture is one of many approaches towards
sustainable farming and highlighted in the main
document (Sections 3.4 and 5.4) because of its
landscape scale and its compatibility with modern
high input agriculture.
A recent special issue of Critical Reviews in Plant
Sciences (2011, Vol.30, Nr.1–2) provides a
wealth of background on various ways agriculture
could be made more sustainable. In this appendix
other examples of non-conventional agriculture
are given that provide critical ecosystem services
(water supply and regulation, habitat for wild plants
and animals, genetic diversity, pollination, pest
control, climate regulation) in addition to adequate
food and improved livelihood perspectives. These
may be locally successful but not necessary
suitable for up – and out-scaling. Moving from
conventional agricultural and environmental
management practices to non-conventional ones
such as conservation agriculture represents a great
challenge in terms of changing habits and minds
(Table A14).

A17.1. Conservation farming
As an example of local initiatives in Africa, PELUM
Association (www.pelumrd.org) is a network of
207 civil society organizations in Eastern, Central,
and Southern Africa, working towards poverty
eradication and food security through sustainable
agriculture. It aims at building the capacity of
farming and rural community groups to accumulate
skills, stimulate farmer learning, and inspire
experimentation and innovation in their quest to
achieve food security. In this it builds on the potential
of indigenous knowledge and indigenous farming
and cropping patterns.
As an example, a study by PELUM on 15 small
farms and two commercial farms before and after
conversion towards conservation farming in Zambia
showed that it can be an important first step to
enable smallholder farmers to get out of poverty and
towards sustainable farming:
•

Conventional small-scale farming in Zambia
was a failure with a nationwide average yield
of 1.1 metric tons/ha and mostly economic
deficits because of high costs related to inputs
like tillage and fertilizer.

•

30% of all fields were abandoned at the time of
harvest every year, because inputs (labor, plough,
fertilizer) were not available at the right time.

Table A14. Comparison of conventional farming with conservation agriculture (Thiombiano and Malo 2009).
Tillage

Crop Residue

Conventional farming
Farmers plough and hoe to improve the soil
structure and control weeds
Farmers remove or burn residue or mix them
into the soil with plough or hoe

Mix and rotate Monocultures or crop rotations in a tillage
crops
framework where the soil is inverted with a
mouldboard plough or similar implements
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Conservation agriculture
Direct planting without prior inversion of the soil

Rationale
Ploughing in the long term destroys the soil
structure and contributes to declining fertility
Planting on the rip line or making holes for planting and organic matter levels.
with a hoe
Crop residue left on the field
Crop residues improve soil structure
Planting of cover crops
Crop rotation or intercropping is a permanent
feature of the cropping system
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Cover crops protect soil from erosion and limit
weed growth.
Helps to maintain soil fertility
Breaks disease cycles

•

•

In the ‘worst’ sub-village a pilot project with
technical support from PELUM achieved a 70%
increase of yield and profit after 6 days of training and individual coaching.
A comparison between various plowing techniques and implements showed that:
•

Plowing led to lowest yields (average
2.4 tons/ha)

•

Ripping was better (about 4 tons/ha)

•

Hand hoed had
(5–8 tons/ha)

•

The highest yields of 8 tons/ha were only
reached by farmers who used manure
(chemical fertilizers showed lower yields).

the

best

results

Sustainability of farms was measured before and
after conversion to conservation farming. Profit was
the indicator for economic sustainability while for
ecological sustainability carbon dioxide (CO2)
equivalents were used. In Zambia, conservation
farming proved to be significantly more profitable
(70% more profit after one to two years after
conversion) than conventional farming. This applied
to small and large farms applying zero-tillage and
direct drilling into the stubble. While ecosystem
services were not explicitly measured by PELUM, it
appears, in any case, that the supporting service of
soil formation was enhanced.

A17.2. Small-scale sustainable
agriculture in Kenya
Since 1993, SACDEP (sustainable agriculture
community
development
programme,
see
http://sacdepkenya.org/) trained over 40,000
farmers in 14 districts in Kenya. During those years,
the strategies of sustainable agriculture have been
refined. While conventional agriculture is only
about increased production and incomes, SACDEP
uses 4 principles to guide sustainable agriculture:
economic feasibility, environmentally friendly, social
justice and culturally acceptable. In order to make
these principles practically operational, necessary
pillars of sustainable agriculture were defined. The
pillars are based on farmer working groups, lowcost external inputs, organic agriculture, ability
of communities to mobilize finances, renewable
energy, farmers’ participation in conservation,
processing and value adding, as well as in
marketing decisions (including pricing) and in the
formulation of policies for agricultural and rural
development. SACDEP had successful projects in
Kenya on organic products, draft animal power,
low cost livestock such as dairy goats, wind energy,
Direct Organic Markets and high value alternative
and emerging crops. It would be interesting to
measure the impact of the combined interventions
on ecosystem services, particularly regulatory and
supporting services, such as ecosystem resilience.
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Appendix 18
Water Calculations: Footprints, Availability,
Requirements, and Efficiency

A18.1 Calculation with PODIUM
Can water productivity be increased to such an
extent that food security can be achieved without
increasing (on a global scale) the withdrawal
of water for agriculture – thereby contributing
significantly to achieving environmental security as
well? An analysis of such a global challenge, using
the IWMI’s Podium Model (http://podium.iwmi.
org/podium/), yields the following results. In the
scenario where the population grows as per the UN
Medium population growth forecast to 7.8 million
in 2025, there is a moderate expansion of 3% of
the harvested area, and 10% of irrigated area.
But the withdrawals by irrigation are constrained
to decrease by about 10%. The only way that
enough food can be grown is then by increases
in water productivity on rainfed and irrigated land.
For the period between 2000 and 2025, we have
estimated that an annual growth rate of about 1.8%
or roughly a 60% percent increase for the period,
on irrigated land, and 1.0%, or a 30% increase on
rainfed land in water productivity would be required.
This significant increase in water productivity is
roughly double the increase expected in business as
usual scenarios. If food and environmental security
are to be achieved simultaneously, then this is the
challenge.

18.2 Water footprints and virtual
water trade
The concept of the water footprint is based on
the notion that to provide just about any product
requires a certain amount of water. Water footprints
are then used as a measure of the total volume of
freshwater used to produce a product, measured
over the whole of the supply chain from primary
production, processing, packaging, and transport,
to consumption and disposal or recycling (Hoekstra
2009). It has been estimated that, on average,
our food actually only contains 35% of the water
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that it took to produce (Zygmunt 2007), though the
variety of water use in fields, production processes,
consumption, and disposal is so high between
regions and value chains, that averages have to be
used with extreme caution only. When compared
to water productivity, water footprints tend to give
higher values of water use, not only because they
include the entire value chain, but also because
water footprints cannot account for multiple uses of
water. For instance, water for grain production will
yield grain for food, but also stover for feed and it
is hard to determine which part of the water is used
for what14.
The methodology used for calculating water
footprints can be quite elaborate and considers
‘green’, ‘blue’, and ‘grey’ components that are all
specified geographically and temporally (Hoekstra
et al. 2011). ‘Green’ refers here to the consumption
of rainwater during the supply chain process, ‘blue’
refers to surface or groundwater, and ‘grey’ refers
to the volume of water required to assimilate the
load of pollutants to existing ambient water quality
standards (Hoekstra 2009). This is somewhat
different from how others refer to these sources of
water15.
Water footprints can be used to calculate the water
use of producing and processing different goods at
the same location, or the same goods at different
locations, which can consequently be used to make
strategic comparisons and trade-offs. This could be
applied to help producers make their value chain
14 Stover is not by definition a by-product as in many cases, farmers base
their choice of crop or variety on the potential value of the entire plant for
livestock, soil fertility, or other uses. Crop selection has consequences for
water use and productivity.
15 Other authors label water in the soil as ‘green’ and call only surface water
‘blue’. Aquifers (also called groundwater, where the soil is saturated with
water) may be called ‘green’ or ‘blue’. Similarly, ‘grey’ water (also written
as ‘greywater’) is often used for lightly polluted water itself, to distinguish
it from ‘black’ or fecally contaminated wastewater. In order to avoid
confusion, this document refrains from the use of color labels as much as
possible.
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from field to consumer more water-efficient. It would
be hard to use water footprints in making decisions
on which crops should (or should not) be grown
in certain areas as other environmental costs and
impacts on livelihoods are not considered. It would
be even harder to base policy decisions regarding
domestic production or importation of waterintensive products on these calculations.
Theoretically, water could be saved globally by
growing products that need a lot of water in highly
productive areas, where farmers can get the best
out of every drop, rather than cultivating these crops
in areas where even more water is required to make
these products. This idea prompted some authors to
look at global trade in terms of moving (virtual) water
(Allan 1998, 2003). Growing food in rainfed areas
and moving it to areas that rely on irrigation would
then reduce pressures on rivers and groundwater
systems in water scarce areas (Chapagain and
Hoekstra 2008). For example, from a water use
perspective it could be wiser to grow rain-fed wheat
in the relatively cool Ethiopian highlands rather than
in arid Egypt, where transpiration of the plants is
higher and water has to be transported a long way
for irrigation, evaporating underway in reservoirs
and canals. In practice, water use efficiency hardly
plays a determining role in either crop selection or
trade. The benefits of virtual water trade may not be
significant (de Fraiture et al. 2004).

A18.3. Irrigation efficiency
In reviews on irrigation efficiency, Israelsen (1932)
is commonly credited as the first to have defined
the concept (Wolters 1992; Perry 2007; Jensen
2007), stringing together the various steps in the
trajectory of the irrigation flow between the point
of water diversion and the atmosphere (Snellen et
al. 2010). The expression irrigation efficiency (Ei) is
here defined as the water transpired by the crops
of an irrigation farm or project to the water diverted
from a river or other natural water source into the
farm or project canal or canals’ (Israelsen 1932).
This (overall) efficiency (Ei) is the product of the
component efficiencies (or output/input ratios) for
these three steps of the water movement:
•

The conveyance and delivery efficiency (Ec),
the ratio of the volume of water delivered to the
farms and the volume diverted from the river;

•

The water application efficiency (Ea), the ratio
of the volume of irrigation water stored in the
soil and the volume delivered to the farm;

•

The consumptive-use efficiency (Eu), the ratio of
the volume transpired by the crop and the volume of irrigation water stored in the soil.

In practice, overall irrigation efficiencies are
surprisingly low, as was shown by the International
Commission on Irrigation and Drainage (ICID) in
two worldwide surveys on irrigation efficiency (Table
A15). The order or magnitude (23–51%) hardly
changed in the 20 years between the surveys.
Table A15. Overall irrigation efficiencies from ICID surveys (Bos and Nugteren
1974; Wolters 1992).
Group
Arid and semiarid regions
Humid regions
Surface irrigation
Sprinkler
irrigation

Number of Average overall
schemes
efficiency (%)

Source

33

37-42

Wolters 1992

30
38
6

23
25-29
51

Wolters 1992
Bos and Nugteren, 1974
Bos and Nugteren 1974

When designing the canal system for an area of
a given size, the designer wants to have an idea
of irrigation efficiency in order to calculate either
the canal capacities and the size of the flow that
needs to be diverted at the source, or the area that
can be irrigated with a given flow size. In both
cases, improving irrigation efficiency saves costs.
In the period 1950–2000, irrigation and drainage
investments absorbed 30–33% of total lending for
rural development (World Bank 2003). In order
to achieve the rate of return required by the Bank,
planners of new irrigation projects tried to save on
investment costs. Planners achieved considerable
cost savings by leaving out the end part of the
delivery system; instead of bringing the water to
the individual farm, a delivery point is shared by a
group of farmers. This approach is at the expense
of individual control over soil moisture conditions,
considered a key attribute of irrigated agriculture
(Newell 1916). The limitations of this approach
were also expressed by irrigation experts within
the World Bank (e.g. Plusquellec 2002). Other
consequences of the investment criterion were
preferences for arid and semi-arid regions, because
the difference in agricultural production with and
without the project is higher compared to areas
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with more rainfall; and for perennial irrigation,
because providing irrigation water throughout the
year produces the highest return on investment. The
consequence, however, is that large amounts of
irrigation water are used in dry locations or seasons,
where transpiration efficiency and therefore water
productivity tends to be low (van ‘t Klooster et al.
2010).
Once planners had arrived at a rate of return that
made the irrigation system eligible for funding, the
permission for withdrawing the water was more
or less automatically given, especially in the case
of public irrigation systems. It is only in the last
decades of the previous century, that water came
to be considered as valuable, even when it did not
fulfill some well-defined productive function such
as for agriculture, industry, urban water supply,
navigation, etc. By the time that people realized that
irrigation used 70–80% of total water withdrawals
(Bhatia and Falkenmark 1992), many countries
had already allocated the major part of their water
resources to irrigation on the basis of earlier studies
that never considered the value of water and water
productivity.

A18.4 Livestock water
productivity (LWP) in the Nile
Basin
Based on a basin-wide assessment of livestock
water use and productivity, van Breugel et al
(2010) concluded that the total water need for feed
production in the basin was roughly 94 billion m3,
which amounts to approximately 5% of the total
annual rainfall (68 billion m3 or 3.6% of total annual
rainfall when excluding water for residues). In most
areas of the basin, LWP is less than 0.1 USD/
m3, with only few areas showing a LWP of 0.5
USD/m3 and higher (Figure A10). Livestock water
productivity is on average low, but large differences
exist across the basin, both within and between
livestock production systems. These differences
suggest that there is scope for improvement of LWP,
which could lead to significant reduction of water
use at the basin level while maintaining current levels
of production. In line with the large scale analysis,
community and household level analyses indicated
that in the Ethiopian highlands, LWP ranges from
0.09 to 0.69 USD/m3 (Haileselassie et al. 2009b;
Descheemaeker et al. 2010a), whereas in animal

Figure A10. Livestock water productivity expressed as (a) the ratio of milk production and depleted water, (b) ratio of meat production and depleted water, and (c) the
ratio of summed value of produced meat and milk and the water depleted to produce the required livestock feed. Water for residues was not included in the calculation of
depleted water (van Breugel et al. 2010).
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feeding trials LWP ranged from 0.27 to 0.64 USD/
m3 (Gebreselassie et al. 2009).

A18.5 Increasing water use
efficiency in aquaculture

When considering just milk water productivity,
smallholder production systems in the Ethiopian
highlands are characterized by very low milk water
productivity ranging between 0.03 and 0.08 kg/
m3 (van Breugel et al. 2010; Descheemaeker et al.
2010b). In other words, the virtual water content of
milk (water footprint) in these systems ranges from
12.5 to 33 m3 of water per liter of milk, which
is very high considering the global average of
0.77 m3 of water per liter of milk (Chapagain and
Hoekstra 2003). However, the difference with the
highly specialized and efficient industrial systems,
where high milk water productivities are obtained,
is that in smallholder systems, milk production is
often viewed as a by-product of the livestock.
Livestock are kept for multiple purposes and services
(Thornton and Herrero 2001; Moll et al. 2007;
Cecchi et al. 2010), of which manure production
for soil fertility improvement and draft power for
land cultivation are usually more important than
milk and meat production. The LWP concept and
framework developed by IWMI and ILRI (Peden et
al. 2007; Descheemaeker et al. 2010a) allows
taking into account these multiple livestock products
and services in water productivity assessments.

Water productivity can be defined as ‘the ratio of
net benefits from crop, forestry, fishery, livestock
and mixed agricultural systems to the amount of
water required to produce those benefits’ (Molden
et al. 2007b). Benefits from aquaculture include the
production of food, livelihood improvement, nutrition
and health (Dugan et al. 2007). Water requirements
for aquaculture are both qualitative and quantitative in
nature but the definition of the water quantities ‘used’
presents difficulties (Nguyen-Khoa et al. 2008).
Consumptive use of water for the accumulation of
aquatic resources biomass is negligible, but water
use efficiency varies markedly between different
aquaculture production systems (Table A16). Water
may be consumed indirectly in the production of
aquaculture seed or via percolation, seepage and
evaporation from ponds and reservoirs.
There are strong pressures, some resulting from global
drivers, to increase water productivity in aquaculture
(sub-section 4.3.4. and Table A17). Water productivity
of aquaculture can be increased through improving
system design, good management, good water
quality, good brood stock or using a combination
of non-competing species that fill different niches

Table A16. Water use efficiency (in m3 water/kg fresh weight) in aquaculture systems (adapted from Bunting, in press; * based on Verdegem et al. 2006; ** from Bunting
2007).
Aquaculture system

Water use efficiency

Water management characteristics

Traditional extensive
fishpond culture

45*

Rainwater and drainage water are routinely channeled into fishponds to compensate for seepage and
evaporation losses; excessive water exchange is detrimental as it is desirable to retain nutrients within the
pond.

Flow-through ponds

30.1*

Water exchange of 20% of the pond volume per day removes waste and replenishes oxygen levels, production
of 30 tons/ha/year is attainable, but seepage and evaporation contribute to water loss in the system.

Semi-intensive fishponds

11.5*

Producing two crops annually with complete drainage to facilitate harvest, fishponds fed with formulated pellet
feed can yield 6 tons/ha/year; one-fifth of water consumption is associated with feed inputs.

Wastewater-fed
aquaculture

11.4**

Wastewater is routinely fed into fishponds in the East Kolkata Wetlands to make up the water to a desirable
level; estimates suggest 550,000 m3/day of wastewater is used to produce 18,000 tons/year of fish in
3,900 ha of ponds.

Intensively managed
ponds

2.7*

Lined ponds are used to produce 100 tons/ha/year while intensive mixing results in evaporation of 2000
mm/year.

Super-intensive
recirculation systems

0.5-1.4*

Process water is re-circulated with pumps and treated with mechanical filters, bio-filters and disinfection
technology; stocked animals are entirely dependent on high-protein formulated feed inputs.
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Table A17. Management domains and associated pressures for increased water productivity in aquaculture (adapted from Bunting, in press).
Domain

Pressures related to water management from global changes

Production efficiency

Production-enhancing inputs such as feed and fertilizer constitute major costs so efficient conversion to marketable products is
paramount
Nutrients not recovered from the system at harvest constitute potential pollutants
Pumping and conditioning water for culture is costly and time consuming so transfer and treatment of excess water must be reduced as
much as possible

Management imperatives

Aim at generating higher financial returns from inputs
Alternative low-input production strategies can limit costs and associated financial risks
Product and livelihoods diversification can generate more regular cash-flows and higher revenue

Risk management

Water abstracted for culture processes may be polluted and affect stock health and production
Disease and predator ingress poses a serious threat to aquaculture operations
On-farm water movement and wastewater discharge may increase the likelihood of stock escaping, resulting in revenue loss and
negative environmental impacts

Conflict avoidance

Abstraction and discharge of water may affect ecological processes and compromise ecosystem services supporting other livelihoods
Appropriation of water for aquaculture may lead to competition with other resource users, including aquaculture operators
Reduced competition
Avoidance of conflict with other resource users

Legislation and controls

Comprehensive assessments concerning values and ecosystem services associated with water resources are likely to make it harder for
producers to appropriate desired supply levels and lead to increases in associated costs (licenses, rents and taxes)
Stricter controls can be foreseen to protect the ecological status of receiving water bodies, secure water resources for other users and
maintain and enhance stocks and flows of ecosystem services

Consumer demand and
public perception

Adverse coverage of conflict surrounding groundwater depletion and conflict with local communities over water resources could
negatively impact on consumer demand
Negative perceptions of aquaculture could give rise to vociferous opposition calling for unreasonable controls or the cessation of
aquaculture operations which could threaten livelihoods and reduce the production of food or other aquatic products

in the aquatic ecosystem. Practices and policies
including construction, systems design and operation,
optimizing production efficiency, water management
practices, horizontally integrated aquaculture
systems, water rates and pollution taxes and policy
and planning have been identified as potential areas
where water use efficiency in aquaculture could be
improved (Table A18). Integration of aquaculture with
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other agricultural and water uses has potential for
enhancing the productivity of appropriated freshwater
resources as it can be considered complementary to
such water uses (Appendix 16). Reservoir storage
water, for example, is usually committed to uses other
than fish production, but fish can be stocked in these
for complementary production, while making nondepletive use of water.
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Table A18. Practices and policies for optimizing water use efficiency and increasing sustainability in aquaecosystems (adapted from Bunting, in press).
Practice and policy area

Measures to optimize water use efficiency

Construction

Optimal pond design and surface area to volume ratios can help minimize evaporative losses
Employing appropriate pond bottom sealing techniques and liners on free-draining soils can minimize seepage losses
Good maintenance of water control structures can reduce leakage
Inclusion of simple treatment systems such as sedimentation ponds, constructed wetlands and mechanical filter screens can
significantly improve farm discharge water quality

Systems design and
operation

Employing aeration and oxygenation can allow higher stocking densities to be maintained and reduce water use per unit biomass
production
Incorporation of mechanical filters, bio-filters and disinfection technology can permit the recirculation of process water reducing water
exchange and use
Culturing species with less exacting environmental requirements could help reduce water demand

Optimizing production
efficiency

Careful stock or broodstock selection and breeding program management can enhance production efficiency and contribute to optimal
water use
Optimal feeding strategies, appropriate grading and general good husbandry and animal welfare can enhance food conversion rates,
thus reducing waste loadings and water exchange rates required to maintain water quality

Water management
practices

Draining fishponds can be avoided where, for example, tea seed cake has been applied to partially anaesthetize tilapia prior to
netting
Sequential partial draining of fishponds, where 25 cm of water is left in ponds and fish are harvested by netting reduces the
discharge of potential pollutants
Adopting drop-fill pond water management strategies, where the water level is permitted to fall to a drop point before being made up
to a fill level, can potentially reduce groundwater use and effluent release

Horizontally integrated
aquaculture systems

Incorporating primary producers to convert waste nutrients discharged from fed culture organisms can improve water quality and
make nutrients available to animals in other integrated culture units
Integration of different species within a culture system can increase biomass production per unit water appropriated

Water rates and pollution
taxes

Statutory limits to the amount of water that may be abstracted or charges per unit volume would help maximize water use efficiency
Statutory discharge standards and taxes on the amount of waste discharged from aquaculture would promote more careful
husbandry and better considered systems design and operation

Policy and planning

Remove subsidies for fuel that make it easier for producers to abstract and discharge larger water volumes
Facilitate joint assessment of water resources management schemes by all stakeholders and include consideration of full range of
ecosystem services in decision-making
Consider inclusion of water footprints in product labeling and certification schemes to permit buyers and consumers to make educated
choices favoring more water efficient products and production strategies
Enable good market conditions
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Appendix 19
Agroecosystems, Water, and Health
Based on the proposal for CGIAR Research Program
4: Agriculture for Improved Nutrition and Health.
In many parts of the world, diseases associated
with agriculture have important health impacts, particularly on poor people. The health of farmers, consumers, and households in agricultural areas can be
at risk from a variety of threats related to agricultural
water use (Kay 1999; Parent et al. 2002). Health
problems associated with water management in
agriculture include water-related diseases such as
malaria, zoonoses (diseases transmissible between
animals and people), misuse of agricultural chemicals and antibiotics, but also food safety issues such
as fungal toxins (mycotoxins), plant toxins, and biologically contaminated food. Many of these have a
strong relation with the way agricultural production
systems are managed and could be positively influenced by an ecological approach.
Parallel to the demand for more sustainable agriculture, the health sector has developed interdisciplinary approaches such as ‘One Health’, striving to
attain optimal health for people, animals, and our
environment, and ‘Ecohealth’, a, participatory methodology to understanding and promoting health and
wellbeing in the context of social and ecological
interactions. These two approaches have much in
common and are increasingly aligned; both emphasize multi-disciplinarity and the importance of agriculture and ecosystem-based interventions (WaltnerToews 2009), which makes them highly suitable for
water-related diseases, complementary to the efforts
by the health sector. Agricultural practices creating
health risks, such as those related to water management, obviously require farm-level interventions, and
food-borne diseases require management along the
field-to-fork risk pathway. Most zoonoses need veterinary and agroecological interventions in addition
to medical ones, as they cannot be controlled while
disease remains in the animal reservoir.
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Particularly in peri-urban areas, irrigation water may
be contaminated with domestic or industrial wastewater, introducing pathogens or chemicals that may
affect farmers and enter the food chain, creating a
risk of disease where crops are eaten raw (Drechsel
et al. 2010). At the same time, the use of polluted
irrigation water supports the livelihoods of 20 to 50
million farmers and feeds up to one billion consumers. Water pollutants can also impair the health of
livestock and of the consumers of animal products,
within a complex system that includes links between
waterborne and food-borne.
In rural areas, irrigation and water storage systems
provide breeding grounds for, and exposure to, vectors of water-related diseases. These include parasitic
infections such as malaria (killing 1.1 million people
annually), schistosomiasis, and emerging diseases
such as cryptosporidiosis, giardiasis, and buruli ulcer
(Erlanger et al. 2005; Keiser et al. 2005a; Steinmann
et al. 2006; WHO 2007). Many of these diseases
are fostered by poorly designed or managed irrigation or water storage systems or harmful agricultural
practices (Boelee and Madsen 2006; Diuk-Wasser
et al. 2007). Further risks can derive from toxic algal
blooms, associated with agrochemical water pollution (Chorus and Bartram 1999).
Improved and innovative agricultural and water
management practices can help reduce crop contamination, farmer exposure, vector breeding, and
vector resistance. The reduction of health risks from
using contaminated water, or being exposed to water-associated disease vectors, has to be carefully
balanced with the need to support the livelihoods of
farmers. Further along the value chain, consumers
can be protected while costs for the public health
sector will decrease. The role of agroecosystems is
particularly important in the case of malaria, that
can no longer be handled using existing means
only: mosquitoes have become resistant to agricul-
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tural insecticides (Diabate et al. 2002), while the
parasite itself is increasingly resistant to anti-malarial
drugs. Here the health sector has actively sought
collaboration with professionals in the areas of water management and plant disease control (Townson
et al. 2005). There is vast experience of relevant
agroecological interventions that can help mitigate
negative health impacts of water management
(Keiser et al. 2005c; McCartney et al. 2007).
Similarly,
more
holistic
management
of
agroecosystems for a wider range of ecosystem
services has the potential to enhance pest and
disease regulation. In turn this could reduce the
need for agrochemicals and limit exposure of
farmers to harmful substances, currently an important
occupational health hazard in agriculture. People in
developing countries bear more than 80 percent
of the global burden of occupational disease and

injury, and the agricultural sector is one of the most
hazardous (ILO 2000). It is estimated that 2 to 5
million people suffer acute poisonings related to
pesticides annually, 40,000 of whom die every
year (Cole 2006). Excessive use of pesticides can
also lead to resistance in medically important insects,
such as malaria mosquitoes (Diabate et al. 2002).
Pesticides are used inappropriately due to capacity
deficits, inadequate regulation, and perverse
incentives, as well as lack of alternatives. Other
agricultural inputs, such as nitrates, disinfectants,
acaricides, and veterinary drugs, can also have
negative health impacts if used incorrectly. With
increased biodiversity in agroecosystems, especially
when these are managed on a landscape scale,
connected by corridors that provide habitat for
natural predators, the need for agrochemicals is
reduced together with their health risks.
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Appendix 20
Role of Technology
A variety of new technologies shows potential
for great improvements in food security, water
efficiency, and ecosystem sustainability. This
includes genetically modified organisms (GMOs)
and selective breeding, but also irrigation, water
harvesting and soil management techniques. Plant
and animal breeding has increased the productivity
of many agricultural and livestock species, as well
as resistance to pests.
Technology development in other sectors may also
be relevant. Renewable energy developments
show some promise for reducing both carbon and
water footprints of energy production, but may
also increase reliance on hydropower with varying
consequences. The increasing use of renewable
energy has significant water impacts–not only from
hydropower dams, but also through the amount
of water needed to produce energy through nonrenewable sources (UNEP 2007). An increasing
demand for hydropower will likely result in the
construction of more large dams, mainly in the
developing world. In closed basins like the Western
US or in much of Europe, hydropower potential has
been exhausted (WWA 2009). New dams change
the hydrologic cycle where they are implemented,
and often have negative environmental effects. On
the other hand, renewable technologies such as
biogas and solar power may reduce the use of water
for power generation. Coal uses about 2 cubic
meters of water per megawatt hour of electricity
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produced, nuclear power 2.5 cubic meters, and
petroleum 4 cubic meters (WWA 2009). Extracting
oil also uses lots of water–up to 45 cubic meters per
megawatt hour from tar sands, one of the largest
‘new’ sources of oil to be discovered (WWA 2009).
The increased applications for biofuel have led to
high demand, with all kinds of impacts on water
use, food security and agroecosystems (sub-section
2.2.1; Berndes 2002; FAO 2008b, 2009b;
Bindraban et al. 2009a, as well as the special
2008 issue 10 S1 of Water Policy in 2008).
The primary setback for technology development
is its dissemination, and in fact, much of the
technology to drastically increase food security,
enhance sustainability and improve water efficiency
already exists but has not been implemented
widely for a variety of reasons. Technological
dissemination is one of the largest challenges faced
by those seeking to implement new technology.
The majority of technological innovations originate
in developed countries in response to their needs.
This means that much of the new technology is too
expensive, utilizes resources that are not available
in other countries, or is designed to resolve specific
problems that are not as relevant in other places
(WWA 2009). In addition, many new technologies
aim to make water more accessible or cheaper and
have negative results on environmental factors or
unintended water consequences (CA 2007).
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Appendix 21
Payments for Ecosystem Services (PES)
A21.1 Water services in
Sukhomarjri, India
Example based on FAO (2007b).
The small village of Sukhomajri in India provides
an early and complex example of watershed
development that has helped inspire modern
watershed development programs. In the 1970s,
high rates of sedimentation in Lake Sukhna in the
northern Indian state of Haryana created problems
for the drinking water supply of the nearby town
of Chandigarh (Kerr 2002). Recreational benefits
were threatened also. The source of the problem
was traced to a small upstream village named
Sukhomajri, where villagers were cultivating
steep lands and allowing animals to graze freely
throughout the watershed. Around 80–90 percent
of the sedimentation in Lake Sukhna was found to
originate from Sukhomajri (Sengupta et al. 2003).
The Sukhomajri farmers’ agricultural practices were
not only felt downstream; runoff water on one
side of the watershed also flooded and destroyed
agricultural lands in the village itself.
A central government agency, the Central Soil and
Water Conservation Research and Training Institute
(CSWCRTI) revegetated the watersheds and
installed conservation structures such as check dams
and gully plugs to stop the flow of silt. Villagers were
asked to refrain from allowing grazing animals
into the watersheds. Benefits to the villagers were
twofold: not only reduced damage to agricultural
lands, but also access to irrigation water stored
by the check dams. Although no direct payments
were involved, the villagers were thus indirectly
compensated for providing the environmental
service. At the time of the project implementation,
the notion of markets for environmental services was
little known, but in effect the project functioned as
an environmental services payment scheme.
A drawback was that only a minority of landowners
in the village benefited from the scheme; other

villagers, particularly the landless, stood to lose
from reduced access to grazing lands. The problem
was solved by distributing rights to the water to
all villagers and allowing them to trade among
themselves – a system that was later abandoned
in favor of user fees for water. The project resulted
in a 95 percent decrease in siltation into Lake
Sukhna, saving the town of Chandigarh about US$
200,000 annually (Kerr 2002).

A21.2 China’s Grain for Green
program
Example based on FAO (2007b).
Pushed into action by a series of devastating floods in
1998, the Government of China launched the Grain
for Green program in 1999. One of the largest
conservation set-aside programs in the world, its main
objective is to increase forest cover on sloped cropland
in the upper reaches of the Yangtze and Yellow River
Basins to prevent soil erosion. When possible in their
community, households set aside all or parts of certain
types of land and plant seedlings to grow trees. In
return, the government compensated the participants
with grain, cash payments and free seedlings. By the
end of 2002, officials had expanded the program to
some 15 million farmers in more than 2000 counties
in 25 provinces and municipalities in China (Xu et
al. 2004). If the program meets its original goals,
by 2010 nearly 15 million hectares of cropland will
have been set aside, affecting the land of more than
50 million households.

A21.3 Forest reserve water fund
in Guatemala
Example based on Spergel and Taïeb (2008) and
Fundación Defensores de la Naturaleza (2010).
The Sierra de las Minas Biosphere is Guatemala’s
most important cloud forest reserve. It protects a
mountainous region of tropical and coniferous forests
home to endangered species such as the quetzal
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and the harpy eagle. A total of 63 watercourses
originate on this reserve, including the Motagua
and the Polochic Rivers, which empty into the Gulf
of Honduras and Lake Izabal respectively. These
rivers are the main source of water for local irrigation,
small industries and household use for communities.
Local water users noticed a fall in water quality and
quantity, particularly during the dry season.
Conservation International (CI) and Fundación
Defensores de la Naturaleza (in collaboration with
WWF and TNC) collaborated to protect the biological
integrity of the reserve and its hydrological functions,
particularly in terms of water delivery. This included
the establishment of a water fund for the MotaguaPolochic watershed and the creation of watershed
councils that strengthen environmental governance.
The water fund receives user fees from individual water consumers and two bottled water companies who
benefit from the provisioning ecosystem services of the
watershed and then channels these fee revenues to
pay the small farmers and landowners who supply
these watershed services for conserving the forests
that help to maintain water flow and water quality
(regulatory and cultural services). The compensation
to farmers is in-kind, consisting of training and financial assistance to adopt best management practices.
In addition, the Water Fund finances development
projects for pollution reduction and watershed conservation. So far six projects have been funded, including watershed management activities such as best
management practices in coffee plantations, cleaning
campaigns in different communities, construction of
ecologic stoves, and prevention of forest fires, thus
eventually also enhancing supporting services.

A21.4 Brazil’s Water Producer
Program
Example based on TNC (2008)
The Parana River is the second longest river in South
America running through Brazil, Paraguay and
Argentina over a course of 2,570 km. The Parana
River provides multiple ecosystem services to the populations living within its watershed, including water for
irrigation and the provision of drinking water to South
America’s largest city, São Paulo. However, the water
quality of the Parana River has declined over time due
to the intensive deforestation of the Atlantic Forest at
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its headwaters. Without forest cover around the river’s
edge (riparian zone) rainwater washes away soil leading to a build-up of sediment that alters the water quality and may invade irrigation systems.
In an effort to improve the water quality of the
Parana River while protecting the biodiversity of
the Atlantic Forest, The Nature Conservancy developed the Water Producer Programme implemented
by Brazil’s National Water Agency (ANA), the
Agriculture and Environment Secretaries of São
Paulo, the Piracicaba-Capivari-Jundiai (PCJ) watershed committee and the municipal government of
Extrema in the state of Minas Gerais. The program
proposes using a portion of water fees collected
from major water users such as water supply companies and major industries to plant trees along
riparian zones in the river’s headwaters. These activities are executed by farmers and ranchers who
receive a payment to reforest and maintain key sections of their land that are critical to the health of
the Parana River, thus contributing to the regulatory
services of the river. Landowners also receive technical assistance on reforestation, soil conservation
and erosion prevention from the program’s partners.
A cooperation partnership with the PCJ Watershed
Committee, the municipal government of Extrema, governmental organizations and local NGOs was formalized through memoranda of understanding (MOUs)
in 2006. The definition of the payment structure, as
well as the identification and engagement of landowners was also completed that year. The first trees were
planted in March of 2007 in three micro-watersheds
located within the PCJ watershed: the Posses, Moinho
and Cancã. During the inception phase of the program, gaining the PCJ Watershed Committee’s approval was a challenge. Several meetings and discussions took place at this stage. To obtain the committee’s
support it was key to show that the program could help
enforcing the Brazilian Forestry Law to support regulatory ecosystem services. With the implementation of
the program, local landowners would stop converting
areas considered as legal reserves by the Forest Code
to agriculture and pastures. When the partnerships
were established, defining landowner’s payments was
also a challenge. The best amount was considered
to be one that covers the opportunity cost for farmers
and ranchers, thus compensating them for the loss of
income from agriculture (provisioning services).
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Appendix 22
Integrated Water Resources Management

A22.1 IWRM Process Cycle

•

Build commitment to the reform process. Political
will is a prerequisite, and building or consolidating a multi-stakeholder dialogue comes high
on the list of priority actions. The dialogue need
to be based on knowledge about the subject
matter. This knowledge can be established by
raising awareness and arranging for the participation of the broader population.

•

Analyze gaps. Given the policy and legislation,
the institutional situation, the capabilities and
the overall goals, gaps in the IWRM framework
can now be analyzed in the light of the management functions, prioritizing urgent issues.

•

Prepare strategy and action plan. The strategy
and action plan will map the road towards
completion of the framework for water resources management and development and related

In Figure A11 the IWRM process is illustrated as the
“Integrated Water Resources Management Cycle”.
The cycle starts with the planning processes and
continues into implementation of the frameworks
and action plans and monitoring of progress.
The various steps in the Integrated Water Resources
Management Cycle can be characterized briefly as
follows (GWP 2004):
•

Establish status and overall goals. The starting
point of the IWRM process is a critical review
of water resources issues in the national context. The expected progress is then translated
into a management framework to help address
the issues, get agreements and work towards
achievement of the overall goals.

Figure A11. The Integrated Water Resources Management Cycle (after GWP 2004).
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infrastructural measures. One of the outputs is
a portfolio of actions, which will be set in the
perspective of other national and international
planning processes.
•

Build commitment to actions. Adoption of the
action plan at highest political levels is the key
to any progress and full stakeholder acceptance
is essential for implementation. Committing finance is another prerequisite for taking planned
actions to implementation on the ground.

•

Implement frameworks. Taking plans into reality poses huge challenges. The enabling environment, the institutional roles and the management instruments have to be implemented.
Changes have to be made in present structures
and building of capacity and capability, also
taking into account infrastructure development,
needs to take place. This is a crucial phase that
may take long to be fully effective.

•

Monitor and evaluate progress. Progress monitoring and evaluation of the process inputs
and outcomes serve to adjust the course of action and motivate those driving the processes.
Choosing proper descriptive indicators is essential to the value of the monitoring.

dustrial users may effectively pay for the right to
dispose of their pollution in a water body within
certain agreed environmental limits. In recent
years there has been a growing interest in tradable rights to both use and pollute water, with
permit holders being financially compensated
for selling or loaning their claims.
•

Regulatory instruments: This is where government bodies establish a legal framework that
is used to guide users and service providers in
their duties and obligations, and possibly punish
them for non-compliance. The framework consists of laws, rules, and standards that include
considerations such as water quality and supply
standards, spatial and land use planning, the
quantity and timing of water abstractions, and
the quality, quantity and timing of the discharge
of waste. Hence they include “hard” and “soft”
command and control applications, with or without external enforcement, such as rules regarding water quality and abstraction. Establishing
a legal framework can be difficult in practice,
as determining non-compliance and identifying
offenders can be challenging. Experience of enforcing laws and regulations in the water sector
in general has not always been very successful
as this is not an easy task and governments must
be careful in making laws. Stakeholders should
be involved in the law making process to ensure
that the laws produced are acceptable to all.

•

Awareness and capacity building instruments:
Government or professional bodies, as well as
industry, community and interest groups may
work together or independently in promoting
these instruments. They serve to encourage
self-enforcement and social regulation in areas
such as water conservation, best practices, and
responsible behavior in an effort to promote cultural change, typically through voluntary compliance. Examples of these instruments include
guidelines, rules of conduct and public information campaigns aimed at informing the target
audience of the possible consequences of their
actions or inactions.

A22.2 Regulatory instruments in
IWRM
In water demand management under IWRM,
various policies and measures can be employed,
usually grouped in 3 classes:
•
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Economic and market-based instruments: These
are signals in the form of incentives and disincentives to motivate desired decision-making.
The most common form of economic instrument
is unit pricing, which in practice can vary quite
substantially both between and within countries, often dependent on the type of the resultant goods and services provided to different
sectors. For example, some domestic consumers may receive a form of subsidy, whereas in-
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A22.3 National basin dialogue in
Jordan
Example based on IUCN 2007b, 2008a, 2008b.
The Al Azraq basin in located in Northeastern
Jordan and it is one of the most important recharging
groundwater basins in the country. The basin consists
of three aquifer systems: an upper shallow fresh
water basalt aquifer, a middle limestone brackish
water aquifer, and a deep sandstone aquifer. Overextraction of groundwater from the shallow aquifer
for agriculture and cities has resulted in a significant
reduction of the groundwater reserves and increased
salinization of groundwater and soil. This threatened
the Azraq oasis and associated wetland. This oasis
and associated wetland, surrounded by desert, is a
recognized Ramsar site; with high biodiversity and
an important habitat for migratory birds.
The World Conservation Union (IUCN) and strategic
partners in Jordan have initiated the Al Azraq Basin
National Dialogue Initiative to explore solutions and
scenarios for the sustainability of Al Azraq Basin,
the sustainable future use of its groundwater as well
as restoration of a substantial part of the oasis and
wetland. This would entail balancing water uses,

maintaining ecosystem services and addressing long
term access and rights to water by underprivileged
groups in the targeted communities. The inception
phase of the project started in 2007. Since then, a
large group of government and civil organizations
and a group of elected local community
representatives have actively participated in the
Al Azraq Basin National Dialogue, with technical
and logistic support by IUCN and funding from
InWEnt. The Ministry of Environment provides the
overall political and institutional support as umbrella
for the initiative. Other participants include the Al
Azraq District Administration, Ministry of Water and
Irrigation, Ministry of Agriculture, the Royal Society
for the Conservation of Nature, Azraq Farmers
Water Management Association, the Arab Women
Organization (AWO), as well as a group of local
elite residents and resource exploiters representing
local stakeholder communities. The stakeholders
have decided to formulate a feasible and practical
national vision backed up by an implementation
strategy. Formal establishment of a National Forum
for Azraq basin and local water users associations
is underway. During the process, the stakeholders
document their experiences and lessons learned
for application in the dialogue to achieve its
development and sustainability objectives.
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Appendix 23
Catering for Climate Change

A23.1 River forest action plan in
the United States

od of timber harvesting selects inferior trees for
removal, thus promoting the growth of stronger
trees. It is a process that maximizes carbon storage and accelerates the recovery of the forest
ecosystem. As a result of light-touch logging,
the local mill received 826 cubic meters of timber.

Example based on Conservation Fund (2008) and
TNC (no date).
The Garcia River is one of the most important rivers
of the Californian Redwood Region. For decades,
logging has been the predominant land use in the
watershed. Increased uncertainty about the timber
industry in the California North Coast changed this
situation and forced some timber industrial and nonindustrial forestland owners to sell their properties.
Fragmentation of the Garcia River’s forest then
started as new rural residential subdivisions and
vineyards were established. The preservation of this
forestland through public acquisition was not viable,
thus, a new protection approach was needed, in
particular one that included climate change issues.
In February 2004, The Nature Conservancy
and The Conservation Fund (TCF) purchased a
9,623 hectare property along the upper Garcia
River Basin in the redwood forest of Mendocino
County, California. The goal of this purchase
was to protect significant natural, ecological, and
aesthetic values, and to develop and implement a
model of sustainable forestry practices that would
be in accordance with climate change mitigation
efforts. Since 2004 various activities are being
developed in the Garcia River Forest: restoration
and enhancement, watershed management, and
silviculture. Additional management activities
included public use, monitoring and research, and
education and demonstration. These activities are
fully described in the Integrated Management Plan
for the Garcia River Forest, which was completed
in August 2006.
After implementation, results included the following:
•
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Silviculture: in early 2007, the first light-touch
logging took place on Garcia River. This meth-

•

Carbon credit certification: in February 2008,
the California Climate Action Registry – the
most prescriptive set of standards for forest
management carbon projects in the world –
certified the Garcia River Forest as a source of
carbon credits. It is expected that over its 100
year lifetime, the Garcia River Forest project
will absorb and store 4.2 million metric tons of
carbon dioxide by ensuring high forest growth
rates and the development of larger and denser
stands of redwood and Douglas fir.

•

Challenges: while the first results are encouraging, future challenges include low current timber volumes, a predominance of hardwoods
in many stands, the burden of maintaining and
improving an extensive road system, as well as
the uncertain economic, regulatory, and political environment affecting the timber industry as
a whole.

A23.2 Monitoring glaciers in
Nepal
Example based on WWF (2010b).
The Nepal Himalayas have 3,252 glaciers,
covering 5,323 km2with an estimated ice reserved
of 481 km3. Climate change is already affecting
the Himalayas glaciers in Nepal with noticeable
glacial retreat and changes in freshwater flows.
As a result, glacial lakes have been formed, with
negative consequences for biodiversity, people,
and their livelihoods. In 1985 a glacial lake outburst
flood from the Dig Tsho (Langmoche) glacial lake
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destroyed 14 bridges and caused about USD 1.5
million of damage to the nearby-completed Namche
small hydropower plant. Forests, farms, and people
downstream were also affected. While these floods
may increase in the coming years, there will be a
tipping point as glacial runoff begins a decreasing
trend. This situation will also have negative and not
well-understood consequences for Nepal and the
Himalayan Region.
In order to manage the current and anticipated
impacts of climate change in the Nepal Himalayas,
the WWF-Nepal Program Office started a project
to better understand these impacts and begin the
process of planning an appropriate community
driven management response. Implementation
follows a four-module approach:
•

The first module is focused on developing a
model to predict future glaciers behavior under different climatic scenarios. Climatic and
hydrological secondary data are collected for
five glaciers in Nepal and India, selected after
consultations with experts. These data will be
combined and validated through primary data
collection by the project team on the representative glaciers.

•

The second module involves the development
of a freshwater vulnerability assessment for the
selected glaciers. This assessment is conducted in two steps: examination of the effects of
glacier retreat on the downstream freshwater
regime, and assessment of the implications of
these changes for the people, economic sectors, and biodiversity in the downstream areas
(for only three glaciers).

•

In the third module, Community Driven
Management Responses (CDMRs) will be developed, based on the results of the model and the
freshwater vulnerability assessment. These CDMRs
focus on particular community and economic sectors or ecosystems. The involvement of relevant
local stakeholders, including policy-makers, will
guarantee that the CDMRs are integrated into existing planning frameworks and institutions.

•

The fourth module involves the dissemination of
findings among stakeholders at local, regional

and national levels, this includes, local institutions such as village committees, grass-root civil
society organizations, scientific and research
organizations, media (at local, regional, national and, where appropriate, international
levels), the international community and donors.

A23.3 Freshwater conservation
program for Brazil
Example based on WWF (2009b)
To support Brazil’s response to the impacts of climate
change on inland water ecosystems, WWF- Brazil
has developed a freshwater conservation program
focused on climate change, supported by Brazilian
scientific institutions, governmental organizations
at the federal and provincial levels and some
representatives of the private sector. The aim is to
build river basins’ resilience to climate change and
tackle the root causes of climate change through
basin vulnerability assessments, sustainable river
flow assessments, a project to strengthen Brazil’s
basin governance, planning and policy, and
projects to influence the activities on the hydropower
and forestry sectors. An information campaign
directed to the general public is also part of the
program. By combining water management with
reforestation, a wide range of ecosystem services
can be provided: first and foremost supporting
services, notably climate change mitigation, but
also provisioning services such as wood, cultural
services such as tourism, and regulatory services
such as water regulation.
The basin vulnerability assessment evaluates the
impacts of climate change, including weather
extreme events, as related to water availability within
priority river basins and big cities. It also provides
decision makers and authorities with information on
risks and alternatives. Currently, this assessment is
being conducted in the Alto Paraguay Basin, where
baseline data are collated and collected in the
field in partnership with the Centro de Pesquisas
do Pantanal (CPP).Partnership agreements with
federal agencies (Environment Ministry’s Water
Secretariat, National Water Agency) and other
strategic water users (hydropower companies) are
under negotiation. While mechanisms to assure the
functioning of the aquatic ecosystems on priority
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basins would be the main result of this project,
in addition it contributes to capacity building as
knowledge and expertise on sustainable river flows
will be acquired by local researchers. The results
of the vulnerability and river flow assessments will
support further activities in basin governance,
planning and policy, such as adaptation of public
policies to freshwater and its vulnerability to climate
change, creation of an institutional basis for water
management in the Amazon, and development
and implementation of financing mechanisms
that harmonize good productive practices with
conservation of natural resources (e.g. payment
for environmental services). In Brazil, the main
source of energy is hydropower. The WWFBrazil freshwater program expects to influence
the National Energy Plan and increase financial
resources and goals for energy efficiency electric
sector to incorporate the World Dams Council’s
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recommendations for building dams and Ministries
of Environment, Energy, National Water Resources
Council and National Water Agency to enforce the
use of river basin protection when constructing new
hydroelectric plants.
Mechanisms will be developed to reduce
deforestation and GHG emissions in the Amazon
by encouraging sustainable business with forest
resources. Work will also be done with financial
institutions to encourage the adoption of sustainable
credit lines and the Environmental Licensing
System for Rural Properties as a pre-condition for
loans. To raise awareness on how climate change
will affect water resources and Brazilians’ lives,
a communication campaign is currently under
development, this is intended to inform 11 million
Brazilians about the threats of climate change and
the related impacts on water by 2011.
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Appendix 24
Environmental Flows
A24.1 Calculation of
environmental water
requirements (EWR)

A24.2 Pangani River Basin
Management Project in Kenya
and Tanzania

The concept of Environmental Water Requirements
(EWR) can be illustrated in the schematic diagram
below (Figure A12).

Example based on Pangani River Basin Management
Project (2010), IUCN (2010a), King et al. (2010)

Figure A12. A schematic representation of the relationships between total water
resources, total present water withdrawals, and EWR in environmentally safe (a)
and environmentally water scarce (b) river basins (Smakhtin et al. 2004).

The traditional expression for Water Stress Index
(WSI) is:

WSI =

Withdrawals
MAR

WSI by taking into account EWR is:

WSI =

Withdrawals
MAR − EWR

Where
MAR = Mean Annual Runoff
EWR = Environmental Water Requirement

The Pangani River Basin covers an area of
about 43,650 km2, mostly in Tanzania with
approximately 5% in Kenya. Generally, the basin
comprises a low elevation slope that drops gently
south and southeastwards towards the Indian
Ocean. Flows in the basin have been reduced from
several hundred m3/s to less than 40 m3/s, due to
uncontrolled irrigation and urban water demand.
The remaining water is seriously over-allocated.
The shortage of water is affecting all water users,
from the irrigation fields in the center of the basin
and the electricity producers further downstream, to
the coastal communities that notice saltwater moves
inland and fish stocks decline. Large and smaller
conflicts are on the rise between waters users from
various sectors. The IUCN, through its Water And
Nature Initiative (WANI), started the Pagani River
Basin Management Project in 2001 to improve
management of the basin’s water resources and
reduce the conflicts that exist between the users.
The project aims to 1) assess environmental flow
requirements to effectively conserve the basin’s
natural resources, 2) establish forums for community
participation in water management, and 3) raise
awareness about climate change impacts and
adaptation strategies. After a workshop with key
stakeholders in May 2002, a Situation Analysis
Report was commissioned. This report was based
on interviews with a wide variety of stakeholders
and the various existing sources of information
about the Pangani Basin and discussed at a second
workshop with stakeholders in May 2003.
The flow assessment component of the project
started in 2004 and ended in 2008. Field and
deskwork was completed by a multidisciplinary
group of scientists, including experts in hydrology,
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water quality, riverine and estuary ecology, socioeconomic and geographic information systems.
Fifteen development scenarios and thus 15 flow
scenarios related to each development scenario
were tested. A team of Tanzanian specialists were
mentored by the project’s team throughout the
process as a means to create capacity building on
environmental flows in the country. Eight technical
reports were prepared as a result, including a State
of the Basin Report, a Pangani Flows assessmentscenario evaluation decision support system (DSS)
Report, and a Water Allocation Scenarios Report.
The various scenarios and technical information
obtained during the flow assessment are currently
being presented to stakeholders at all levels, with
particular emphasis on the Basin Water Board, the
governmental organization responsible for allocating
water in the basin. Consultations with stakeholders
are intended to raise awareness of the water issues
in the basin, help select the best development path
for the river and eventually facilitate the integration
of the selected environmental flow scenario (out of
the 11 tested) into an Integrated Water Resource
Management (IWRM) Plan for the Pangani Basin.

A24.3 Assessing environmental
flows in Honduras
Example based on TNC (2007) and Cárcamo et
al. (no date).
The Patuca River is the second largest river in Central
America, flowing from the mountains of central
Honduras eastward to the Caribbean Sea near the
Nicaragua border. The area through which the river
flows is part of the largest uninterrupted rainforest
north of the Amazon and it functions as a biological
corridor for Central American wildlife. Three
indigenous communities live in this area: Tawahka,
Pech and Miskito, who all rely on the river and its
surrounding landscape to maintain their traditional
ways of life. The government plans for the construction
of a hydropower dam to address the increasing
energy demands of the country threaten the intricate
link between these indigenous communities and
the Patuca River. The Nature Conservancy (TNC)
entered into a unique agreement with Honduras’
National Utility Company (ENEE) to design flow
recommendations that would maintain the rivers’
health and the ecosystems services it provides
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to indigenous communities. TNC developed a
collaborative process with scientific experts, water
managers and indigenous communities to formulate
these recommendations, while ENEE showed
willingness to include these recommendations in the
design and management plan of the dam.
The first step in the process was to learn more about
the river system – the linkages between its ecology
and hydrology – and the people who depend on it.
In August 2006, a group of 12 researchers visited
local communities during 11 days, and interviewed
local individuals and small groups of fishermen.
These interviews helped identify locations for crosssectional surveys, such as location of highest flow
from past wet seasons; creating a species list
and fish ecology descriptions; and elaborating
maps with locations of communities, river features
and resources for agriculture, fisheries etc. These
findings and hydrological analyses were discussed
among scientists and developed into preliminary
environmental flow and made recommendations.
Indigenous community members then discussed
the effects of the flow recommendations on fish,
agriculture and transportation, contributing their
site-specific expertise. Subsequently, maps were
prepared, depicting seasonal flow levels and
critical sites where low flow hinder boat traffic, as
well as graphics showing the specific months when
flows are preferred for crops. These outputs helped
to make visible what the agreed environmental
flow will do and were integrated into the draft flow
recommendations for dam engineers and operators.

A24.4 Sustainable Rivers Project
USA – Savannah River
Example based on TNC (2010).
Originating in the Blue Ridge Mountains of North
Georgia, the 480 kilometers Savannah River flows
eventually into the Atlantic Ocean. The lower
Savannah River watershed encompasses more than
27,000 square kilometers and supports extremely
high species diversity, including the greatest number
of native fish species (108) of any river draining into
the Atlantic. Despite its scenic beauty and natural
diversity, the ecological health of the river system –
from the headwaters to the estuary – is declining.
The construction of three dams and reservoir systems
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just 50 years ago has negatively altered the natural
flow patterns that support the wildlife and natural
communities of the Savannah River, its floodplain
and its estuary.
In 2002, the US Army Corps of Engineers (Corps)
and The Nature Conservancy (TNC) launched the
Sustainable Rivers Project to restore rivers below the
Corps’ dams. One of these rivers was the Savannah
River. The main restoration strategy was to define
flow regimes that restore downstream ecosystem
processes and services, while continuing to meet
other human uses of water such as power generation
(provisioning service), recreation (cultural), and
flood control (regulatory). The project began in April
2003 with an orientation meeting with more than
50 leading scientists from the Georgia and South
Carolina state governments, federal agencies,
academic institutions and other non-governmental
organizations to define the process. Using historical
data, the seasonal water flows needed to support
the freshwater, floodplain and estuary were defined.
It was quite difficult to get the participants in the
flow recommendations workshops to suggest any
quantitative flow targets. However, by reminding
them that their recommendations were a first
approximation that would be refined over time
through an adaptive management process, the
targets could be established. Working with many
scientists and agencies can be onerous and timeconsuming, but most of these constrains were
avoided by giving the most time-consuming activities
to one research team. This report became the
accepted basic knowledge for the other scientists
in the project, making it easier to reach consensus
during the flow recommendations workshop. Costs
were reduced because researchers contributed their
time as part of their regular job duties and because
a considerable volume of relevant information
already existed for the Savannah River.
Eventually a flow prescription plan for executing a
series of seasonal controlled releases was designed
and tested. For five days, the Corps released
the first controlled flood of 450 cubic meters per
second (cms) of water from the Thurmond Dam,
a sizable increase from the existing daily release
of 130 cms. Several controlled floods have been
conducted since March 2004 to present time.
These controlled releases mimic flow conditions

prior to the construction of dams. The ecological
effects of the water flow restoration efforts have also
been evaluated through a number of projects. These
included monitoring the potential regenerative
benefits to floodplain forest, tracking the movement
of shortnose sturgeon, monitoring floodplain
invertebrates and fish, and measuring the effects of
the controlled floods on the salinity of the estuary.
Through this process, TNC and its partners have
gained valuable insight to the water flow patterns
necessary to support native wildlife. The Savannah
River project is today a model for sustainable dam
operations and management worldwide.

A24.5 Environmental flow
assessment in Vietnam
Example based on IUCN Vietnam (2005), IUCN
(2007a, 2008c, 2010b).
The Huong (Perfume) River Basin is situated in the
Hue Province in central Viet Nam. Before reaching
the sea, the river opens into a lagoon system that
extends about 70 km along the coastline. This
system supports a number of livelihood activities
and a lucrative aquaculture industry. The river is
characterized by a steep gradient of 28.5%. Rainfall
is very abundant, with an annual rainfall of 2,500
mm in coastal areas to 3,500 mm in the upper part of
the basin. Due to these two physical characteristics,
frequent downstream flooding occurs in the rainy
season (September – November) resulting in large
losses to crops, regional infrastructure and life.
During the dry season (February till May) reduced
flows and salinity intrusion threatens irrigation and
domestic water intake of Hue city. Responses to the
various challenges in the Huong River Basin included
structural interventions such as flood protection dams
and a salinity barrage to prevent salinity intrusion.
Yet, the devastating floods of 1999, and the less
severe floods of 2000, indicate shortcomings of
this approach to flood management and mitigation.
IUCN proposed preparing an integrated river basin
management plan (IRBM) to address water issues in
the basin instead.
The first step in the IRBM process was the elaboration
of an Environmental Flow Assessment (EFA).
Between 2003 and 2004, IUCN and partners
organized three workshops in Hue city to assess
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possible models for a river basin organization and
to discuss the implementation of the Environmental
Flow Assessment (EFA) process in Huong River. After
selecting the EFA methodology and discussing the
institutional and legal framework, a multidisciplinary
team of experts was composed to develop a
detailed EFA plan. The workshop participants
identified the sites in the basin where field work
should be conducted and what disciplines (such
as hydrology, aquatic ecology, salinity, fisheries,
and socio-economics) should be involved. After
field work, data collection and analysis, the results
were discussed in a workshop and preliminary EFA
assessments were discussed, e.g.:
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•

A 50% increase in dry season flows in April
would enhance the growth of aquatic plants
and decrease phytoplankton density, leading
to desired impacts on fish and shrimps. This
would improve water quality, increase seasonal
groundwater levels and have positive social impacts, such as more depth for floating villages.

•

A 50% decrease in wet season flows in
October would increase aquatic micro- and
macrophytes, a negative impact as it would reduce the habitat for freshwater fish and hinder
migration of eels. Most other indicators were
expected to be negatively affected too.

•

A 50% reduction in intra-annual floods would
impede the flushing and refreshing of the river,
with possible negative implications on all kinds
of indicators.

•

A removal of small flow peaks in May and June
would have a negative impact on water quality
because of increased salt intrusion, in-stream of
aquatic organisms. However, if the dry season
flows could be increased, the impact of removing these peaks would be low.

The Environmental Flows Assessment (EFA) process in
Huong River made clear how changes in river flow
affect both economic returns and ecosystem health.
Basin authorities were able to determine which
flow options accommodate economic goals while
protecting downstream ecosystems and their services.
As a result of the increasing awareness and capacity
created by the flow assessment, environmental
flows have been incorporated into planning for the
Huong Basin by the provincial People’s Committee
and, at national level, the government has included
environmental flows in the natural resources strategy
and in water sharing plans.
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Appendix 25
Ecosystem Restoration
Many of the examples in the appendices,
particularly those relating to action in wetlands or
changing agricultural practice, are actually about
ecosystem restoration. In most cases, this means
restoring or enhancing the services provided by the
ecosystem. This also holds true for the transformation
of conventionally managed agroecosystems into
multifunctional agroecological landscapes that
provide the widest range of ecosystem services.

A25.1 River restoration in Jordan
Example based on IdRC (2006) and IUCN (2009).
The Zarqa River is the second tributary to the
Jordan River. It rises in springs near Amman and
flows through a deep and broad valley into the
Jordan River. Around 65% of the Jordanian total
population and more than 90% of the small-medium
industries of Jordan are concentrated in the Zarqa
River Basin. The demands for water are very high.
This has led to over-pumping of groundwater for
agriculture, drinking and industrial uses that together
have reduced the natural base flow of the river. The
flow characteristics have been further modified by
the discharge to the river of treated domestic and
industrial wastewater that compose nearly all of
summer flow and substantially degrade the water
quality.
In a heavily populated and industrialized region,
it is a challenge to establish a solid waste
management strategy to stop the contamination
of the river. However, in 2006, IUCN helped
the Jordan Ministry of Environment to develop a
long-term strategy for the restoration of the Zarqa
River with the support of strategic partners. The
Ministry of Environment placed the rehabilitation
and integrated environmental management of
the Zarqa River Basin at the top of its priorities in
2006. With support of IUCN, the Ministry formed
a Committee with representatives of governmental
institutions, research organizations, universities and
local NGOs to develop a national strategy for the

restoration of the Zarqa River. The strategy builds
on the principles of integrated water resources
management (IWRM) combining development of
effective governance, application of economic tools,
knowledge management and capacity building,
civil society engagement and implementation of
restoration and sustainable management.
The restoration strategy has three phases. In the
first three year phase, urgent pilot restoration
activities show people how progress can be
achieved and what the benefits of a healthy river
are. At the same time, planning takes place for
cleaning up the rubbish in the river, re-establishing
riverside vegetation and managing water resources
sustainably. This is backed by participation of river
users and communities in decision making and
action. Economic benefits from restoration will grow
over time, together with regulatory, provisioning
(agriculture), and cultural (recreation and tourism)
ecosystem services. In the second and third phases,
the whole river ecosystem will be restored to health
over a period of 10–15 years.

A25.2 Managing community
resources in the Peruvian
Amazon
Example based on WWF (2009c).
The Peruvian Amazon is home to many indigenous
communities that rely on the forest and its ecosystems
services for their livelihoods. These services include
food supply (e.g. bush meat), wood and non-wood
products (e.g. fodder, medicinal plants), as well as
spiritual and recreational services. Forested areas
along riversides also prevent erosion and maintain
water quality in the rivers (regulatory services),
which are used by local communities as sources of
water and food. Indigenous communities living in
Peru’s Amazon are among the poorest of the world,
a situation that could be changed through the
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sustainable management of the natural resources of
the forest in which they live.
To reduce poverty levels of indigenous communities
in the Peruvian Amazon, WWF-Peru developed
the Managing Community Resources Project,
building on the unique mechanisms that indigenous
communities have to manage their environment.
Awajun and Wampis native communities of
the Condorcanqui Province received technical
assistance on productive activities, such as cacao
production, fish-farm management, and rubber
production. The indigenous federations that
represent these communities also benefited from
capacity building activities, which focused on
land use planning and property rights. Through the
project, 20 communities and their representative
organizations learned how to better manage their
forests, freshwater ecosystems and agricultural
units. In addition, 600 families within the project
area improved their income through family-based
productive systems, in particular family-owned
fishfarms and agroforestry systems. Landscape
and conservation plans were also prepared for the
Tunta Nain Conservation Area and 16 communities
around it.

A25.3 Restoration of the Chilika
Lagoon, India
Example based on Hirji and Davis (2009)
Chilika Lagoon, located on the east coast of India
in the state of Orissa, is the largest brackish lagoon
in Asia. It runs parallel to the coast of the Bay of
Bengal, separated by a 60 km barrier spit that
varies from 0.5 to 2.0 km wide. The lagoon is a
biodiversity hotspot, especially for water birds and
other aquatic species and is home to the Irrawaddy
dolphin, which is listed as an endangered species
by IUCN. The lagoon ecosystem and surrounding
catchment provides income to about 200,000
people who are dependent upon the fish, crab,
and prawn catch, and also to the cashew and
rice farmers. The surroundings also support grazing
for over 50,000 cattle and provide fuelwood. In
addition, Chilika has a growing ecotourism industry
and numerous temples that draw large local
populations. The lagoon’s ecosystem depends on
the water, sediment, and salt balances of the water
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body. The Chilika lagoon lies within the Mahanadi
Basin (the Mahanadi River reaches the ocean to
the northeast of the lagoon). The Daya, Nuna, and
Bhargavi branches of the river delta, along with
smaller rivers and streams from the catchments along
the western side of the lagoon, provide freshwater
and sediment inflows to the lagoon. The lagoon is
primarily connected to the Bay of Bengal through
a channel in the north. Water exchange through
this channel, freshwater inflows and evaporation,
control the salinity of the lagoon.
The productivity of the lagoon declined significantly
during the 1990s, primarily due to declining salinity
as a result of reduced interchange between the
lagoon and the ocean because of the northward
littoral drift of the channel. There was an increase
in sediment load from the western catchments and
irrigation areas of the Mahanadi Delta. These
sediments are believed to have been deposited
within the lagoon itself, as well as near and along
the mouth of the lagoon resulting in the closure of
the lagoon mouth. The salinity level of the lagoon
dropped dramatically from 20–30g/l to 2–3 g/l
during May as the freshwater buildup continued.
Due to the hydrologic and water quality changes
fish catches declined from 6,000 tons in 1980 to
1,641 tons in 1997/98 (a reduction of nearly 73
percent); crab and shrimp catches also declined
while several sponge species became extinct;
other species became endangered, including the
Irrawaddy dolphin. During the 1999 super cyclone
blockage of the lagoon outlet led to flooding
and waterlogging of large areas of paddy crop
in lakeside villages, with consequent sanitation
problems and outbreaks of disease.
In 1992, the state government of Orissa formed the
Chilika Development Authority (CDA) to manage
conservation efforts for the lagoon and develop a
management plan. Following concerns on declining
fish catches and biodiversity, the lagoon has been
rehabilitated through combining immediate and
long-term restoration actions. The most important
immediate actions included the cutting of a new exit
to the ocean and the dredging of a new channel
between the Mahanadi Delta and the new mouth
to facilitate tidal influx and freshwater outflows (after
extensive stakeholder consultations and scientific
studies). The new exit was completed in September
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2000. This helped to restore the balance of
freshwater, salt and sediment in the lagoon. As
predicted by studies, oceanic exchange through the
new channel has led to a remarkable recovery of the
lagoon and the lagoon’s productivity improved. The
World Bank provided assistance for determining the
environmental flow needed to sustain the lagoon in

the longer run through the Orissa Water Resources
Consolidation Project (OWRCP) 1995–2004.
While the increased exchange with the ocean has
clearly led to immediate and widespread benefits,
they will not be sustainable unless the natural flow
regime from the Mahanadi River is at least partially
restored and siltation of the entrance is arrested.
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