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Preface

The rapid increase in world population coupled with an ever-increasing
demand for natural resources, including fresh water, has highlighted the
immense pressures under which the environment is placed. This led initially
to an emphasis on technological solutions, such as end-of-pipe clean-up of
effluents and increases in agricultural production through plant breeding and
intensive use of chemical fertilisers and pesticides. There has been a pro-
gressive recognition that such approaches are not sustainable in the long
term and this has led to more holistic thinking about environmental manage-
ment. The outcomes of this changed thinking include, for example, a life
cycle approach to the assessment of manufactured products accounting for
mass and energy flows at all points in the process.
Even these newer modes of thinking have failed to account adequately for

pressures on the environment. Society has tended to regard the environment as
a ‘free good’ which could simply be exploited without concern for the con-
sequences. There was recognition that this would imply loss of some species as a
result, but the real consequences of this loss were not fully appreciated. It is
only with the more recent development of thinking in terms of ecosystems
services that the full impact of human activities is beginning to be recognised.
When human settlements were relatively small, it was possible to discharge
effluent into local water courses which would render the waste innocuous
through self-purification processes, now recognised as an ecosystem service.
This, however, is only one example of very many ecosystem services which
extend through all environmental media and underpin the very basis of human
existence. Our most basic needs for food, water and air are supplied through
ecosystem services which society interferes with at its peril.
The first chapter in this volume, by Alastair Fitter and other members of the

European Academies Science Advisory Council (EASAC) assessment team,
outlines some of the key ecosystem services, assesses their importance in a
European context and examines the contribution which biodiversity makes to
each of them. A key insight from this authoritative study is that all ecosystems
deliver a broad range of services, and managing an ecosystem primarily to
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deliver one service will reduce its ability to provide others. This is amplified
through examining the use of land to produce biofuels, a superficially attractive
process, which in practice, is riddled with difficulties and disadvantages. The
following two chapters take specific ecosystems as examples. Piran White and
co-authors review coastal wetland ecosystem services and the many benefits
which they provide to humans including nutrient cycling, climate and water
quality regulation, timber fuel and fibre. A new integrative conceptual frame-
work to underpin the ecosystem approach is divided into three sub-systems
relating to ecosystem functions, ecosystem services and social development and
well-being. The subsequent chapter by Ken Norris, Simon Potts and Simon
Mortimer deals with ecosystem services and food production. This is an
absolutely key area with the world’s population projected to rise to eight billion
people and world food demand increasing by 50% by the year 2030. An
overview is provided of the key ecosystem services involved in different food
production systems including crop and livestock production, agriculture and
the harvesting of wild nature. The important ecosystem impacts of food pro-
duction systems include habitat loss and degradation, changes to water and
nutrient cycles, and biodiversity loss. It is explained how these often impact
upon the very ecosystem services on which food production systems depend, as
well as other ecosystem services unrelated to food. More sustainable ways
forward are proposed.
In the subsequent chapter, John Thornes reviews the services provided by the

atmosphere. Many of these do not have a strong ecological dimension but
nonetheless management of the quality and sustainability of the atmosphere is
of very high importance as it represents one of the planet’s key life support
systems. The chapter reviews the services provided to society by the atmosphere
and presents provisional economic costings of some of these which serve to
emphasise the immense importance of the atmosphere to society, a fact which is
often neglected. The theme of economic valuation is taken up in a more general
context by Eric Gómez Baggethun and Rudolf De Groot in the following
chapter on ‘Natural Capital and Ecosystem Services: The Ecological Foun-
dation of Human Society’. This chapter highlights the problem that standard
economic theory neglects, the fact that economic health in the long term
depends upon the maintenance of the integrity and resilience of natural eco-
systems which underpin so much of human activity. It describes how approa-
ches such as ecological and environmental economics attempt to deal with the
short-comings of standard economics through the development of concepts and
accounting methods that better reflect the role of nature in the economy and the
ecological cost derived from economic growth.
The final two chapters deal with practical ways of addressing sustainability

issues which affect ecosystems. Luke de Vial, Fiona Bowles and P. Julian
Dennis provide a case study of water management. Specifically they examine
how agricultural practices impact upon water quality and require ever more
complex and expensive measures to remediate water for potable supplies. Their
case study describes tackling the problem at source by influencing the farmers
whose practices are at the root cause of the problem. It is very encouraging to
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see that such methods are meeting with success. In the final chapter, Adisa
Azapagic describes the use of life cycle assessment as a tool for sustainable
management of ecosystem services. The theoretical basis of life cycle analysis is
described, but the key part of the chapter is the presentation of four case stu-
dies, which illustrate the insights which can be gained from life cycle analysis
into the comparative impact of different process options and fuels upon the
environment.
This is a relatively new subject area and it has proved difficult to provide the

kind of comprehensive integrated coverage which we aim for in Issues in
Environmental Science and Technology. Rather, the volume provides a collec-
tion of specialist accounts of different aspects of ecosystem services which
complement one another, and although not providing a comprehensive over-
view, give an excellent insight into the subject, its importance and the way in
which it is developing. Each chapter is designed to be read as a complete entity
in its own right, but a much fuller view of the field in terms of the scientific
foundations, management approaches and policy aspects can be obtained by
reading the entire volume. We are fortunate to have attracted highly author-
itative authors for the individual chapters and believe that this volume will be
of immediate and lasting value to the many people involved in the science and
policy aspects of environmental management and sustainability in central and
local government, consultancies and industry, as well as to students of envir-
onmental science, engineering and management courses.

Ronald E. Hester
Roy M. Harrison
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An Assessment of Ecosystem Services and
Biodiversity in Europe

ALASTAIR FITTER, THOMAS ELMQVIST, ROY HAINES-YOUNG,
MARION POTSCHIN, ANDREA RINALDO, HEIKKI SETÄLÄ,
SUSANNA STOLL-KLEEMANN, MARTIN ZOBEL AND
JOHN MURLIS*

ABSTRACT

Ecosystem services are the benefits humankind derives from the workings
of the natural world. These include most obviously the supply of food,
fuels and materials, but also more basic processes such as the formation
of soils and the control and purification of water, and intangible ones
such as amenity, recreation and aesthetics. Taken together, they are
crucial to survival and the social and economic development of human
societies. Though many are hidden, their workings are now a matter of
clear scientific record. However, the integrity of the systems that deliver
these benefits cannot be taken for granted, and the process of monitoring
them and of ensuring that human activity does not place them at risk is an
essential part of environmental governance, not solely at a global scale
but also regionally and nationally.

In this chapter, we assess the importance of ecosystem services in a
European context, highlighting those that have particular importance for
Europe, and we set out what is known about the contribution biodiversity
makes to each of them. We then consider pressures on European eco-
system services and the measures that might be taken to manage them.

One of the key insights from this work is that all ecosystems deliver a
broad range of services, and that managing an ecosystem primarily to
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deliver one service will reduce its ability to provide others. A prominent
current example of this is the use of land to produce biofuels. There is an
urgent need to develop tools for the effective valuation of ecosystem
services, to achieve sustainable management of the landscape to deliver
multiple services.

1 Introduction

1.1 Biodiversity and Ecosystem Services: Why this Topic
Matters Now

The past 50 years have seen an unprecedented human impact on ecosystems
and on their biodiversity.1 Current rates of species extinction substantially
exceed background extinction rates: International Union for Conservation
of Nature (IUCN) estimates that 12% of bird species, 23% of mammals, 32%
of amphibians and 25% of conifers are threatened with extinction.2 Human use
of natural resources has grown substantially in this period: roughly half of
useable terrestrial land is now devoted to grazing livestock or growing crops.
That expansion has been at the expense of natural habitat, so that between a
quarter and a half of all primary production is now diverted to human con-
sumption.3 Other major threats to biodiversity include the introduction of non-
indigenous species, pollution, climate change and over-harvesting. In marine
ecosystems, over-exploitation of stocks has been the most severe cause of
ecosystem degradation and local extinction.4

These changes have considerable implications for human society. Living
organisms, interacting with their environment in the complex relationships
that characterise ecosystems, deliver important, and in some cases crucial and
unsubstitutable, benefits to humankind. Most obviously, organisms provide
goods in the form of food, fuel and materials for building, but they also deliver
other, less apparent services. For example, insects, especially bees, play an
important role in the pollination of plants, including staple food crops, and
micro-organisms recycle or render harmless the waste produced by human
society. Both the bees and the microbes operate within and rely on ecosystems
for their survival.
These natural services are of enormous value to human society. Many of the

services are irreplaceable: for example, we have no way of providing food for
the human population except through the use of natural systems involving
soil, soil organisms and crop plants, nor of providing drinking water, except
through the operation of the water cycle, which depends critically on the
activities of organisms. The maintenance of ecosystems, therefore, must be an
essential part of the survival strategy for human societies.
Despite these benefits, investment in conservation does not match the scale

of the benefits received from ecosystem services. It was noted by David Pearce
that ‘actual expenditures on international ecosystem conservation appear to be
remarkably small and bear no relationship to the willingness to pay figures

2 Alastair Fitter et al.



obtained in the various stated preference studies’.5 Pearce concluded ‘despite
all the rhetoric, the world does not care too much about biodiversity con-
servation’. This disconnection may arise in part because the links between
biodiversity and ecosystem function (and consequently to ecosystem services)
remain new areas of research: this chapter assesses the evidence for these links,
focussing on ecosystem services that are of major concern for Europe.
The power of economic analysis in policy-making is such that argument

about policy is typically constructed in a major part through the language of
costs and benefits. There is an urgent need to address the chronic under-
investment in conservation of biodiversity and to ensure that future decisions
do not lead to an unacceptable loss. This means that it is essential that the value
of biodiversity in promoting the delivery of essential and valuable services is
expressed strongly (in both economic and other terms) in those areas of deci-
sion-making where economic analysis is itself strongest.

1.2 The Current Assessment

The principal focus of assessment of ecosystem services to date has been at a
global level. The Millennium Ecosystem Assessment (MA) continues to be a
major influence on the development of a global regime for the protection
of biodiversity through the Convention on Biological Diversity (CBD). At a
national scale, UK National Ecosystem Assessment (NEA), which commenced
in mid-2009 and will report in 2011, is expected to have a significant impact on
the UK’s environmental management strategy. There is also an urgent need to
advance the development of regional measures for protecting biodiversity and
ensuring the continual flow of ecosystem services. The assessment on which this
chapter is based was commissioned by the Council of the European Academies
Science Advisory Council (EASAC), an independent association of the science
academies of the European Member States, as a contribution to the scientific
debate on the future of European biodiversity and measures to protect it.6

The assessment consists of four stages:

1. Prioritisation of ecosystem services within a European context using the
MA framework;

2. Assessment of the relative significance of biodiversity for each of these
services;

3. An evaluation of the role of biodiversity, based on current knowledge;
and

4. Identification of specifically European concerns about the future of each
ecosystem service.

The initial assessment was made by an expert Working Group. Following
extensive review by a wide range of experts, comments and contributions from
reviewers were assimilated and the output was subject to a review within the
EASAC Member Academies. We believe, therefore, that this assessment is an
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accurate reflection of the range of views within Europe’s scientific communities
on ecosystem services and biodiversity in Europe.

2 Biodiversity and Ecosystem Services

2.1 Ecosystem Services

An ecosystem is the interacting system of living and non-living elements in a
defined area.7 Ecosystems can exist at any spatial scale, although in most uses
they are large-scale entities, such as a lake or a forest. The importance of the
ecosystem is that it is the level in the ecological hierarchy (see Figure 1) at which
key processes such as carbon, water and nutrient cycling and productivity are
determined and can be measured: these are the processes that determine how
the world functions and that underlie all the services identified by the MA.
The MA classification of ecosystem services contains four categories –

supporting, regulating, provisioning and cultural – which explicitly address the
benefits to human societies. The delivery of these services, however, represents
the normal operation of the ecosystem, and reflects the natural processes that
occur within every ecosystem. The services, therefore, which are a human
construct, depend on these underlying processes, such as:

� Fixation of nitrogen gas from the air by bacteria into forms that are use-
able by plants, which underlies the nitrogen cycle;

� Decomposition of organic matter by microbes, which is the basis of all
nutrient cycles, including importantly the carbon cycle; and

� Interactions between organisms, such as competition, predation and
parasitism, which control the size of their populations, and underlie
services such as pest control.

Because the processes depend on organisms and the organisms are linked by
their interactions, the services themselves are also linked. For example, pro-
ductivity can only be maintained if the cycling of nutrients continues, and all
provisioning services depend intimately on the supporting services of produc-
tion and water and nutrient cycling. Consequently all ecosystems deliver
multiple services, although the number of species and the relative scale of the
various services will vary greatly among ecosystems.

2.2 Relationships between Biodiversity and Ecosystem Services

Ecosystems vary greatly in biodiversity. Generally, productive natural ecosys-
tems have the highest biodiversity but many highly productive ecosystems, and
especially those under human management, have low biodiversity, showing
that many other factors are at work. Among those factors are: rates of evo-
lution, which are the underlying driver of biodiversity; rates of dispersal, both
natural and assisted by humans, which are especially important when

4 Alastair Fitter et al.
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ecosystems are isolated from others by natural barriers; and the interactions
between species, such as predation, competition and parasitism, which control
the sizes of their populations and often their persistence in a community.
In ecosystems with many species, species can be grouped into sets that have

similar ecological roles, called functional groups, for example, legumes which
form a symbiosis with nitrogen-fixing bacteria in their roots and gain access to
the pool of atmospheric nitrogen for their nutrition. Similarly, spiders that
catch prey in webs and those that do so by hunting represent distinct functional
groups of predators and play distinct roles in an ecosystem. Even where, in a
biodiverse ecosystem, there are many species within a functional group, some
will be rare and others common. Some species play especially important roles in
the ecosystem, although these keystone species may not necessarily be common
species. Losing an entire functional group from an ecosystem or the keystone
species from within that group is likely to have more severe consequences for its
functioning than losing one species from a large group, and such a loss is most
likely in a species-poor system.8 Experimental evidence shows that both num-
ber of species and number of functional groups can play an important role in
controlling ecosystem processes.9

Ecosystems can change drastically when sets of key species are lost,10,11 or
when new species invade.12 One of the great unsolved problems in ecology is to
determine how important biological richness is for the operation of processes
such as production and nutrient cycling. When there are more species in an
ecosystem, and especially more types of species with distinct functional attri-
butes, ecosystem processes, and the services they support, such as biomass
production, pollination and seed dispersal are promoted,13 but the evidence is
less clear as to what happens to an ecosystem as it progressively loses species.
Because processes in ecosystems with very low biodiversity are in many cases
slower or less active, it follows that loss of species will eventually cause
degradation of processes. Although the shape of the relationship is not entirely
clear (do services decline progressively or suddenly as biodiversity is lost?) there
is evidence that it is highly non-linear. A slight decreasing trend in ecosystem
functions as species diversity declines may be followed beyond a certain
threshold with a collapse of function.14

There are numerous well-documented examples that demonstrate that bio-
diversity plays a large role in the case of many services. Within the context of
the Millennium Ecosystem Assessment framework, such examples would
include:

� Supporting services: in a meta-analysis of 446 studies of the impact of
biodiversity on primary production, 319 of which involved primary pro-
ducer manipulations or measurements, there was ‘clear evidence that
biodiversity has positive effects on most ecosystem services’, and specifi-
cally that there was a clear effect of biodiversity on productivity.15

� Regulating services: in an experimental study of pollination in pumpkins it
was the diversity of pollinator species, and not their abundance, that
determined seed set.16
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� Provisioning services: where grassland is used for biofuel or other energy
crop production, the lower financial return makes intensive production
systems involving heavy use of pesticides and fertilisers uneconomic.
Under these less intensive production systems, mixed swards of grasses are
more productive than pure swards.17

� Cultural services: evidence from the 2001 foot and mouth disease epidemic
in the UK demonstrated that the economic value of biodiversity-related
tourism greatly exceeds that of agriculture in the uplands of the UK.

2.3 Land Use and Multiple Services

Land use has a major impact on both ecosystem services and biodiversity,
especially when altered by human activity to deliver some particular service,
such as food production in agro-ecosystems. However, all ecosystems deliver
multiple services, and management to maximise one particular service risks
reducing others. For example, forests regulate water flow and quality and store
nutrients in soil, among many other functions; clear-felling a forest to obtain
the ecosystem service of timber products results in the temporary failure of the
system to retain nutrients, as shown by the classic Hubbard Brook experiments
in New England, USA.18 Similarly, arable land managed to maximise yield of
food crops stores less carbon in the soil, with negative effects on the service of
climate regulation.19

Human impact on ecosystems is most extreme in intensive agriculture and
in urban landscapes. Urban ecosystems typically contribute minimal levels of
provisioning services. Urban landscapes are characteristically heterogeneous,
including in relation to biodiversity.20 Street trees and urban vegetation may
generate services of high value for human well-being related to environmental
quality such as air cleaning, noise reduction and recreation,21 or to human
health22 (asthma rates among children aged four and five in New York City
were directly proportional to the density of trees). Because of the density of
human population, many urban ecosystem services are generated on a very
small scale, by patches of vegetation and even individual trees.
Land (and where appropriate water) management always, even if only

implicitly, aims to achieve benefits of one or more ecosystem services, but
because these services are not independent of one another, there are trade-offs
between the services.

� Temporal trade-offs: there may be benefits now with costs incurred later
(or more rarely vice versa). Land used for food production may store
progressively declining stocks of organic matter, with long-term con-
sequences both for nutrient cycling, and hence future fertility, and carbon
sequestration.

� Spatial trade-offs: the benefit may be experienced at the site of manage-
ment, but the cost incurred elsewhere. When moorland is burned to
maximise growth of young heather shoots and the number of grouse, and
hence income from grouse shooting, the loss of dissolved organic matter to
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water is increased. This appears as colour in drinking water and has to be
removed at great expense by water companies.23

� Beneficiary trade-offs: the manager may gain benefit, but others lose,
leading to actual or potential conflict. Most management systems that
maximise production by high inputs of fertilisers lead to reduced biodi-
versity, so that those who appreciate land for its conservation value lose.
Equally, land managed for biodiversity conservation, such as nature
reserves, has little production value.

� Service trade-offs: these occur almost invariably when management is prin-
cipally for one service, and are in practice similar to beneficiary trade-offs.

These trade-offs are real and well documented. To control their impact, it
will be essential to take into account the spatial and temporal scale at which
ecosystem services are delivered. For example:

� Pollination, which operates at a local scale and can be managed by
ensuring that there are areas of land managed that maintain populations
of pollinators in a mosaic of land-use types;

� Hydrological services function at a landscape scale, such as a watershed,
and require co-operation among land managers at that scale; and

� Carbon sequestration in organic matter in soil operates at a regional and
global scale and necessitates policy decisions by governments and inter-
national bodies to ensure that appropriate incentives are in place to ensure
necessary behaviour by local land managers.

Hence the importance of assessments at a range of geographical scales,
including, as in the work reported here, regional (European in this case) level.

3 European Biodiversity and Ecosystem Services

The full assessment of ecosystem services made in the course of this study by the
EASAC Working Group and the panel of experts is given in the Working
Group Report.24 The following is a digest focussing on land-based services;
similar issues are raised by consideration of marine services.

A Supporting Services
Supporting services are the basic services that make the delivery of all other
services possible.

A1 Primary Production
Primary production is fundamental to all other ecosystem services and is
generally high in Europe, where soils are young and fertile and the climate
is generally benign. Low productivity is associated with very cold regions
(Arctic and alpine), very dry regions (some parts of the Mediterranean region)
and seriously polluted or degraded environments. In policy terms, primary
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production is considered highly important for Europe, and it appears to be
strongly dependent on biodiversity.
A large body of evidence relates diversity to primary production, including

theoretical, controlled-environment and small and large-scale field studies.
However, the relationship is complex. Although the highest productivity is
typically achieved in intensively managed systems of very low diversity
requiring large inputs of resource, sustained high production without high
levels of input is associated with high levels of biodiversity.
In Europe, there is a possibility of serious decline in primary productivity due

to increasingly dry conditions in southern Europe, but of increases in the north
due to extended growing season. Environmental pressure, including change of
land use, climate change and pollution all reduce quantity and quality of bio-
diversity with consequent loss of primary productivity.25

A2 Nutrient Cycling
Nutrient cycling is also considered a highly important ecosystem service
for Europe. It is a key process in both terrestrial and aquatic systems and is
essential for maintenance of soil fertility. Nutrients are cycled by organisms,
which take them up as they grow and release them back into the environment as
they decompose. Biodiversity is critical to these cycles.
The capacity of ecosystems to sequester nutrients depends, besides natural

factors, on management interventions. In intensively farmed landscapes, nitrate
and phosphate may be lost to watercourses, causing both damage to water
quality and economic losses on farms. Atmospheric deposition of nitrogen,
sulfur and sometimes metals to soils also disrupts nutrient cycling – through
effects including acidification, denitrification and inhibition of fixation. In
many aquatic systems in Europe, sewage, industrial and agricultural effluent
disrupt nutrient cycling.
The widespread use of sewage sludge as an agricultural fertiliser, though an

effective way of recycling nutrients removed from soils by agriculture, has
resulted in contamination of soils by heavy metals, including zinc, copper and
cadmium, which inhibit nitrogen-fixing bacteria. Changes in biodiversity of
natural ecosystems brought about by land-use change, climate change or pol-
lution alter the ability of ecosystems to retain nutrient stores, resulting in release
of nutrients to other ecosystems with potentially damaging consequences.

A3 Water Cycling
The water cycle is an important process in the overall management of water,
storing water, controlling flows and distributing it to all parts of the ecosystem.
Humans have made changes in water cycles through urbanization, drainage,
dams, structural changes to rivers and other surface waters.26 Floods and
droughts become more intense due to changes in landscapes and feedbacks
from precipitation recycling, which include forest cutting, intensive agriculture,
urbanization, large-scale reclamations and uncontrolled withdrawals from
subsurface stores.27 Impermeable areas increasingly preclude sustainable
aquifer recharge. Impacts are likely to be amplified through climate change.28
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Both vegetation and soil organisms have profound impacts on water
movements and the extent of biodiversity is likely to be important. Changes in
species composition can affect the balance between water used by plants (‘green
water’) and water flowing through rivers and other channels (‘blue water’), and
native flora may be more efficient at retaining water than exotic species.
However, land use and landscape structure are likely to be more significant
than biodiversity per se.
In Europe as a whole, there is concern that soil moisture and green water

availability are decreasing as a result of human activity29 and in Southern
Europe these problems apply to both blue and green water. Urban areas with
sealed surfaces provide new challenges and increased runoff, flood events and
nonpoint pollutant loads30are predicted to increase in several European areas
due to climate change.31

A4 Soil Formation
Soil formation is fundamental to soil fertility, especially where processes
leading to soil destruction or degradation (erosion or pollution) are active. It is
a continuous process in all terrestrial ecosystems, but particularly important
and active in early stages after land surface is exposed (e.g. following glacia-
tion). It is highly dependent on the nature of parent materials, biological
processes, topography and climate.
Soil biodiversity is a major factor in soil formation. Loss of soil biota,

including bacteria, fungi and invertebrates, reduces soil formation rate, with
damaging consequences. Key plant types include legumes and deep-rooted
species. There is little empirical evidence, however, on the general role of bio-
diversity in soil formation, but composition of biological communities has been
shown to be important, so a range of functional types appears to be needed.
There are particular concerns in Europe about soils that are subject to

intense erosion by wind or water. Although soils in Northern European eco-
systems in the early stages (10 000 to 20 000 years) of post-glacial recovery are
often resilient to intensive agricultural use,32 much of the Mediterranean region
has old soils with lower resilience that have suffered severe damage and are
badly eroded.33 In alpine areas, high rates of erosion may be countered by
equally high rates of soil development.

B Regulating Services
Regulating services are the benefits obtained from the regulation of ecosystem
processes.

B1 Climate Regulation
Climate regulation refers to the role of ecosystems in managing the levels
of climate forcing or greenhouse gases (GHGs) in the atmosphere. Current
climate change is largely driven by increase in the concentration of trace gases
in the atmosphere, principally as a result of changes in land use and rapidly
rising combustion of fossil fuels. The major GHG, carbon dioxide (CO2), is
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absorbed directly by water and indirectly (via photosynthesis) by vegetation,
leading to storage in biomass and in soils as organic matter. Fluxes of other
GHGs (e.g. methane, CH4; nitrous oxide, N2O) are also regulated by soil
microbes. Marine systems play a key role in climate regulation through physical
absorption of CO2 and through photosynthetic carbon-fixation.
Europe contains extensive areas of peat that contain large quantities of

carbon. Boreal forests are also significant stores of carbon. In all, Europe’s
terrestrial ecosystems are estimated to represent a net carbon sink of between
135 and 205 gigatonnes per year, which is about 7 to 12% of the 1995
anthropogenic carbon emissions.34 The interplay between biodiversity and
climate regulation is poorly understood. When major change occurs in eco-
systems, the time lags in the feedbacks on ecosystem processes that result are
important and unresolved. The global carbon cycle is strongly buffered because
much anthropogenic CO2 is absorbed by the oceans and terrestrial ecosys-
tems.35 However, the rate of emission increasingly exceeds this absorption
capacity, which itself is being reduced still further by anthropogenic damage to
ecosystem function.
Losses of carbon (C) from soils, from peat in particular, could easily out-

weigh any savings made due to reductions in fossil fuel use: it has been esti-
mated that UK soils may have lost 0.6% of C each year over last 25 years.36

Intensive biofuel production may also lead to reduced C retention in soils, since
the goal will be to remove as much biomass as possible. There is also some
evidence that aerosols produced by boreal forests may affect albedo, thereby
cooling the climate.37

There is a fundamental requirement to ensure that policies take into account
multiple impacts; for example, the consequences of changes in land use to
increase biomass production for sustainable C storage in soils and emissions of
greenhouse gases (N2O, CH4).

B2 Disease and Pest Regulation
The abundance of pests and diseases is regulated in ecosystems through the
actions of predators and parasites, as well as by the defence mechanisms of
their prey. The services of regulation are expected to be more in demand in the
future, as climate change brings new pests and increases the susceptibility of
species to parasites and predators.
The role of biodiversity in disease regulation may be important. There is

evidence that the spread of pathogens is less rapid in more biodiverse ecosys-
tems. There is also a consensus that a diverse soil community will help prevent
losses of crops due to soil-borne pests and diseases.38 Higher trophic levels in
soil communities can play a role in suppressing plant parasites and affecting
nutrient dynamics by modifying abundance of intermediate consumers.39 In
many managed systems, the control of plant pests can be provided by generalist
and specialist predators and parasitoids.40,41

There is a need for the development of European applications of biological
control, exploiting the properties of pest regulation in biodiverse ecosystems.
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B3+C2 Water Regulation and Purification (in this assessment these ecosystem
services were combined)
The water regulation and purification service refers to the maintenance of water
quality, including the management of impurities and organic waste, and the
direct supply of clean water for human and animal consumption. Soil state and
vegetation both act as key regulators of water flow and storage. Although
vegetation is a major determinant of water flows and quality, and micro-
organisms play an important role in the quality of groundwater, the relation-
ship of water regulation and purification to biodiversity is poorly understood.
In lowland Europe, several factors impinge on water regulation and pur-

ification, including use of floodplains, river engineering and increasing urban-
isation, leading to higher levels of run-off and contamination of water.
Increasing land-use intensity and the replacement of biodiverse natural and
semi-natural ecosystems by intensively managed lands and urban areas have
resulted in increased run-off rates, especially in mountainous regions.
Increasingly, freshwater supplies are a problem in the Mediterranean region
and in such densely populated areas as southeast England.
A more coherent approach to the managed recharge of groundwater, with

controls on groundwater extraction rates to protect surface ecosystems, would be
a valuable enhancement to the Water Framework Directive. Trans-boundary
approaches to catchment management are needed that offer a balance between
engineered and ecosystem-based approaches to water regulation.

B4 Protection from Hazards
This regulating service reduces the impacts of natural forces on human settle-
ments and the managed environment. It is highly valued in Europe. Many
hazards arising in Europe from human interaction with the natural environ-
ment are sensitive to environmental change. These include flash floods due to
extreme rainfall events on heavily managed ecosystems that cannot retain
rainwater; landslides and avalanches on deforested slopes; storm surges, exa-
cerbated by sea-level rise and the increasing use of hard coastal margins; air
pollution due to intensive use of fossil fuels combined with extreme summer
temperatures; and fires caused by prolonged drought, with or without human
intervention.
Ecosystem integrity is important in protection from these hazards, but less so

to geological hazards, such as volcanic eruptions and earthquakes, which are
localised to a few vulnerable areas. In alpine regions, vegetation diversity is
related to the risk of avalanches.42 Soil biodiversity may play a role in flood and
erosion control through affecting surface roughness and porosity,43 and
increasing tree diversity is believed to enhance protection against rockfall.44

Increased urbanisation and more intensive use of land for production may
reduce the ability of ecosystems to mitigate extreme events.

Environmental Quality Regulation
Environmental quality regulation is a new category, not in the MA. In addition
to services like water purification mentioned above, ecosystems contribute to
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several environmental regulation services of importance for human well-being
and health. Examples include the role of vegetation and green areas in urban
landscapes for air cleaning, where parks may reduce air pollution by up to 85%
and significantly contribute to the reduction of noise. For cities, particularly in
southern Europe around the Mediterranean, vegetation and green areas may
play a very important role in mitigating the urban heat island effect, a con-
siderable health issue in view of projected climate change. Urban development
in Europe, just as elsewhere in the world, faces considerable challenges where
efforts to reach some environmental goals, for example, increased transport
and energy efficiency through increased infilling of open space with urban
infrastructure, is not done through sacrificing all other environmental qualities
linked to those spaces.

B5 Pollination
The pollination service provided by ecosystems is the use of natural pollinators
for crops. The role of pollinators, such as bees, in maintaining crop production
is well documented and of high importance, in Europe as elsewhere in the
world. There is strong evidence that loss of pollinators reduces crop yield and
that the availability of a diverse pool of pollinators tends to lead to greater
yields.
Habitat destruction and deterioration, with increased use of pesticides, has

decreased abundance and diversity of many insect pollinators, leading to crop
loss with severe economic consequences, and to reduced fecundity of plants,
including rare and endangered wild species. Reduction of landscape diversity
and increase of land-use intensity may lead to a reduction of pollination service
in agricultural landscapes.45,46 The loss of natural and semi-natural habitat can
reduce crop production through reduced pollination services provided by
native insects, including bees.47 There is increasing evidence that the diversity of
pollinators, not just abundance, may influence the quality of pollination ser-
vice.48 Maintenance of biodiverse landscapes, as well as protecting pollinators
by reducing the level of use of agrochemicals (including pesticides), is an
important means for sustaining pollinator service in Europe.
The concern at a European level is that change in land use, in particular

urbanisation and intensive agriculture, has decreased pollination services
through the loss of pollinator species. However, we do not fully understand the
causes behind recent declines in pollinators.

C Provisioning Services
Provisioning services are the benefits obtained from the supply of food and
other resources from ecosystems.

C1 Provision of Food
The delivery and maintenance of the food chain on which human societies
depend is clearly of fundamental importance. It is estimated that well over 6000
species of plants are known to have been cultivated at some time or another,49

but about 30 crop species provide 95% of the world’s food energy.50
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Intensive agriculture, as currently practised in Europe, is centred around
crop monoculture, with minimisation of associated species. These systems offer
high yields of single products, but depend on high rates of use of fertilisers
and pesticides, raising questions about sustainability, both economically and
environmentally. Introducing a broader range of species into agriculture might
contribute significantly to improved health and nutrition, livelihoods, house-
hold food security and ecological sustainability.51

Maintenance of high productivity over time in monocultures almost invari-
ably requires heavy inputs of chemicals, energy and capital, and these are
unlikely to be sustainable in the face of disturbance, disease, soil erosion,
overuse of natural capital (for example, water) and trade-offs with other eco-
system services.52 Diversity may become increasingly important as a manage-
ment goal, from economic and ecological perspectives, for providing a broader
array of ecosystem services.

C3 Energy resources
The supply of plants for fuels represents an important provisioning service on
a global scale. In Europe, traditional dependence on fuel from plants has
diminished in line with the uptake of fossil fuels. However, energy from plants
is expected to become more important in Europe in the future as pressures build
to increase the proportion of renewable energy.
Biodiversity of the crop will probably play a small direct role in most biofuel

production systems, although all land-based biofuel production will rely on
the supporting and regulating services for which biodiversity is important. At
present, the increase of biofuels is being achieved partly by the cultivation of
biomass crops, which are burned as fuels in conventional power stations, and
partly by diversion of materials otherwise useable as food for people. The
expectation is that these ‘first generation’ fuels will be displaced – at least for
ethanol production – by a second generation of non-food materials.
All of these biofuel production systems, however, present serious sustain-

ability issues. There are already established damaging impacts on food pro-
duction, availability and prices worldwide. In addition, full analyses of the
carbon fluxes show that the carbon mitigation benefits are much smaller than
anticipated because of losses of carbon from newly cultivated soils; destruction
of vegetation when new land is brought under the plough; losses of other
greenhouse gases such as nitrous oxide from nitrogen-fertilised biofuel pro-
duction systems; and transport and manufacturing emissions.
Land-based biofuel production systems also have the potential to be espe-

cially damaging to conservation of biodiversity, because their introduction
on a large scale will inevitably lead both to more intensive land use and to
the conversion of currently uncultivated land to production. However, with
the correct regulation and institutions, currently degraded land could simul-
taneously generate biofuels and a suite of other services as well. A full audit of
the implications of increased biomass and bioenergy production is urgently
needed.
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C4 Provision of Fibres
The provision of fibre has historically been a highly important ecosystem
service to Europe but most textiles consumed in the EU are now produced and
manufactured abroad. However, the pulp and paper industry is significant in
Europe and is the dominant user of plant fibres in Europe. Most raw pulp is
produced from highly managed monocultures of fast-growing pine and euca-
lypts, grown at high densities with limited scope for biodiversity. Such large-
scale monocultures are vulnerable to runaway pathogen attack.53 Biodiverse
cropping systems may prove of value for ensuring robust future productivity.
Wool production is generally a low-intensity activity on semi-managed pasture
lands with the potential to support considerable biodiversity.

C5 Biochemical Resources
Ecosystems provide biochemicals – materials derived from nature as feedstocks
in transformation to medicines – but also other chemicals of high value such as
metabolites, pharmaceuticals, nutraceuticals, crop protection chemicals, cos-
metics and other natural products for industrial use. A report from the US
Environmental Protection Agency54 concludes that economically competitive
products (compared with oil-derived products) are within reach, such as for
celluloses, proteins, polylactides, plant oil-based plastics and polyhydroxyalk-
anoates. The high-value products may make use of biomass economically
viable, which could become a significant land-use issue. Biodiversity is the
fundamental resource for bioprospecting but it is rarely possible to predict
which species or ecosystem will become an important source.55 Harvesting for
biochemicals, however, might itself have a negative impact on biodiversity if
over-harvesting removes a high proportion of the species.

C6 Genetic Resources
Genetic resource provision, for example, provision of genes and genetic material
for animal and plant breeding and for biotechnology, is a function of the cur-
rent level of biodiversity. EU extinction rates remain low; however, there may
be problems in poorly studied systems (for example, soils, marine environ-
ments). Genebanks are better developed in EU than elsewhere but have limited
capacity to conserve the range of genetic diversity within populations. There are
now numerous initiatives to collect, conserve, study and manage genetic
resources in situ (for example, growing crops) and ex situ (for example, seed and
DNA banks) worldwide, including most EU countries. New techniques, using
molecular markers, are providing new precision in characterising biodiversity.56

D Cultural Services
Although the MA recognises many services under this heading, we have
considered them in two main groups:

1. Spiritual, religious, aesthetic, inspirational and sense of place; and
2. Recreational, ecotourism, cultural heritage and educational.
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All the services within these groups have a large element of non-use
value, especially those in the first group to which economic value is hard to
apply. Those in the second group are more amenable to traditional valuation
approaches. Biodiversity plays an important role in fostering a sense of place in
all European societies and thus may have considerable intrinsic cultural value.
Evidence for the importance of these services to citizens of the EU can be

found in the scale of membership of conservation-oriented organisations. In
the UK, for example, the Royal Society for the Protection of Birds has a
membership of over one million and an annual income of over d50 million and
the National Trust is even larger: 3.6 million members and an annual turnover
of over d400 million. Cultural services based on biodiversity are most strongly
associated with less intensively managed areas, where semi-natural biotopes
dominate. These large areas may provide both tranquil environments and a
sense of wilderness. Low-input agricultural systems are also likely to support
cultural services, with many local traditions based on the management of land
and its associated biological resources. Policy (including agricultural and for-
estry policies) needs to be aimed at developing sustainable land-use practices
across the EU, to deliver cultural, provisioning and regulatory services effec-
tively and with minimal cost. Maintenance of diverse ecosystems for cultural
reasons can allow provision of a wide range of other services without economic
intervention.
In Europe, cultural services are of critical importance because of the high

value many of Europe’s people place on the existence and opportunity to enjoy
landscapes and open spaces with their flora and fauna. Although the intrinsic
biodiversity of natural space in Europe varies greatly, there is evidence that
people value ‘pristine’ environments and regard the impoverishment of land-
scape, flora and fauna as negative factors, impacting heavily on their enjoyment
of nature. The economic value of ecosystems for tourism and recreation often
exceeds their value for provisioning services.
The results of the assessment are summarised in Table 1; a number of eco-

systems services have high importance for Europe and of these, biodiversity is
important in a significant number of cases.

4 Managing Ecosystem Services in Europe

4.1 How Ecosystems Respond to Change

All ecosystems experience environmental change and disturbance, but they also
have the ability to maintain themselves in the face of change. The successive
appearance of distinct communities of plants and animals on a site, ecological
succession, has been much studied and an important distinction between pri-
mary and secondary succession has emerged. Primary succession occurs on
bare or recently uncovered surfaces such as muds, glacial moraines and river
gravels. Secondary succession is the replacement of an existing community after
removal of all or part of the vegetation. The major difference between the two
processes is that soil has to be formed in primary succession, a process that may
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take thousands of years. Secondary succession, for example, the return of
woodland to abandoned agricultural fields, depends on the ability of species to
survive or disperse back into the disturbed area. If the disturbance is on a very
large scale, recovery of the ecosystem can be slow.57

The concept of succession implies that communities recover in predictable
ways after disturbance. However, species previously found on a site may fail
to re-colonise. If the disturbance is on a very large scale, in space or time, the
species may be extinct in the area and unable to disperse back in; for long-lived
species, the local environment may have changed so much that they are no
longer able to reproduce or grow from seed, either due to physical changes (e.g.
climate change) or biotic changes (e.g. invasive species or a parasite). If the
change is sufficiently severe, the community may shift to a new stable state, as
happened in the well-documented example of the Newfoundland cod fishery,
where the serious disturbance of gross and sustained over-fishing drove the
population below a level from which it has been able to recover.58

Sustaining desirable states of an ecosystem in the face of multiple or repeated
disturbance therefore requires persistence of functional groups of species.59

Consequently, high levels of biodiversity in an ecosystem can be viewed as an
insurance against major disturbance and the likelihood that the community will
fail to recover to its original state, simply by increasing the chance that key
species will survive or be present. The insurance metaphor can help us under-
stand how to sustain ecosystem capacity to cope with and adapt to change, even
in more complex ecosystems that have numerous possible stable states and in
human-dominated environments.60–62 In biodiverse ecosystems, species within
functional groups will show a variety of responses to environmental change,
and this diversity of response may be critical to ecosystem resilience. However,
high species diversity does not necessarily entail high ecosystem resilience or
vice versa, and species-rich areas may also be highly vulnerable to environ-
mental change.

Table 1 Expert opinion on the role of biodiversity in maintaining current
ecosystem services in Europe.

Increasing role of biodiversity

Increasing importance of
ecosystem service

A3: Water cycling A1: Primary production
A4: Soil formation A2: Nutrient cycling
B1: Climate regulation B5 Pollination
B3/C2:Water regulation
and provision

D2: Cultural services:
recreation

B4: Protection from hazard
C1 Food provision
Environmental quality
C3: Energy provision B2: Disease regulation
C4 Fibre production C5 Biochemicals provision
D1: Cultural services:
spiritual

C6: Genetic resources
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One large challenge for ecology is to predict the likely changes in ecosystems
after disturbance or environmental change. Modelling tools allow improved
regional estimates, and are an increasingly reliable source for estimates of
ecosystem response to environmental change. As a significant example of an
estimate of European ecosystem response, climate change combined with the
effects of increased atmospheric CO2 concentrations on vegetation growth were
shown to produce changes in the cycling of carbon in terrestrial ecosystems.63

Impacts were predicted to vary across Europe, showing that regional-scale
studies are needed.

4.2 Threats to Biodiversity, and Consequences for Ecosystem
Services in the European Union

The landscapes of Europe have altered substantially in the past 60 years, under
the twin pressures of the intensification of agriculture and urbanisation.
Intensive agriculture threatens delivery of many ecosystem services, especially
in the European lowlands (for example, the Netherlands, parts of southern
England and northern France) and in large-scale irrigation systems (for
example, in Greece). The amount of carbon stored as soil organic matter has
declined in most intensive arable soils and this trend is likely to continue;64

improved management practices that take carbon sequestration as a goal could
double the amount stored, with demonstrable impacts on carbon emission
targets.65 Many other examples have been documented, including threats to
pollinators leading to a decline in the service of pollination;66 increased pest
problems due to the more rapid spread of pathogens through ecosystems
with low biodiversity; and the impact of atmospheric nitrogen deposition on
semi-natural ecosystems resulting in declines in biodiversity and poorer water
quality.67 The evidence for the effects of nitrogen deposition is clear: the long-
running (more than 150 years) Park Grass experiment at Rothamsted Research
in Hertfordshire, UK, shows that a species-rich grassland can be converted to a
monoculture of a single grass by sustained addition of high levels of ammonium
nitrogen.68 Similarly, the almost complete loss of heathland from the Nether-
lands has been ascribed to atmospheric nitrogen deposition.69

The direct outcome of these pressures on biodiversity shows in indicators
based on birds, butterflies and plants that suggest a decline of species popu-
lations in nearly all habitats in Europe: largest in farmlands, where species
populations declined by an average of 23% between 1970 and 2000.70 Large
declines in agricultural landscapes of populations of pollinating insects, such as
bees and butterflies, and birds, which disperse seeds and control pests, may
have consequences not only on agricultural production but also on maintaining
species diversity in natural and semi-natural habitats across Europe.
Urban environments have many distinctive features, the most prominent of

which is their extreme heterogeneity: there are patches where both biodiversity
and ecosystem service delivery is minimal, for example, where land surfaces are
covered with concrete or tarmac, and others where biodiversity may be very
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high, as in some gardens and parks. A consequence of this heterogeneity is the
fragmentation of habitats, which favours species that are effective dispersers
but militates against others. This pronounced selection leads to distinctive
communities, often dominated by alien species, which by definition are good at
dispersing or being dispersed. In some regions, such as central Belgium, the
effect of urbanisation has been to produce a dichotomy between highly urban-
ised and protected areas (Figure 2).

4.3 Methods of Valuing Biodiversity and Ecosystem Services

Many threats to ecosystem services arise because of the way in which
different uses of land are valued. The immediate value taken into account in
decisions is typically expressed in terms of the market price of the land to a
developer or the value of a crop it will produce. These approaches ignore the
value of the ecosystem services provided by the land, which will be placed in
jeopardy by the proposed development. The valuation of ecosystem services
offers the potential to place a value on the services forfeited by the development
to balance the value of the development itself in assessments of costs
and benefits of alternatives. Approaches of this kind have been used widely
in project evaluation both of alternative land use and for conservation
investments.

Figure 2 Central Belgium is composed principally of highly urbanised areas and areas
of high conservation value (Natura 2000 areas). (Reproduced with kind
permission of European Environment Agency.)
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The EU has taken an active role in advancing valuations through the recent
TEEB (The Economics of Ecosystem Services and Biodiversity) initiative.71

This highlights the importance of valuation of ecosystem services and the
biodiversity that underpins them, and gives powerful global examples. The
scoping study concludes that there are major threats to ecosystem services from
the current high rate of loss of biodiversity, but that there is an emerging range
of policy instruments, based on valuing ecosystem services, that provides
options for managing them in future.
At the most basic level, the services provided by an ecosystem at risk can

form a powerful part of the narrative in project assessment. Simply by setting
down the nature of the services and their potential scale, it is possible to alter
the terms of assessment so that the ‘development gain’ is not the only factor for
consideration.

4.3.1 Quantitative Methods
In recent years, there has been considerable progress in attaching monetary
value to ecosystem services and, in certain cases, to the biodiversity under-
pinning them. Ecosystems have value in terms of their use, for example, for the
production of food or management of flood risk. However, they also have a set
of non-use values associated, for example, with the cultural and aesthetic sig-
nificance they have. In many cases it has proved possible to capture both main
kinds of value through a range of instruments including:

� Revealed preference methods based on evidence of current values as shown,
(for example, in the market price of products, the impact of services on
productivity or the costs associated with recreational use of landscape);

� Cost-based methods based on costs of replacement or damage avoided; and
� Stated preference methods that assess the amount people say they would be

prepared to pay for ecosystem services.

Each method has strengths and weaknesses but stated preference methods,
especially in the form of contingent valuation, have been most widely used in
dealing with the real case of multiple services from an ecosystem. This bias
reflects both an ability to handle multiple services better than the more
objective methods that tend to focus on single attributes (for example, food
production or flood defence) and the poor availability of the economic data
that those methods require.
There is also much current interest in the development of markets for eco-

system services, as exemplified by carbon trading schemes. A new tool, payment
for ecosystem services (PES)72 defines a payment for an ecosystem service as a
voluntary transaction where a well-defined ecosystem service is bought by at
least one buyer from at least one supplier, but only if the supplier secures the
provision of the service. The transaction should be voluntary and the payment
should be conditional on the service being delivered. Paying for an ecosystem
service is not necessarily the same as trading nature on a market: markets may
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play a role, but because many ecosystem services are public goods, we cannot
rely on markets alone. Actions by governments and intergovernmental orga-
nisations are also needed.
There are numerous challenges to the implementation of PES.73 However, we

lack international institutions to broker deals between suppliers of ecosystem
services and the rest of the world, though some non-governmental organisa-
tions play that role for specific projects and the Global Environmental Facility
(GEF), funded by all countries, is designed to deal with global conservation
issues.

4.3.2 Qualitative Methods: Multi-Criteria Analysis
Generally, economic valuation of biodiversity offers ways to compare tangible
benefits and costs associated with ecosystems,74 but ignores the information
about non-economic criteria (for example, cultural values) that defines bio-
diversity values. However, decision-making processes require knowledge of all
influencing factors.75 Multi-criteria analysis (MCA) is a structured approach
for ranking alternative options that allow the attainment of defined objectives
or the implementation of policy goals. A wide range of qualitative impact
categories and criteria are measured according to quantitative analysis, namely
scoring, ranking and weighting. The outcomes of both monetary and non-
monetary objectives are compared and ranked, so that MCA facilitates the
decision-making process while offering a reasonable strategy selection in terms
of critical criteria.
The basis of all valuation methods, however, is an assessment of the nature

and scale of the ecosystem services themselves and, in cases where the viability
of the ecosystem is placed at risk, the nature and scale of the consequent
impacts on the provision of ecosystem services. Where the ecosystem services
are dependent on biodiversity, loss of biodiversity can be valued in terms of
ecosystem services foregone or reduced, provided that there is a robust
description of the relationship between biodiversity and ecosystem services. The
quality of the underlying science is therefore of great significance in all kinds
of valuations.

4.3.3 Putting Valuation into Practice
Methods for valuing ecosystem services and biodiversity are becoming accepted
and embedded in a wide range of policy instruments.
The UK Department for Environment, Food and Rural Affairs (Defra)

appraisal of options for a Flood and Coastal Erosion Risk Management
(FCERM) scheme includes specific estimates of the economic value of changes
in ecosystem services under a range of options, using the ‘impact pathway
approach’. This involves a series of steps so that a policy change; the
consequent impacts on ecosystems; changes in ecosystem services; impacts
on human welfare; and economic value of changes in ecosystem services are
considered in turn.76
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Key stakeholders in FCERM are broadly supportive of moves towards
greater inclusion of economic value estimates in appraisals, despite the
remaining uncertainty about the absolute value of the ecosystem services,
resulting from uncertainty about both the physical changes in ecosystem ser-
vices and the appropriate monetary values to apply to these. The authors
suggest that practical appraisals ‘need to compare the relative magnitude of
changes in the provision of ecosystem services across different options’ and
conclude that this can be possible even with ‘limited availability and precision
of scientific and economic information. In most cases it should be possible to
present a robust assessment, with suitable sensitivity analysis, highlighting the
key uncertainties and exploring their implications’.77

The prime current example of PES, carbon trading, is developing rapidly. In
Europe, the EU Emissions Trading Scheme (EU ETS) is in a second phase of
development and now accounts for about 65% of global carbon trading.
Current allowance prices for carbon within the EU ETS show some volatility
but are currently (October 2009) around h15 (per tonne CO2 equivalent).
Volumes traded average about 8.5 million tonnes per month.
The results of valuation are increasingly recognised and accepted in policy

debates and in individual decisions, on environmental impacts of projects of
economic development, for example. Current knowledge of ecosystem services
and the processes behind them gives a strong basis for valuation. However, it is
clear that more is needed to strengthen the underpinning science.

4.4 Prioritising Ecosystem Services in Land Management:
Weighing up Alternative Land Uses

There have been numerous attempts to find optimal habitat management
strategies for particular broad ecosystem types, aiming to maintain bio-
diversity. In natural ecosystems such as forests, minimal intervention is usually
the best habitat management strategy, although different types of sustainable
forestry may work as well.78 In natural aquatic ecosystems, the management of
nutrient status of ecosystems is of primary importance,79 whereas regulation of
hydrology is an important issue when managing wetland ecosystems. Optimal
habitat management in agricultural ecosystems requires the regulation of land-
use intensity.80 There has been much attention on semi-natural grasslands:
optimal grazing and mowing regimes, techniques of cutting shrubs and burn-
ing, etc. have been discussed.81 However, in all these cases the linkage to
delivery of ecosystem services has been weak.
At the same time, there is accumulating evidence of the impact of land-use

type and intensity on ecosystem services. For instance, the significance of
European semi-natural grasslands as a source of clean and sustainably pro-
duced fodder has been recently recognised.82 Those grasslands are extremely
rich in species, but also rich in genetic variability within species and may thus
provide genetic resources, which might contribute to the development of new
breeds of agricultural plants, medical plants, etc. They also provide different
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regulatory services like pollination,83 or hazard prevention,84 or multiple cul-
tural services. The availability of those services is primarily dependent on the
continuation of the extensive land use in agricultural landscapes.
Although agri-environmental schemes encourage farmers to restore species-

rich grasslands on arable land or on culturally improved pastures, the land-use
types that maximise ecosystem services are not targeted in the current policies
of the EU. The Common Agricultural Policy aims to increase agricultural
production, without valuing ecosystem services. Similar policies apply to land
use in forest or wetland ecosystems. Current policies also lack a landscape
perspective and fail to take into account the linkages between landscape units
or the delivery of multiple services from ecosystems. The opportunity for
maintaining both ecosystem services and biodiversity outside conservation
areas lies in promoting diversity of land use at the landscape and farm rather
than field scale.85 To achieve that goal, however, would require an economic
and policy climate that favours diversification in land uses and diversity among
land users.
Current strategies of habitat management and land use in Europe, focusing

on economic benefit on the one hand and on the conservation of habitats and
species of special interest on the other, now need to be broadened in order to
cover a wider range of societal needs. There is therefore an urgent need for
policies that prioritise the delivery of ecosystem services from land and that
favour appropriate land use, encouraging habitat management and aiming to
preserve or improve multiple ecosystem services. Proper ecosystem manage-
ment strategies have to offer principles for land use in order to minimise the
possible conflict between management goals that target different services.
Besides traditionally accepted cultural services and more utilitarian services like
production of food, fibre and fuel, supporting and regulatory services deserve
much more attention than they have received until now.86

5 Conclusions

This assessment shows that the services provided to humanity by ecosystems in
Europe are many, varied, of immense value and frequently not open to sub-
stitution by any artificial process. Although in some cases, biodiversity appears
to play a relatively small role in maintaining ecosystem services, there is clear
evidence that in others the biodiversity plays a fundamental role in the delivery
of the service.
We have highlighted four of these services as being both of key importance to

our survival as a society and particularly susceptible to the biological richness
of the ecosystems that deliver them: primary production, nutrient cycling,
pollination and a set of cultural services centred around ecotourism and
recreation. Other services for which the evidence suggests that biodiversity is
important appear to play a smaller role in sustaining modern European
societies, at least at present.
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Focussing on these services, however, may obscure a more fundamental point:
that all ecosystems deliver a broad range of services, for some of which biodiversity
is crucial and some of which are of particular economic or social value. Two key
points arise from understanding that all ecosystems deliver multiple services:

1. Managing an ecosystem primarily to deliver one service will almost
certainly reduce its ability to provide others: a forest managed exclusively
for timber production will have minimal amenity and ecotouristic value,
will store little carbon and will be ineffective at retaining nutrients;

2. Many of the multiple services that arise from a single ecosystem are either
undervalued or completely unvalued: in the case of the forest, society
currently places no value on nutrient cycling, only rarely values water
cycling and regulation, and is only beginning to find ways to value car-
bon storage effectively.

Generally speaking, we undervalue all ecosystem services that do not provide
goods that can be handled through conventional market mechanisms. Some value
is placed on amenity, because of the increasing recognition that the economy of
many rural areas in agriculturally marginal zones is heavily dependent on tourism,
but usually the potential beneficiaries are not the managers of the land, leading to
a beneficiary trade-off. No effective values are placed on most of the basic sup-
porting services (soil formation, water and nutrient cycling) and primary pro-
duction is generally only valued insofar as it creates marketable goods. Regulating
services are almost always undervalued, perhaps most notably in the case of
pollination, despite the fact that in this case it is possible to understand the value
that it provides in relation to marketable goods such as food.
There is an urgent need therefore to provide incentives to managers of land

and water to ensure the maintenance of the broad range of services from the
ecosystems that they manage. Because of the difficulty of using traditional
economic instruments to achieve this goal, an alternative regulatory framework
is needed, which may require the development of a set of binding legal
requirements, as in the case of the Water Framework Directive.
The research that has been assessed in this chapter demonstrates that

both the quality and quantity of biodiversity are important for maintaining
the health of ecosystems and their ability to deliver services to society. The
importance of biodiversity varies greatly among services, being particularly
strong for primary production, nutrient cycling and pollination, for example,
but much less so for protection from natural hazards. The way in which bio-
diversity ensures the processes that underly ecosystem services is only partly
understood, and there is an urgent need for research to determine how great a
loss of biodiversity can be experienced before service delivery declines.
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of Coastal Wetland Ecosystem Services
and an Efficiency-Based Framework for
Implementing the Ecosystem Approach

PIRAN C. L. WHITE, JASMIN A. GODBOLD, MARTIN SOLAN,
JESSICA WIEGAND AND ALISON R. HOLT

ABSTRACT

The Ecosystem Approach (EA) to environmental management aims to
enhance human well-being within a linked social and ecological system,
through protecting the delivery of benefits and services to society from
ecosystems in the face of external pressures such as climate change.
However, our lack of understanding of the linkages between the human
and natural components of ecosystems inhibits the implementation of the
EA for policy decision-making. Coastal wetland systems provide many
benefits and ecosystem services to humans, including nutrient recycling,
climate and water quality regulation, timber, fuel and fibre, but they are
under considerable threat from population pressure and climate change.
In this chapter, we review the ecosystem services provided by coastal
wetlands, and the threats to these services. We then present a new inte-
grative conceptual framework to underpin the EA. The framework is
divided into three sub-systems: one relating to ecosystem functions, one
to ecosystem services, and one to social development and well-being. The
pathways linking these sub-systems represent transfers of state, for
example, ecosystem functions being transferred into ecosystem services,
or ecosystem services being transferred into benefits. The focus of our
approach is on enhancing the magnitude and efficiency of these transfers,
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by introducing or making use of any existing catalysts and overcoming
any constraints in the system. The framework represents a dynamic sys-
tem for implementing the EA in which interventions can be planned and
managed in an adaptive way.

1 Ecosystem Services and the Ecosystem Approach to Policy

Erosion of global ecological resources,1 combined with a growing evidence of
the impacts of anthropogenic environmental change,2–4 have focused attention
on how land, air and water resources can be managed in a more adaptive
manner to produce continuing benefits to society.5–7 Approaches based on the
conservation of particular land- or sea-based habitats are limited as they only
protect or sustain specific resources and are spatially constrained, covering just
12% of the Earth’s terrestrial surface8 and considerably less of the Earth’s
marine environment (0.72%).9 Ensuring that humans continue to derive ben-
efits from the environment requires a multifunctional approach, which takes
specific consideration of the need to maintain the health and resilience of
ecological resources into the future.
The Ecosystem Approach (EA), as articulated in the Millennium Ecosystem

Assessment,10 is based on the principles of sustainable development with the
twin goals of increasing both human and ecosystem well-being.11 Humans
are central to the EA and related approaches, and the benefits that humans
derive from the environment are viewed in terms of ecosystem goods and
services, which may be regulating, provisioning, supporting or cultural.10 The
aim of the EA is to enhance social utility or well-being within a healthy and
resilient ecosystem, which is able to maintain its delivery of ecosystem services
in the face of various human-induced pressures internal to the system, as well as
external pressures, such as extreme events in the short term or climate change
in the longer term.
In recent years the EA has increasingly featured in the environmental policies

of various countries, including the US12,13 and the UK.14 For the first time,
environmental policy development is making explicit links between biodiversity
conservation and socio-economic development,12 thus recognising the inter-
dependence of enhancing social well-being and conserving threatened ecosys-
tems. This represents a paradigm shift in policy terms but one that poses
significant challenges for both policy-makers and the scientific research com-
munity,15 since there are no clear frameworks for guiding the application of the
EA and evaluating its success.
In this chapter, we review the ecosystem services provided by coastal wet-

lands, which are under considerable threat from global environmental change.
We then consider some of the policy challenges posed in the management of
coastal wetlands. Finally, we introduce a new conceptual framework based on
notions of sustainability and efficiency, which can be used to implement the
ecosystem approach in conserving ecosystem services and enhancing social
well-being.
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2 Existing Frameworks for Understanding Ecosystem Services

There is no single agreed definition of ecosystem services. However, a number
of definitions have been developed over the last decade. Daily16 proposed that
ecosystem services were ‘conditions and processes through which natural eco-
systems sustain and fulfil human life’. Thus, they served a life support function
and provided ‘ecosystem goods’ such as food, foliage and timber, which can
be harvested to enhance economic and social well-being. This classification
has since been refined by De Groot et al.17 who defined ‘goods’ and’ ‘services’
together as a product of ‘ecosystem functions’, which in turn emerged from
‘structures’ and ‘processes’. In their definition, ‘processes’ are the result of
interactions between biotic (living organisms) and abiotic (chemical and phy-
sical) components of ecosystems through the universal driving forces of matter
and energy. ‘Functions’ represent the result of these processes, and these pro-
duce ‘goods’ and ‘services’ that satisfy human needs, directly or indirectly. With
minor variations, these broad classifications have been retained by subsequent
authors.10,18–20

In recent years, there has been much emphasis on the economic valuation of
ecosystem services. For example, Costanza et al.21 estimated the value of global
ecosystem services at $33 268�109 yr�1. This paper caused much controversy
among environmental economists since it was based on estimations of aggre-
gated ‘total economic value’, which are inconsistent with the marginal
approach underpinning economic cost-benefit analysis.22,23 Because of the
difficulty of valuing certain ecosystem services and specifically to avoid pro-
blems with double-counting in ecosystem service valuation,23 Fisher et al.24

distinguished between direct and indirect ecosystem services. In their frame-
work, ecosystem services are those aspects of ecosystems utilised actively or
passively to produce human well-being. Ecosystem functions result from pro-
cesses occurring in the ecosystem as a result of the interactions between bio-
diversity and the physico-chemical environment. Ecosystem functions become
services if humans gain direct or indirect benefits from them, but without
humans there are no ecosystem services. Thus, in this framework, nutrient
cycling is a process that results in clean water. If the clean water is consumed,
then the clean water is a benefit of the directly utilised service of clean water
provision, which results from the indirectly utilised service of nutrient cycling.
One of the characteristics of all these frameworks is that they are inherently

linear and represent a production chain. Thus, physical and biological pro-
cesses combine to produce functions and services which are consumed by
humans. However, one of the central tenets of the Ecosystem Approach is that
humans are an integral part of complex ecosystems (social-ecological systems)25

within which there are likely to be important feedback loops. Thus, con-
sumption of ecosystem services by humans at the end of the chain has impli-
cations for future production of these services through its impacts on biological
and physical processes at the start of the chain. The presence of feedbacks is
recognised by the authors of the above frameworks,20 but the frameworks
themselves do not enable these to be considered in any detail. Furthermore, the
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focus of these frameworks on the natural science components of the system
means that their value for guiding decisions on sustainable natural resource
management is severely limited. As yet our knowledge of both the systems
themselves, and especially the inter-linkages between the natural and social
components, is frequently lacking. This represents a major problem for policy-
makers.

3 Coastal Wetlands: Ecosystems on the Front Line of Global

Change

Estuarine and coastal areas have been the focal point for human settlement and
marine resource use throughout history:26,27 today approximately 40% of the
world’s population lives within 100 km of the coast, which is more than three
times higher than the global average density.28,29 Coastal areas are subjected to
intense human pressures (see Table 1a)27 because a significant proportion of the
human population depend on these areas for food, shelter, economic prosperity
and well-being. Human populations in coastal areas have traditionally had
close links with the sea, whether in terms of direct benefits such as fishing or
trade, or indirect ones such as recreation. In addition to the human pressures,
coastal wetlands are exposed to a wide variety of natural threats (e.g. droughts,
floods and other climatic extremes, see Table 1a).30 A large risk is posed by
climate change because these habitats are frequently low-lying and therefore
particularly susceptible to the effects of sea level rise, such as increased tidal
inundation and coastal erosion. Coastal wetlands are frequently also at the
forefront of strategic responses to mitigate the impacts of sea level rise, such as
coastal realignment.23 As well as their direct economic importance, many
coastal areas are vital for biodiversity conservation and the maintenance of
ecosystem services, such as nutrient cycling, climate regulation and water reg-
ulation. Yet, many coastal areas also suffer from various social problems, such
as poor quality housing, and high levels of social deprivation31 and economic
regeneration is hampered by their physical isolation and poor transport links.
Thus, in most coastal wetland ecosystems the physico-chemical environment,
biodiversity and human society are inextricably linked. Against this backdrop
of environmental, social and political pressures, implementation of an eco-
system approach to enhance sustainable development and human well-being in
the face of climate change faces significant challenges.

4 Defining Coastal Wetlands

The delineation of marine-associated habitats is less developed than equivalent
classification schemes in terrestrial systems, and is complicated by ambiguous
and shared descriptions of particular components of the habitat that transcend
the terrestrial-marine interface. A lack of baseline descriptions and rudimentary
data on the spatial extent of individual areas that persist over time as a
recognisable community, and the absence of a common terminology within a
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single comprehensive and authoritative classification scheme, complicates
habitat identification and subsequent assessment of status.32 Wetland habitats
are a case in point as, in general, they share the characteristics of both terrestrial
and aquatic habitats because they occupy the transitional zones between per-
manently wet and generally dry environments. Nevertheless, the Ramsar
Convention on Wetlands of International Importance (Article 1.1) formally
defines wetlands as ‘areas of marsh, fen, peatland 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, the depth of which at low tide
does not exceed six metres’, and (Article 2.1) which ‘may incorporate riparian
and coastal zones adjacent to the wetlands, and islands or bodies of marine
water deeper than six metres at low tide lying within wetlands’, thereby
including rivers and shallow coastal waters (http://www.ramsarg.org/). Thus
coastal wetlands specifically include several ecosystem types, including deltas
and estuaries, tidal flats, seagrass beds, salt marshes, saline lagoons, mangroves
and coral reefs, which are distinguished largely based on their bio-physical
habitat characteristics.33

Coastal wetland habitats occur globally and cover most latitudes (see Figure
2.2 in ref. 10), although it is difficult to quantify the total coverage of specific
types of coastal wetlands because individual habitats are not always dis-
tinguished when area estimates are made. However, it has been estimated that
approximately 500 000 km2 of coastal area is covered by estuaries, and tidal
flats are thought to extend to 300 000 km2 worldwide,33,34 but these estimates
do not account for recent and substantial habitat losses in estuarine areas
(including tidal flats and salt marsh). In California, for example, less than 10%
of natural coastal wetlands remain, and in other countries many estuarine areas
(including tidal flats and salt marsh) have been substantially altered or entirely
lost as a result of land reclamation.34,35 On the Essex coastline of the UK,
approximately 40 000 ha of saltmarsh have been lost following the construction
of medieval to 19th century embankments.36 Seagrasses cover approximately
165 000 km2 worldwide, although estimates have varied up to 600 000 km2

(ref. 37,38). Seagrass beds are predominantly found in inlets and lagoons that
are sheltered from strong wave action. Within the UK there are three different
species of seagrass (Zostera sp.) all of which are considered to be scarce, with
the largest continuous populations covering approximately 1200 ha in the
Cromarty Firth (Scotland) and 325 ha at Maplin Sands (England).39 Globally,
an estimated 12 000 km2 of seagrass meadows were lost in the 1990s, corre-
sponding to an area of about 2%,40 largely as a result of direct human impacts,
such as dredging, fishing, eutrophication, aquaculture, as well as indirect
impacts due to climate change (e.g. sea level rise and increased storm events).37

Mangroves are largely a feature of sheltered, tropical coastlines and cover
approximately 200 000 km2 (ref. 30,41), but are disappearing at a global rate of
1 to 2%. In a large number of countries, mangroves have been cleared at a rate
of 50–80% over the past 15 years, largely as a result of shrimp aquaculture
development, deforestation, freshwater diversion, pollution and upstream land
use.30,42,43
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Thus, similar to most marine habitats,26,44–46 changes in biodiversity and
coastal wetland ecosystems are caused directly by exploitation, pollution and
habitat destruction, or indirectly through climate change and related pertur-
bations of ocean biochemistry (see Table 1a). Coastal wetlands are greatly
threatened by climate change, specifically sea level rise. The Intergovernmental
Panel on Climate Change (IPCC) projections estimate that rising atmospheric
temperatures have increased the global heat content in the upper 300 m of the
oceans at a rate of about 0.04 1C decade�1.47 As a result of thermal expansion
of water, global sea level rise predictions are estimated to reach up to 82 cm
by 2100 (ref. 48), resulting in extensive areas of coastal wetlands lost to
coastal squeeze. Such physical changes will have significant implications for the
future distribution of coastal wetland habitats, their fauna and flora, and
associated ecosystem processes.49 Although it has recently been suggested that
a warming-induced stimulation of saltmarsh growth in northern latitudes is
comparable to the estimates of tidal marsh area that will be lost due to sea level
rise,50 in general it is unlikely that coastal areas will accrete at a rate that
exceeds water level rise; indeed, accretion will have to occur at a rate two to
seven times that observed over the last century just to match projected rises
within the next century.51 Similarly, even in delta areas where accretion rates
are much greater than anticipated rises in sea level, alteration of river discharge
patterns and sediment loads by human activities may significantly reduce
natural levels of resilience.52 Thus, although the ecosystem services of certain
coastal wetland habitats may be maintained under anticipated future climate
change scenarios, a less optimistic outcome is more realistic when taking a
global view.

5 Ecosystem Services from Coastal Wetlands

Human societies have been built on biodiversity, as they have learnt to use the
diversity of organisms directly for medicines, food and fibres, and it is now also
well-established that biodiversity has strong effects on a number of ecosystem
services (e.g. waste processing and flood protection) by mediating ecosystem
processes and functions, such as nutrient cycling and primary production (see
Table 1b–c; ref. 53,54). A wealth of empirical and theoretical studies has shown
that biodiversity loss has largely a negative effect on ecosystem functioning,55

although research on the contribution of biodiversity to ecosystem services is
still in its infancy56 (but see also ref. 57,58). Coastal wetlands provide vital
ecosystem services, such as water quality and climate regulation, are valuable
accumulation sites for sediment, contaminants, carbon and nutrients, and very
importantly offer protection from coastal erosion and storm surges. In addi-
tion, they provide vital nursery and breeding grounds for birds, fish, shellfish,
crustaceans and mammals, as well as renewable resources such as timber, fuel
and fibre.10,43,59 Based on calculations by Costanza et al.21 the global value of
coastal wetlands (including estuaries, seagrass, coral reefs, tidal marsh and
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mangroves) is around one third ($9934�109 yr�1) of the total global value
across 16 terrestrial and marine biomes. Thus coastal wetlands are a valuable
ecological and economic resource, yet they are increasingly degraded as a result
of human activities, which may lead to the long-term loss or changes in the
delivery of ecosystem services provided by these habitats. Indeed the impor-
tance of ecosystems and the services they provide is often only recognized after
they have been lost (e.g. Hurricane Katrina).60

Coastal wetland ecosystem services occur at multiple scales, from climate
regulation and carbon sequestration at the global scale, to flood protection,
water supply, nutrient cycling and waste treatment at the local and regional
scales. In addition, ecosystems do not have sharp boundaries, but rather
overlap and/or interact at multiple spatial and temporal scales.61 Thus for
effective management of ecosystem services to occur, the spatial and temporal
scales over which ecosystem dynamics, management issues and societal impacts
occur have to be identified, and scales must be consistent with the ability to
recognize and explain the most important drivers and threats to the ecosys-
tem.62 The efficiency of ecosystems to provide ecosystem services, however, is
highly variable in space and time and not all coastal wetlands perform all
services equally well.58,63

The ecosystem or physical spatial area of ecosystem service provision is the
scale at which the joint processes work to provide the ecosystem functions on
which the desired service(s) depend. However, the social spatial scale of eco-
system services is the scale at which humans benefit from the desired outcomes,
which will vary between services.64 Flood protection by saltmarshes and
mangroves will occur not only in adjacent areas, but will also be felt further
upstream and away from the actual wetland area. For example, a mangrove
forest of 1 km width can protect communities up to 5 km inland from tropical
storms.65 However, the scale at which land management and conservation
strategies of ecosystem services occur, also depend on the outcome preference
of society and the preference of the stakeholder(s) for which the wetland is
managed. Barbier et al.65 highlighted the complexities involved in future coastal
management and the importance of considering and examining multiple eco-
system services provided by coastal wetlands. In this example it was shown
that conversion of mangroves to shrimp ponds, although directly beneficial to
the shrimp farmer and outside investors, would have detrimental effects on the
region’s coastal ecosystem service provision, including flood protection, wood
resources and nursery habitat for commercially important fish species. This
suggests that the economic gains that can occur from habitat conversion may
be outweighed by the potential benefits of habitat conservation, especially as
multiple ecosystem services are provided by an ecosystem.66 Thus, in order for
the service-providing units to effectively map onto the management units, land
management strategies have to incorporate the ecosystem services society wants
from coastal wetlands and then determine how these can be best realised, whilst
taking into consideration what services coastal wetlands have the potential to
provide sustainably.
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6 Management to Combat Environmental Change and Threats

to Coastal Wetlands

A significant number of anthropogenic threats to marine ecosystems have been
documented (see Table 1a) and are known to negatively affect at least 85% of the
coastline67 and most, if not all, of the global ocean.27 These include climate-
related effects, such as sea level rise, increased storm frequency, rising temperature
and elevated carbon dioxide (CO2) levels,

68 as well as direct human intervention
through the overexploitation of resources45 or coastal development. Irrespective
of the cause of change, recent trends in the global status of major biomes broadly
indicate high rates of conversion from natural habitat to modified landscapes that
are structurally less complex and less able to support prior levels of biodiversity or
maintain ecosystem functioning and services,66 although the short- and long-term
susceptibility of individual species and habitats to drivers of change can vary
considerably with physiographic setting.69 The loss of wetlands in some of the
world’s major deltas provides an indication of the extent of direct human influ-
ence, where the rate of habitat conversion (average across all major deltas:
95 km2 year�1; range: 1–419km2 year�1) has resulted in a 52.4% reduction in
total delta plain area.70 Other connected human activities, such as the inland
construction of dams to secure drinking water, has substantially increased the
likelihood of further habitat deterioration in the delta areas by reducing rates of
sediment replenishment.71 These rates and levels of conversion are not excep-
tional and are typical of many other wetland habitats (reviewed in ref. 72), despite
the expectation that the human requirement for ecosystem services from these
regions is likely to exceed provisioning capacity in the near future.73

There is a clear challenge in managing resources and adapting to ecosystem
changes when potential benefits to human well-being are being eroded at the
present pace and at this order of magnitude. The ecological consequences of
anthropogenic forcing can lead to dramatic changes in species composition and
functioning (e.g. ref. 45). This may include non-linear and accelerating ecosystem
responses,65,74 especially when the additive, synergistic or antagonistic affects of
multiple drivers are considered.75,76 Whilst an emerging literature base recognises
that the combined effects of multiple stressors on ecosystem functioning can
diverge from those predicted from the effects of single elements (e.g. biodiversity�
environmental heterogeneity;77 biodiversity�CO2�temperature78), incorpor-
ating these complex interactions and feedbacks into a single management
framework raises difficulties. This is because any subsequent decision-making
process must be context dependent and will be subject to multiple, often con-
flicting, societal needs and wishes. In this decision context it is necessary to
determine the appropriate spatial scale over which desirable ecosystem services
are distributed;79–81 identify any relevant interactions across scales (e.g. spatial
scale versus jurisdiction);82 establish the temporal variance in service supply and
demand; ascertain the relative role of the abiotic and biotic components of the
environment in determining levels of service;83 and determine socio-economic
and cultural requirements, whilst accounting for drivers of change that modify
both the environment and human dimensions.
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The process of balancing these competing demands can be informed by
understanding how a suite of key ecological variables and processes relate to
the package of ecosystem services society requests,84 before emphasising the
level at which peoples needs will be met, in both the short and longer term.24 It
is naı̈ve to suggest that individual ecosystem services can be substituted or
replaced using technology, as single service substitutions ignore the multi-
functionality, resilience and interconnectedness of ecosystems, and the meth-
odologies used to maintain such efforts inevitably affect other components of
natural systems.85 Attempts to supplement ecological services with technolo-
gical solutions have been valuable, however, as the reasons for failure have
served to highlight the complexities and dynamics of natural systems.86 Hence,
a more fruitful approach is to build on existing knowledge in an attempt to
establish how the components that underpin service delivery and social context
interrelate and affect the provision and utilisation of a range of ecosystem
services.87 Whilst this approach is intuitive, and a cursory consideration of the
literature would suggest that socio-ecologists are well placed to extract the
relevant information, the fragmentary nature of the detail hinders assembly of
the necessary integrated overview. For example, whilst the notion that bio-
logical diversity positively regulates ecosystem functioning is generally accep-
ted88 and supported by rigorous theoretical, empirical and observational
studies (for reviews see ref. 55,89,90), how biodiversity–ecosystem functioning
relations translate to ecosystem services is less clear, despite a detailed under-
standing of society’s dependence on natural systems.10 The assumption that
biodiversity regulates ecosystem functioning, and that individual functions in
turn underpin particular services that are regarded as important for human
well-being, suggests a linear process that, although conceptually intuitive,
argues that the conservation of biodiversity alone increases the likelihood of
service provision.54 Indeed, Luck et al.79 have argued that at the local level,
species are the fundamental unit underpinning service delivery because the level
of service provision will be proportional to the functional traits of the organ-
isms that deliver services.56,91 This view, however, ignores the contribution of
other components of the ecosystem and is built on a repository of selected
ecosystem services (see Table 2 in ref. 56), such as biological control, pollina-
tion and seed dispersal, where the biological contribution of individual species
equates directly to the service. Where multiple components of the ecosystem,
including indirectly associated biotic and abiotic variables, are considered as
potential contributors to ecosystem functioning and service provision, they
tend to be integral to the process under study.77,78 Indeed, under certain cir-
cumstances, abiotic variables can be more important than biodiversity per se,
especially within perturbed systems83 and/or at larger scales.92

A systematic way to bind multiple (abiotic�biotic) components of the eco-
system with socio-economic information, whilst being inclusive to stakeholders’
opinions and wishes, is to engage in a participatory process that seeks to
determine a fair and transparent decision-making process. A participatory
approach has a number of potential benefits, such as encouraging social
learning about the complexities of the system being managed;93 helping to
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identify alternative values and solutions; increasing fairness in decision making;
and reducing conflict.94,95 It can also enhance social capacity by providing
opportunities for the acquisition of new skills by local people, providing a
platform for coordination between organisations, and creating a sense of local
ownership and responsibility.96 It is essential that this is an adaptive process, to
account for the emergence of further information about the complexities of the
system over time and as human demands change. Such participation will create
the social conditions necessary to achieve adaptive governance,97,98 essential
for adaptive ecosystem management. For salmon fisheries in the North Pacific,
for example, fisheries management regimes traditionally assumed that stocks
would remain stable provided certain climatic criteria were maintained, a view
that was naı̈ve to regime shifts in the population associated with non-linear
responses to climatic fluctuations.86 Whilst native human populations were able
to adapt to such changes,99 a socio-ecological structure surrounding modern
day salmon populations now features prominently in the processes that lead to
adopted management practices and coping strategies.100

However, the difficulty with this approach is that when established levels of
human well-being are at risk, the choice for individuals is often to reduce their
standard of living or accept any associated costs with preserving species and
ecosystems that underpin service provision.101 The conundrum here is that
preserving the latter is necessary for the long-term viability of the former, but
sustainable resolutions to short-term conflicts can often only be achieved by
enforced regulation, as compliance may have short-term negative con-
sequences. A topical example is that of the herring fisheries off New England,
where the estimated biomass of the fish population is above maximal sustain-
able yield for supporting a fishery, but establishment of a fishery may cause a
regime shift that will have cascading effects on the entire ecosystem, potentially
resulting in the collapse of several fisheries. Clearly, achieving a long-term
sustainable fishery whilst maintaining a resilient ecosystem will be at the
expense of economically significant short-term gain.102 It is important to note,
however, that the decision process can only be effective if the adaptive capacity
of local communities are in line with the restrictions imposed, otherwise any
socio-ecological problems are only likely to be exacerbated.103 In the longer
term, it would seem prudent to actively pursue a change in societal values to
support mechanisms that respond to a range of non-economic metrics relevant
to ecosystem services. This process will need to demonstrate the value (social,
cultural, economic etc.) and benefit of maintaining or restoring ecological
resources at sustainable levels, whilst communicating levels of uncertainty and
reassuring local communities across the span of likely socio-ecological
futures.104 In order to achieve this, it is clear that the preservation of service
provision requires the amalgamation of beneficiaries, service providers, and the
abiotic and biotic components of ecosystems that provide them,56 with
equivalent socio-economic and cultural trends, the modifying effects of envir-
onmental change on these, and the overarching governance structures, into a
unifying conceptual framework to underpin and inform subsequent ecosystem-
based management decisions.105
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7 A New Conceptual Framework to Underpin the Ecosystem

Approach

One of the principal barriers to establishing such ecosystem-based operational
frameworks in the past has been the non-commensurability of the units which
can be used to quantify ecosystem functions, services, goods and benefits.
However, the notion of sustainability, with its emphasis on efficiency, provides
a means by which we can establish a common measurement unit by focusing
not on the functions, services or goods themselves, but on the processes of
conversion between them. In this section, we present a unifying framework to
underpin the ecosystem approach, based around magnitudes and efficiencies of
conversion (Figure 1).
The framework is divided into three sub-systems: one broadly relating

to ecosystem functions; one to ecosystem services; and one to social develop-
ment and well-being. However, these sub-systems are linked, and there
are feedback mechanisms occurring both within and between these sub-
systems. Each pathway in the system represents a transfer of state, for example,
ecosystem functions being transferred into ecosystem services, and ecosystem
services being transferred into benefits. The focus of this approach is
on the magnitude and efficiency of these transfers, whether in terms of
biodiversity interactions with the environment delivering ecosystem functions;
ecosystem functions being translated into ecosystem services through human
use; or benefits from ecosystems being converted into social well-being. The
spatial and temporal dynamics of transfers are also important, since very
different time scales may operate in different parts of the system, both in
terms of the rate of transfers of state, but also in relation to management
interventions.
The key to enhancing sustainability, and social utility or well-being, is to

understand the opportunities and barriers in the system, whether these are
ecological, social or economic. These can be considered as catalysts and con-
straints in the system, such as in a chemical reaction. This requires an under-
standing of the transfer relationships, including potential environmental/social
limits or tipping points (e.g. ecological meltdown or social inertia) and non-
linearity; the constraints around them, e.g. the social or environmental context;
and also their spatial and temporal dynamics. In some circumstances, scientific
uncertainty may also act as a constraint to developing efficiency; progress
towards sustainability can be made by reducing uncertainty through improved
understanding of the interdependencies of particular parts of the system. The
framework represents a dynamic system in which interventions can be poten-
tially managed in an adaptive way.
In the past, integrated social-economic-ecological frameworks have been

limited by the non-commensurability of units between different components of
the system. The novelty of this framework is threefold:

1. The focus for evaluation is on the magnitude and efficiencies of transfer
and how these are affected by (or are a function of) the components
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contributing to them. This permits the inclusion of environmental limits
and thresholds where these occur and are understood.

2. The framework has the capacity to be truly adaptive, based on dynamic
sustainability functions built up from real time data of social and
environmental processes. This enables the incorporation of natural
fluctuations, limits and uncertainty into the sustainability functions.

3. The framework is both integrative and inter-disciplinary and is not
constrained by units of measurement. Efficiencies can be measured in
different ways depending on the parts of the system with which we are
concerned, and the metrics can be entirely quantitative, or a combina-
tion of qualitative and quantitative.

The framework provides a conceptual basis for assessing the components of
social-ecological systems and the links between them, which is vital for
implementing the ecosystem approach and informing sustainable development
and economic growth. We can consider sustainability in terms of maximising
the magnitude and/or efficiency of transfers subject to various limits in the
system. This can be considered in terms of ecological or socio-economic sus-
tainability, and could be formally quantified in terms of optimizing certain
transfers, or by maximizing them subject to certain constraints, such as
thresholds. This then allows us to incorporate notions of resilience and vul-
nerability in ecological systems, the adaptability of societies in terms of political
structures and governance, and to evaluate the extent to which policy is fit for
purpose in terms of the enhancing sustainability.
As an example, magnitude and/or efficiency of nutrient cycling in estuarine

benthic systems as an ecosystem function can be set in purely quantitative terms
as a production function in terms of the processes which underpin it, such as
bioturbation and bioirrigation, or in terms of the species whose behaviour
gives rise to these processes, potentially incorporating in addition some
characteristic(s) of the physical environment (e.g. organic content, turbidity,
current regimes). The functions can be built up as knowledge increases, and can
specifically incorporate human-mediated catalysts and constraints, so the
impact of these can be quantified. In the nutrient cycling example, constraints
might include pollution in the short term or acidification in the longer term. In
a social example, the magnitude and/or efficiency in conversion of benefits to
sustainable economic growth could be measured in terms of ‘sustainability’
indicators such as quantitative measures of social equality,106 or qualitative
measures such as subjective assessments of well-being. Examples of catalysts
or constraints could include locally-directed social-environmental development
programmes in the short term, or changes in government policy in the longer
term. Environmental economics has already provided examples of how changes
in ecosystem service provision can be translated into monetary terms, and
this could be used as another measure of efficiency at the sub-system level.
In addition, social efficiency could be quantified using established social net-
work metrics, certain network topologies indicating the effectiveness of
governance.107,108
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In terms of implementation, quantification of efficiencies at different places
within the system can be used to quantify sustainability, and reductions in
magnitude and/or efficiency in space or over time would represent reduced
sustainability. Based on our dynamic sustainability functions, we would be able
to quantify the inherent variation of sustainability measures and determine how
external drivers, such as climate change, modify this variability as well as the
overall trends. If the processes of transfer are poorly understood, then they can
be substituted by measurements of the inputs or end products, or marginal
changes in these, in common with the economic valuation approach. For
example, in relation to the nutrient example, we could measure nutrient con-
centrations (as an output), but also measure organic matter input and phyto-
plankton (production) in the water column. Measuring the biomass and
diversity of the processing community (i.e. the invertebrates) is another option.
For social processes, such as assessments of well-being, we can measure the
extent to which people are benefiting, but we can also measure the variables
that influence that, for example, the use of green spaces or participation in
community groups.

8 Conclusions and Future Challenges

Ecosystem services are increasingly at the heart of environmental policy,
especially in the context of environmental change. The broader acknowl-
edgement of the complex inter-relationships between ecological and social
systems highlights the need to develop new conceptual frameworks through
which the ecosystem approach can be implemented and evaluated. The effi-
ciency transfer based framework we have introduced here provides a means by
which this can be potentially achieved.
One major hindrance to the implementation of the Ecosystem Approach is

the difficulty of reconciling the holistic ethos of the framework with existing
property rights structures. The Ecosystem Approach requires the development
of multifunctional landscapes, capable of sustaining the delivery of a range of
ecosystem services. Implicit within this is an appreciation that certain trade-offs
may need to be made between different land uses and the services that these
provide. For some services, these decisions can be made at the property level,
but for other services, trade-offs and collaboration may be needed between
neighbouring properties to ensure delivery of a service at the landscape scale.
Developing the necessary mechanisms to ensure the delivery of ecosystem
services represents a key challenge to policy-makers. However, our framework
provides a means by which trade-offs can be quantified, and integrated with a
participatory process will aid decision-making.
We have focused in the discussion above on quantifying and evaluating

efficiencies within specific parts of the sub-systems, but a major advance would
be to develop means of comparing efficiencies between different sub-systems
within the overall framework. One possible approach would be the use
of techniques such as Cost Utility Analysis (CUA) and Threat Reduction
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Assessment (TRA). CUA was first developed to evaluate health-care pro-
grammes by comparing the outputs of competing alternatives in terms of the
utility that they provide, where utility refers to the improvement in health status
following a treatment, and is measured in Quality-Adjusted Life Years
(QALY).109–111 Cullen et al.112 developed the Conservation Output Protection
Year (COPY) to serve an equivalent function in conservation evaluation as
the QALY does in health-care evaluation, but with utility now referring to the
improvement in conservation status following the implementation of a con-
servation programme. Within our framework, we could apply this in terms of
improvements in the efficiency of ecosystem service or benefit provision. TRA
was developed by Salafsky and Margoluis113 as a technique for using progress
in reducing threats to biodiversity as a proxy measurement of conservation
success.113 Threat Reduction Assessment is particularly well-suited to con-
sidering the key external drivers affecting particular transfers in the system and
the effectiveness of management interventions. TRA could be applied within
our framework in terms of evaluating the changes in threats to specific transfer
processes, such as the threats to ecosystem functions or service delivery, or the
threats to the equitable delivery of benefits to society. It may also be possible to
use the Threat Reduction Index to make comparisons across the sub-systems,
and therefore identify areas where differences in system management have been
most effective, to develop effective co-management and highlight where more
needs to be done to reduce threats or improve efficiency or sustainability. One
of the significant advantages of both CUA and TRA is that they require
no monetary valuation, and thus overcome many of the problems inherent in
the valuation of ecosystem services.23 Finally, various other techniques from
economics, industrial ecology and management, such as production function
approaches,114 life cycle assessment,115 emergy analysis116,117and materials flow
analysis,118 may also be applicable to such systems-level efficiency-based ana-
lysis of ecosystem services and sustainability.
If we are to conserve multiple ecosystem services at the same time as main-

taining economic development and enhancing social well-being, an ecosystem-
level approach to management and policy-making is essential. Management
needs to be on a long-term basis, and ensuring sustainability of ecosystem
services will require trade-offs that may lead to undesirable consequences for
some sectors of society in the short term.119 Nevertheless, there are increasing
examples of how an ecosystem-level approach to environmental decision-
making can bring substantial benefits12,114 and can also attract greater external
support and funding, e.g. from the private sector, than traditional habitat-
or species-based approaches.120 The Ecosystem Approach to management,
with its reliance on stakeholder involvement and participatory processes, is
demanding to implement, but the potential dividends across all sectors of
society are substantial. We have proposed a conceptual framework through
which the impacts of the competing demands of different sectors of society on
ecosystem functions and services can be evaluated, and key constraints and
catalysts affecting ecosystem service provision and sustainability can be iden-
tified and determined. This framework can be applied in a participatory and
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adaptive manner at a variety of scales for the long-term benefit of society and
the environment on which it depends.

Acknowledgements

This work was supported by a transdisciplinary seminar series award from the
Economic and Social Research Council and the Natural Environment
Research Council in the UK (Grant ref. RES-496-26-0040). We are grateful to
the other participants in the seminar series for their stimulating and insightful
discussions.

References

1. F. S. Chapin III, E. S. Zavaleta, V. T. Eviner, R. L. Naylor, P. M.
Vitousek, H. L. Reynolds, D. U. Hooper, S. Lavorel, O. E. Sala, S. E.
Hobbie, M. C. Mack and S. Diaz, Nature, 2000, 405, 234–242.

2. G.-R. Walther, E. Post, P. Convey, A. Menzel, C. Oarmesan, T. J. C.
Beebee, J.-M. Fromentin, O. Hoegh-Guldberg and F. Bairlein, Nature,
2002, 416, 389–395.

3. C. Parmesan and G. Yohe, Nature, 2003, 421, 37–42.
4. A. L. Perry, P. J. Low, J. R. Ellis and J. D. Reynolds, Science, 2005, 308,

1912–1915.
5. G. Peterson, G. A. de Leo, J. J. Hellmann, M. A. Janssen, A. Kinzig, J. R.

Malcolm, K. L. O’Brien, S. E. Pope, D. S. Rothman, E. Shevliakova and
R. R. T. Tinch. Conserv. Ecol., 1997, 1(2), 4. http://www.consecol.org/
vol1/iss2/art4/

6. E. L. Tompkins and W. Adger, Ecol. Soc., 2004, 9, 10. http://www.eco-
logyandsociety.org/vol9/iss2/art10/

7. P. E. Hulme, J. Appl. Ecol., 2005, 42, 784–794.
8. T. M. Lee and W. Jetz, Future Battlegrounds for Conservation under

Global Change. Proc. R. Soc. London, Ser. B, 2008, 265, 1261–1270.
9. M. Spalding, L. Fish and L. Wood, Conserv. Lett., 2008, 1, 217–226.

10. MEA, Ecosystems and Human Well-being: Wetlands and Water Synthesis,
World Resources Institute, Washington DC, 2005.

11. S. M. Garcia and K. L. Cochrane, ICES J. Marine Sci., 2005, 62,
311–318.

12. H. Tallis, P. Kareiva, M. Marvier and A. Change, Proc. Natl. Acad. Sci.
U. S. A., 2008, 105, 9457–9464.

13. S. R. Carpenter, H. A. Mooney, J. Agard, D. Capistrano, R. De Fries, S.
Diaz, T. Dietz, A. K. Duraiappah, A. Oteng-Yeboah, H. M. Pereira, C.
Perrings, W. V. Reid, J. Sarukhan, R. J. Scholes and A. Whyte, Proc.
Natl. Acad. Sci. U. S. A., 2009, 106, 1305–1312.

14. Defra, Securing a Healthy Natural Environment: An Action Plan for
Embedding an Ecosystems Approach, Defra, London, 2007.

15. M. Elliott, D. Burdon, K. L. Hemingway and S. E. Apitz, Estuarine
Coast. Shelf Sci., 2007, 74, 349–366.

46 Piran C. L. White et al.



16. G. C. Daily, Nature’s Services: Societal Dependence on Natural Ecosys-
tems, Island Press, Washington DC, 1997.

17. R. A. de Groot, M. A. Wilson and R. M. J. Boumans, Ecol. Econ., 2002,
41, 393–408.

18. J. Boyd and S. Banzhaf, Ecol Econ., 2006, 63, 616–626.
19. K. Wallace, Biol. Conserv., 2007, 139, 235–246.
20. R. Haines-Young and M. Potschin, England’s Terrestrial Ecosystem

Services and the Need for an Ecosystem Approach, Report to Defra,
Project NR0107, 2008.

21. R. Costanza, R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon,
K. Limburg, S. Naeem, R. V. O’Neill, J. Paruelo, R. Raskin, P. Sutton
and M. van den Belt, Nature, 1997, 387, 253–260.

22. M. Toman, Biol. Conserv., 1998, 25, 57–60.
23. R. K. Turner, D. Burgess, D. Hadley, E. Coombes and N. Jackson,

Global. Environ. Change, 2007, 17, 397–407.
24. B. Fisher, R. K. Turner and P. Morling, Ecol. Econ., 2009, 68, 643–

653.
25. F. Berkes and C. Folke, Linking Social and Ecological Systems. Man-

agement Practices and Social Mechanisms for Building Resilience, Cam-
bridge University Press, Cambridge, 1998.

26. H. K. Lotze, H. S. Lenihan, B. J. Bourque, R. H. Bradbury, R. G. Cooke,
M. C. Kay, S. M. Kidwell, M. X. Kirby, C. H. Peterson and J. B. C.
Jackson, Science, 2006, 312, 1806–1809.

27. B. S. Halpern, S. Walbridge, K. A. Selkoe, C. V. Kappel, F. Micheli,
C. d’Agrosa, J. F. Bruno, K. S. Casey, C. Ebert, H. E. Fox, R. Fujita,
D. Heinemann, H. S. Lenihan, E. M. P. Madin, M. T. Perry, E. R. Selig,
M. Spalding, R. Steneck and R. Watson, Science, 2008, 319, 948–952.

28. J. E. Cohen, C. Small, A. Mellinger, J. Gallup and J. Sachs, Science, 1997,
278, 1211–1212.

29. C. Small and R. J. Nicholls, J. Coastal Res., 2003, 19, 584–599.
30. S. Diop, Estuarine Coast. Shelf Sci., 2003, 58, 1–2.
31. Communities and Local Government Committee (CLGC), Coastal

Towns. Second Report of Session 2006–2007, HC 351, Stationery Office,
House of Commons, London, 2007.

32. S. Fraschetti, A. Terlizzi and F. Boero, J. Exp. Marine Biol. Ecol., 2008,
366, 109–115.

33. E. Wolanski, M. M. Brinson, D. R. Cahoon and G. M. E. Perillo, in
Coastal Wetlands: An Integrated Ecosystem Approach, ed. G. M. E.
Perillo, E. Wolanski, D. R. Cahoon and M. M. Brinson, Elsevier,
Amsterdam, 2009.

34. UNEP, Marine and Coastal Ecosystems and Human Well-Being: A
Synthesis Report Based on the Findings of the Millennium Ecosystem
Assessment, UNEP, 2006.

35. E. Wolanski, Estuarine Ecohydrology, Elsevier, Amsterdam, 2007.
36. A. M. Dixon, D. J. Leggett and R. C. Weight, J. Inst. Water Environ.

Manag., 1998, 12, 107–112.

47Ecosystem Services and Policy



37. C. M. Duarte, Environ. Conserv., 2002, 29, 192–206.
38. E. P. Green and F. T. Short, World Atlas of Seagrasses, University of

California Press, Berkeley, 2003.
39. A. Maddock, UK Biodiversity Action Plan: Priority Habitat Descriptions,

2008. http://www.ukbap.org.uk/library/UKBAPPriorityHabitatDescriptions
finalAllhabitats20081022.pdf.

40. F. T. Short and S. Wyllie-Echeverria, Environ. Conserv., 1996, 23, 17–27.
41. N. C. Duke, J. O. Meynecke, S. Dittmann, A. M. Ellison, K. Anger, U.

Berger, S. Cannicci, K. Diele, K. C. Ewel, C. D. Field, N. Koedam, S. Y.
Lee, C. Marchand, I. Nordhaus and F. A. Dahdouh-Guebas, Science,
2007, 317, 41–42.

42. I. Valiela, J. L. Bowen and J. K. York, Bioscience, 2001, 51, 807–815.
43. D. M. Alongi, Environ. Conserv., 2002, 29, 331–349.
44. J. M. Pandolfi, R. H. Bradbury, E. Sala, T. P. Hughes, K. A. Bjorndal,

R. G. Cooke, D.McArdle, L. McClenachan, M. J. H. Newman, G. Paredes,
R. R. Warner and J. B. C. Jackson, Science, 2003, 301, 955–958.

45. J. B. C. Jackson, M. X. Kirby, W. H. Berger, K. A. Bjorndal, L. W.
Botsford, B. J. Bourque, R. H. Bradbury, R. Cooke, J. Erlandson, M. A.
Estes, T. P. Hughes, S. Kidwell, C. B. Lange, H. S. Lenihan, J. M. Pan-
dolfi, C. H. Peterson, R. S. Steneck, M. J. Tegner and R. R. Warner,
Science, 2001, 293, 629–638.

46. B. Worm, M. Sandow, A. Oschlies, H. K. Lotze and R. A. Myers, Science,
2005, 309, 1365–1369.

47. N. L. Bindoff, J. Willebrand, V. Artale, A. Cazenave, J. M. Gregory,
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Ecosystem Services and Food Production

KEN NORRIS, SIMON G. POTTS AND SIMON R. MORTIMER

ABSTRACT

By 2030, the world’s human population could rise to 8 billion people and
world food demand may increase by 50%. Although food production
outpaced population growth in the 20th century, it is clear that the
environmental costs of these increases cannot be sustained into the future.
This challenges us to re-think the way we produce food. We argue that
viewing food production systems within an ecosystems context provides
the basis for 21st century food production. An ecosystems view recognises
that food production systems depend on ecosystem services but also have
ecosystem impacts. These dependencies and impacts are often poorly
understood by many people and frequently overlooked. We provide an
overview of the key ecosystem services involved in different food pro-
duction systems, including crop and livestock production, aquaculture
and the harvesting of wild nature. We highlight the important ecosystem
impacts of food production systems, including habitat loss and degra-
dation, changes to water and nutrient cycles across a range of scales, and
biodiversity loss. These impacts often undermine the very ecosystem
services on which food production systems depend, as well as other
ecosystem services unrelated to food. We argue that addressing these
impacts requires us to re-design food production systems to recognise
and manage the limitations on production imposed by the ecosystems
within which they are embedded, and increasingly embrace a more multi-
functional view of food production systems and associated ecosystems. In
this way, we should be able to produce food more sustainably whilst
inflicting less damage on other important ecosystem services.
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1 Introduction

By 2030, the world’s human population is expected to rise to 8 billion people
and world food demand is expected to increase by 50%. In turn, these changes
are expected to generate additional needs for water and energy, at a time when
climate change is affecting water availability and necessitating a move towards
more renewable forms of energy. These issues may come together in what
Professor John Beddington, the UK Government’s Chief Scientific Advisor,
has termed a ‘Perfect Storm’ of food, water and energy shortages. The complex
inter-play of the factors involved are beyond the scope of this review, but these
interactions between population growth, food, water and energy mean that
food production can no longer be considered in isolation. We need a more
holistic framework for producing food that recognises the inter-dependencies
with a range of other societal needs.
Many of the issues involved are not new.1,2 Throughout the 20th century food

production outpaced population growth as a result of yield improvements and
land clearance for farming. These food production benefits came at a sub-
stantial cost to the environment. Agricultural land use has significantly mod-
ified global water and nutrient cycles, resulted in the degradation of many of
the world’s ecosystems and is the major driver of global biodiversity loss.3–8

Furthermore, there are serious issues about the sustainability of current pro-
duction systems. For example, in tropical countries soil erosion and the loss of
soil fertility are major constraints on food production.9–11 In developed
countries, most production systems rely on artificial surrogates to manage key
processes, such as pollination, pest and disease control, and there is concern
that current threats to these processes (e.g. dramatic declines in domestic bees)
could negatively affect crop yields.12 The scale of these impacts is perhaps not
surprising, given that cultivated systems cover about 25% of the Earth’s land
surface.13

All of these issues reflect a failure to recognise that food production systems
are embedded within an ecosystem. This ecosystem might be highly managed,
such as the agro-ecosystems typical of many intensively managed agricultural
landscapes in Europe, North America and Australasia, or the ecosystem might
retain a considerable amount of its original structure and function, such as
many small-holder farming systems in developing countries or the harvesting of
wild species. Nevertheless, recognition that food production should be viewed
within an ecosystem context leads to two important insights (see Figure 1).
First, food production is potentially dependent on a wide range of services
provided by the ecosystem. These include plant and animal diversity from
which crops and livestock are derived, soil and water resources, nutrient
cycling, biomass production, pollination and pest control, and so on. Second,
food production systems have implications for the ecosystem of which they are
part through, for example, habitat loss and degradation, water use, diffuse
pollution, biodiversity loss, and so on. Understanding these feedbacks between
the food production system and the ecosystem within which it is embedded is
the key to developing a more holistic framework for producing food that also
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recognises other major challenges we face, such as population growth, water
and energy use.
In this paper we consider food production within an ecosystems context. We

have two main aims:

1. To provide an overview of the ecosystem services that underpin food
production systems, without which yields may be substantially reduced.

2. To highlight the important ecosystem impacts associated with food
production systems.

In this way, we will explore the feedback between food production systems
and the wider ecosystems within which these are embedded. Before addressing
these issues in detail, we outline the type of framework typically used to
describe a range of ecosystem services. Our paper concludes with some per-
spectives on the future.

2 Ecosystem Services Important for Food Production

2.1 A Conceptual Framework

The Millennium Ecosystem Assessment (MEA), published in 2005, provided
for the first time an overview of the status of the World’s ecosystems, the
delivery of ecosystem services and the potential consequences for human well-
being now and into the future.13 It recognised that everyone depends on the
services provided by the World’s ecosystems, such as food, water, disease
management, climate regulation, spiritual fulfilment and aesthetic enjoyment.
It concluded that although ecosystem management over the last 50 years had
benefited human well-being through increased outputs of food, fresh water,
timber, fibre and fuel, the full costs associated with these gains are only now
becoming apparent.

Figure 1 Viewing food production systems within an ecosystems context.
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The MEA recognised four broad categories of ecosystem services – provi-
sioning, regulating, cultural and supporting. Provisioning services are the pro-
ducts obtained from ecosystems, which includes food, fibre and fuel. Regulating
services are the benefits arising from the regulation of ecosystem processes, such
as climate regulation, water purification, pollination and the control of pests
and diseases. Cultural services are the non-material benefits people obtain from
ecosystems, such as spiritual enrichment, recreation and aesthetic experiences.
Supporting services are those services necessary for the production of all other
ecosystem services, such as soil formation and nutrient cycling. A number of
conceptual frameworks for ecosystem services have been developed since the
MEA,14,15 motivated by a need to avoid double counting when attempting to
link services to the values and benefits people obtain from them.16 Nevertheless,
the MEA categories do provide a reasonable basis for recognising the inter-
dependencies between ecosystem services that are essential to food production,
so we have used MEA terminology in the following discussion.
Food is a provisioning service that includes crop and livestock production,

aquaculture and the harvesting of wild nature. These services are themselves
dependent on a range of provisioning, regulating and supporting services. All
food production systems based on agriculture depend on the genetic diversity
(a provisioning service) of crop plants and animals to directly provide food
products, as well as soil and water resources (a mixture of regulating and
supporting services) to support the associated production systems. Conse-
quently, we recognise this suite of services as general ecosystem services to
agriculture and discuss them as a group. Each food production service – crops,
livestock, aquaculture and harvesting wild nature – has its own dependencies
on other services, so we highlight the key relationships involved for each food
production service.

2.2 Ecosystem Services

2.2.1 General Services to Agriculture
In this section, we consider three major types of resources required for agri-
culture, namely the genetic resources necessary for the development of food
crops and livestock breeds, fresh water and fertile soil to support primary
production. Agricultural production is dependent on a range of ecosystem
services which relate to these three resources. For each of these three areas we
discuss the nature and importance of the service, its relevance to agriculture and
current trends in the level of service provision.
Genetic Resources. Agriculture by its very nature involves a simplification of

biodiversity through the selective cultivation or rearing of a limited number of
species. The bulk of world food production comes from a limited range of plant
and animal species. The thirty most widely grown crops provide about 90% of
global calorific value, with three of these (wheat, rice and maize) contributing
an estimated 50% of intake, whilst fewer than 14 species provide an estimated
90% of global livestock production.13 There is considered to be a large
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potential for the development and improvement of underutilised species17

which may contribute not only to sustainable agricultural production in the
face of changing environmental conditions, but also to enhancing human
health through a diversification of diets.
Genetic diversity contributes to agriculture not only through providing the

raw material for breeding, but also through conferring protection against pests
and diseases. In extensive systems using so-called land races, within-field
diversity in genetic composition of the crop species provides an insurance
mechanism against pest and diseases. The development of modern agricultural
varieties has led to a loss of such within-field diversity, although agricultural
practices such as rotation or inter-annual variation in varieties grown offer
similar protection. Loss of biodiversity, either of crop relatives of other species,
poses a threat by limiting the pool of traits available for breeding programmes.
Thus there is an insurance value in biodiversity conservation in providing a bank
of genes or traits that may serve future agricultural breeding programmes.18

Water Resources. Agriculture is dependent on the provision of fresh water of
sufficient quantity and quality, and at appropriate times of the year to support
crop and livestock production. The majority of the world’s crop systems are
rain fed, although crops from irrigated systems comprise 18% of cropped area
and 40% of economic value of crop production worldwide. It is estimated that
approximately 70% of global freshwater consumption is for agriculture.13

Clearly predictability in both the timing and stability of supply confer an
advantage to farmers. Changes in climate, in places exacerbated by regional
changes in land use, affect the amount of precipitation supplying rain-fed
agricultural systems, but it is amongst irrigated systems that water supply issues
are most sensitive to environmental change. Within catchments, land use
change upstream of agricultural areas affects the quantity, quality and timing of
water resources supplied. Forests stabilise supply and quality, with deforesta-
tion leading to soil erosion, greater sediment loads and increased variability in
flow rates downstream.
Total water demand for agriculture is increasing globally. In many countries

emphasis on self sufficiency of food supply has exacerbated problems of water
scarcity. In many areas the demand for water for agriculture is predicted to out-
strip supply, in spite of increases in water use efficiency. In the Middle East, North
Africa, sub-Saharan Africa and parts of Asia extraction of water for agriculture
represents 85–90% of water withdrawals. Irretrievable losses of water from
irrigated systems are estimated to account for one third of total freshwater use.13

Clearly there are conflicts between agriculture and other users of water
downstream, whether for food production, drinking water or wetland protec-
tion. Promotion of sustainable land management by farmers and integrated
water management at the catchment scale offer solutions to the conflicts
between agriculture and other sectors for water resources. For agriculture,
improving water use efficiency through breeding, agricultural management
practices (e.g. mulching, contour farming, reducing losses to soil evaporation,
weeds or run off), water harvesting, water recycling and use of marginal quality
water offer solutions.19
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Soil Resources. Soils supply the elements necessary for primary production
and consequently support both crop and livestock systems. Soil structure and
fertility determine the suitability of land for agriculture and the quantity and
quality of agricultural outputs. Soil biota performs essential ecosystem services
of soil formation and nutrient cycling, the movement of elements between
various abiotic and biotic forms. Soil biota regulates the rates of flow between
different forms, the sizes of pools and consequently the availability of nutrients
to support plant growth.
Soil organic matter is a key component of soil, influencing a number of

ecosystem services including nutrient cycling, water retention, soil structure and
erosion.20 Agriculture utilises the store of energy and nutrients contained
within soil organic matter to support crop growth, resulting in a lower equili-
brium between organic matter supply and production. There is therefore a
trade off between food production and the other ecosystem services influenced
by the level of organic matter in the soil. Recent trends towards intensification
of agriculture, specialisation by farmers on particular products and urbanisa-
tion of the population have resulted in more open cycles of nutrients, with
reductions in the return of crop residues, animal dung and other waste products
to the soils supporting food production.
In agriculture, nutrient cycling is often supplemented by agricultural prac-

tice, most notably the use of industrial fertilizers. Nutrient cycles have been
substantially altered by human activity since start of industrial period. Annual
fluxes of nitrogen are estimated to be more than double the rates of 200 years
ago. Only a fraction of the amount fixed is denitrified back to gaseous atmo-
spheric nitrogen. Phosphorus cycles have shown a similar increase in annual
flux, largely as the result of use of mined phosphorus for agriculture. Surplus
nitrogen and phosphorus accumulates in land and water leading to eutrophi-
cation problems. However, whilst nutrient accumulation is a problem in some
industrialised areas of the world, in other areas unsustainable agricultural
practices have led to impoverishment of soil fertility.
In modern intensive agriculture it is typical to replace ecosystem services

provided by biodiversity with equivalents derived from human labour and or
petrochemical energy or its products.21 This has the effect of replacing one form
of risk (relying on naturally provided ecosystem services) with another (reliance
of the markets for labour and technology).22 A number of agricultural land
management practices can contribute to sustainable soil management and help
to promote delivery of ecosystem services including food production.23 These
include use of organic fertilizers and soil amendments; modifications to tillage
practice; incorporation of leguminous crops or cover crops into rotations; and
landscape level management practices to minimise soil erosion (e.g. appropriate
directional placement of row crops, use of hedgerows and banks).

2.2.2 Crop Production
Crop production is a provisioning service, which in turn is highly dependent
upon two regulating services: pollination and pest regulation.13 Both regulating
services can be provided biotically, in which case they are characterised as being
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mobile-agent-based ecosystem services where the service providing units are
usually insects (see Figure 2).24

Pollination is the process of pollen transfer from male parts of a flower
(anthers) to female parts (stigma) and is essential for crops where the harvested
product is a fruit, seed or nut. Pollen transfer can be ‘abiotic’, where the vector
is wind, water or gravity (typical of most staple crops, such as cereals and rice),
or ‘biotic’, where the vector is an animal such as an insect, bird or mammal
(characteristic of the majority of fruit crops). Approximately 75% of all global
crops used for human consumption are reliant upon insect pollination, mostly
by bees,25 and the annual value of biotic pollination services is estimated to be
h153 billion, which represents almost 10% of the total economic value of world
agriculture.26 The fraction of global agriculture which depends on biotic pol-
lination has increased by 4300% since 1961, which has outstripped the
increase (B45%) in managed honey bee colonies,27 leading to concerns about
future shortfalls in services. While worldwide, there has been an increase in
managed honey bees, severe regional declines have been documented in Eur-
ope28 and the USA,29 where the parasitic mite Varroa destructor has virtually
wiped out all feral honey bee colonies.30,31

While managed honey bees pollinate many entomophilous crops, unma-
naged bees and other insects (‘wild’ pollinators) account for an important, but

Figure 2 A generalized conceptual framework for mobile agent-based ecosystems
services, such as pollination and biocontrol.24 Land-use change impacts on
the interaction of ecosystem service providers (e.g. pollinators and natural
enemies) with the biotic (e.g. flowers and pests) and abiotic environment to
deliver services (e.g. pollination and biocontrol). The value of the services
can then feedback through policy and market forces to modify land-use and
management.
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as yet unquantified proportion of biotic crop pollination.25 Furthermore
several crops rely on wild bees as they cannot be efficiently pollinated by
honeybees owing to morphological and/or behavioural restrictions.32 The
diversity of bee pollinators has been found to be positively correlated with the
delivery of pollination services in some crops.12,33 However, wild pollinators
are also reported to be in serious decline in several countries34,35 and though
data is lacking for many parts of the world, the phenomena is expected to be
widespread given that many of the known drivers of pollinator loss are also
widespread. For instance, the loss or fragmentation of semi-natural habitats
around farms and agricultural intensification are known to cause local losses
of diversity and abundance in pollinator communities,36 and this may also
translate into loss of pollination services in some cases.12,37 Other drivers
of pollinator loss include pesticides,38 pathogens,39 climate change40 and the
introduction of alien species.41

Biological control is the management of natural enemies for the regulation of
pest densities in agricultural systems. In addition to decreasing crop damage by
pests, biological control can reduce the insecticide resistance of pests and
minimise the need for chemical control methods, such as pesticide sprays.42

Natural enemies can be predators (e.g. ladybirds), parasites (e.g. some fly lar-
vae), parasitoids (e.g. parasitic wasps) or pathogens (e.g. some fungi, bacteria
and viruses); all these taxa can be potentially used to control populations of
agricultural pests including animals, weeds and diseases.43 Worldwide it is
estimated that 95% of approximately 100 000 species of potential arthropod
pests in agricultural fields and forests are regulated by natural enemies.42 The
value of biological control services to global crop production was estimated to
be worth US$400 billion per annum;44 more recent estimates value the annual
contribution of arthropods natural enemies to crop production in the USA at
US$4.5 billion.45

Biological control services can be achieved through three main approaches:

1. Conservation Control relies on native natural enemies to control native
pests. The local availability and effectiveness of natural enemies can be
improved by providing food resources (such as nectar flowers for
aphidophagous hoverflies and parasitic wasps);46 supplying alternative
prey and hosts;47 creating overwintering refuges (e.g. beetle banks);48

and modifying the microhabitats of crops to be more suitable for natural
enemies.49

2. Classical Control, sometimes known as innoculative control, involves the
introduction of an exotic natural enemy to control an exotic pest which
has become established on a crop where it was not previously found. It is
thought to be practiced in B10% of cultivated land globally.42 Classical
control is often most effective in perennial cropping systems where the
longer-term benefits can be achieved through the persistence of natural
enemy populations, for example, the introduction of a wasp parasitoid
(Aphelinus mali) to control of the introduced woolly apple aphid
(Eriosoma lanigerum).50
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3. Augmentation Control relies on the periodic release of supplemental
natural enemies to control pests. Unlike classical control, highly dis-
turbed annual cropping systems may not allow natural enemy popula-
tions to persist between cropping cycles, and so the control agents
generally need to be commercially mass produced and deployed at reg-
ular intervals. Augmentative control is applied to o0.05% of the worlds
cultivated land.51 An example of this approach is the control of the
cotton bollworm (Heliothis virescens) by Trichogramma wasps.51 Biolo-
gical control is a key component of integrated pest management, which is
a toolkit of complementary strategies including biological, physical and
chemical methods which aim to regulate pest populations to keep them
at an acceptable level while significantly reducing pesticide use.

2.2.3 Livestock Production
Livestock production takes place in managed and natural grasslands and
so depends ultimately on the primary productivity of grassland ecosystems
(a supporting ecosystem service) and associated ecological processes. Humans
harvest about 30% of global net primary production (NPP) annually, of which
about one third is directly grazed by livestock.52 Global livestock production is
expected to double by 2050,53 placing additional demands on NPP. Many
managed grassland systems in developed temperate regions are often highly
simplified, being based on a small number of grass species, and intensively
managed through the use of fertilizers. Dependence on ecosystem services in
these systems is limited, with food production being almost entirely dependent
on artificial surrogates that have replaced the ecological processes that
underpin primary productivity in natural grassland ecosystems. Livestock
production also depends on animal feeds derived from crops. Livestock pro-
duction relies, therefore, indirectly on a wide range of ecosystem services that
underpin crop production (see sections 2.2.1 and 2.2.2).

2.2.4 Inland Fisheries and Aquaculture
These are important food production systems, accounting for about a quarter
of global fisheries production. There are three main types of system: subsistence
fisheries that are particularly important in parts of Africa and SE Asia; com-
mercial fisheries based predominantly on the lakes of North America and
Africa; and recreational fisheries that have high economic value but play a very
limited role in food production.
In a broad sense, subsistence fisheries are supported by ecosystem services in

a very similar way to marine fisheries (see section 2.2.5). They depend on
aquatic ecosystems and associated processes, and are vulnerable to perturba-
tions (e.g. changes in water management, pollution, land-use change and pol-
lution) that disrupt the processes that under-pin the biomass of fish available to
be harvested. In contrast, commercial fisheries are becoming increasingly reli-
ant on a few species (some of which are non-native) and are based on more
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intensive management practices (such as feeding and restocking). In this sense,
they are becoming increasingly like crop and livestock systems on land, and as
such depend on a range of comparable supporting (e.g. primary productivity,
nutrient cycling) and regulating (e.g. water purification, disease control) ser-
vices. There is also a growing trend, as on land, to replace natural ecosystem
services with artificial surrogates (e.g. feeding and restocking).

2.2.5 Marine Fisheries
Marine fisheries are a globally important source of food – they are a significant
source of protein for nearly half the World’s people. Marine fisheries also affect
food production indirectly through the provision of fish and animal feeds to
aquaculture and livestock production systems. Demand for fish is increasing.
Unlike crop and livestock systems that often depend on services from highly

managed ecosystems, marine fisheries are the product of largely natural coastal
and marine ecosystems. As such, they depend on food webs, and the flow of
energy and nutrients through these, which ultimately determines the biomass
of fish available for harvest. In turn, food webs and associated flows depend on
the integrity of key habitats and populations of key species. There is a wealth of
evidence showing that the perturbation of these ecosystem processes through
habitat loss, pollution and climate change can adversely affect fish popula-
tions,54 as well as ecosystem feedbacks caused by the removal of the fish
themselves.55 Finally, there is evidence that species diversity positively affects
fishery harvests and resilience to exploitation,56 implying that fisheries depend
to some extent on a range of evolutionary and ecological processes that
determine wild species diversity.

2.2.6 Terrestrial Wild Animal Products
A wide range of terrestrial animals are harvested for food, including mammals,
birds, reptiles, amphibians and invertebrates (e.g. snails, insects and insect
products such as honey), but large-bodied mammals, particularly ungulates,
make up the majority of the biomass harvested. Locally, particularly in forested
regions of the tropics, wild animals are a significant source of protein.57 The
overall perception is that these sources of food are decreasing in importance
because of the ongoing loss of forest ecosystems that support many of the
harvested species, but data on harvesting are sparse, harvesting behaviour
varies (e.g. consuming locusts during plagues) and trade in some wild animal
products is increasing (e.g. bushmeat). As a result, the overall picture is unclear.
As in fisheries based on harvesting wild species, food derived from terrestrial

wild animals depends on ecosystems, typically forest, and the associated pro-
cesses that under-pin the biomass available to be harvested. As a result, bio-
mass varies spatially in relation to changes in key ecosystem services, such as
local water and nutrient cycling (supporting services).58,59 Food derived from
wild animals is susceptible to perturbations (such as forest clearance) that affect
ecosystem integrity and the associated processes.
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3 The Impact of Food Production on Ecosystems

It is quite clear from the above discussion that a wide range of managed and
natural food production systems are critically dependent on ecosystem services,
particularly the supporting and regulating services. In turn, food production
systems have ecosystem impacts, with implications for ecosystem services that
go beyond simply those services linked to the food production system itself.
These impacts occur through a range of processes including habitat loss and
degradation, changes in water and nutrient cycles, and biodiversity loss. In this
section, we discuss these impacts and their consequences.
Cultivated systems cover 25% of the Earth’s terrestrial land surface.13 The

footprint of food production systems on ecosystems is, however, much more
extensive than this as it covers any terrestrial, coastal or marine ecosystem in
which food production occurs through farming or harvesting activities, plus
ecosystems linked to these by ecosystem processes. Wherever there are people,
local ecosystems are modified by food production activities. Farmland is
derived by clearing natural ecosystems, so the global impact of crop and live-
stock production systems is huge, and it is the major driver of ecosystem change
in many regions. In some developed countries, such as the UK, agriculture
together with other land management activities has replaced almost all the
original, native ecosystems. Comparable impacts are evident in marine eco-
systems.55,60 Estimates suggest that around 20% more land will be required in
developing countries for food production by 2050,61 so that these ecosystem
impacts are set to continue.
Food production systems have modified water and nutrient cycles at multiple

scales.1,2 These modifications often have implications beyond the ecosystems in
which they originally occurred, through large-scale changes to regional water
and nutrient cycles. For example, removing forest ecosystems can alter the
regional water cycle and associated rainfall in areas beyond the forest zone;62

waterborne nutrients from agriculture have caused phytoplankton blooms in
marine ecosystems;63 and agriculture plays a major role in the global carbon
cycle and hence in climate change.64

Food production systems are also a major driver of biodiversity loss, par-
ticularly in terrestrial ecosystems.7,65 This mainly occurs because food pro-
duction systems typically only retain a fraction of the biodiversity found in the
natural ecosystem from which they were derived. This fraction varies between
food production systems, being highest in systems that retain characteristics of
the original ecosystem (such as silvopastoral and agro-forestry production
systems), but some biodiversity loss is typical.66 Biodiversity loss has also been
documented in recent years in highly managed food production systems found
in Europe and elsewhere as a result of management changes designed to boost
production.67,68 Food production systems also modify interactions between
species,69 potentially modifying ecosystem processes and the services of which
these are part.70

The impact of food production systems on ecosystems is global and pro-
found. What are the consequences of these impacts for ecosystem services? We
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address this question from two perspectives. First, we consider the implications
of these impacts on ecosystem services that under-pin food production. Next,
we consider ecosystems more broadly and the developing agenda that considers
ecosystems as multi-functional systems, rather than focusing solely on tradi-
tional, sectoral interests (such as farming) that relate to a specific ecosystem
service.
The ecosystem degradation caused by food production systems often

undermines the provision of the ecosystem services required to sustain them.20

There are numerous examples. Over-grazing of grassland ecosystems by live-
stock causes ecosystem degradation that reduces primary production (a sup-
porting service) and hence the ability of the ecosystem to sustain future
livestock production. Soil erosion and the loss of soil fertility frequently occur
because cropping systems expose the soil to weathering and deplete nutrients.
This degrades key supporting services, such as nutrient cycling, which in turn
reduces the ability of the ecosystem to support future crop production. The
removal of natural habitats to increase the area available for crop production
often causes biodiversity loss, which can degrade key regulating services (such
as pollination and pest control) dependent on biodiversity. As a result, food
production systems are dependent on artificial surrogates, such as honey bees
and chemical pesticides, without which yields may decline. Finally, there are a
number of examples of over-exploitation in which the biomass of animals being
harvested from ecosystems exceeds the ability of the ecosystem to support this
biomass removal.55,71

In all of these examples, food production is threatened because the food
production system itself is over-exploiting the ecosystem services on which it
depends. In this ecosystems context, the sustainability of the food production
system depends on the extent to which it operates within the limits imposed by
the ecosystem within which it is embedded. Of course, natural ecosystem ser-
vices can and often are supplemented or replaced entirely by artificial surro-
gates (e.g. fertilizers, pesticides, domesticated pollinators), but this strategy
contains risks if the artificial system fails and there is no natural back-up system
to replace it. These issues are currently very real with respect to pollination
services in Europe and North America (see section 2.2.2). In fact, recent work
in the US has shown that restoring natural pollination services can have eco-
nomic benefits in terms of increased crop production.72 In the long-term, it is
essential to ensure that we continue to have the ecosystem services available
that our food production systems require. It is standard practice in engineered
systems, from aeroplanes to buildings, to design systems that minimize the risk
of failure. We need the same approach to food production systems and their
associated ecosystem services.
If food production is considered as an ecosystem service, then food pro-

duction systems represent ecosystem management tools designed for the
delivery of one specific provisioning service. The important question then
becomes if we manage or exploit ecosystems for food production, to what
extent do we compromise the ability of those ecosystems to deliver a range of
other ecosystem services? The examples discussed above suggest that in general
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terms detrimental impacts on other ecosystem services are common. For
example, if a large area of tropical forest is cleared to provide land for a crop
production system (such as soya, maize or sugar cane), a number of ecosystem
services are likely to be adversely affected (including water and nutrient cycling,
climate regulation, water purification, erosion regulation, and the diversity of
wild species). Nevertheless, our quantitative understanding of such trade-offs in
particular ecosystems remains relatively poor in terms of both pattern and
process. Improving our understanding is very much at the cutting edge of
current ecosystem science.
Although much remains to be done in terms of the science, the growing

recognition that we have to define, quantify and manage trade-offs between
services in ecosystems is becoming embodied within a multi-functional ecosys-
tems approach.66,73 This is a holistic approach in which the full range of con-
sequences of a particular ecosystem system change are explored, valued and
managed. In principle, this approach should allow us to identify any adverse
changes and adapt ecosystem management measures to avoid them. This can
only be done, however, if we understand not only the services being provided
by ecosystems, but also the values and benefits people derive from these ser-
vices.14,16 This remains a substantial challenge, not least because it requires us to
value services for which there are no markets, as well as services (such as food
production) for which markets exist. There is also the challenge of providing the
ecological information necessary to support emerging markets for ecosystem
services (e.g. carbon credits), understanding how these might work, and how
they might affect the way ecosystems are managed and the communities
involved. Meeting these challenges will require natural and social scientists to
increasingly work together, and develop unified concepts within an overall
ecosystems framework.15,74 Over the coming years, this ecosystems approach
could completely re-shape the way we consider food production systems.

4 Conclusions

The Millennium Ecosystem Assessment concluded that although ecosystem
management over the last 50 years had benefited human well-being through
increased outputs of food, fresh water, timber, fibre and fuel, the full costs
associated with these gains are only now becoming apparent. In the context of
food production, we have designed increasingly efficient food production sys-
tems that have enabled food production to keep pace with increasing and
changing demands from a growing human population. Technological devel-
opments in animal and plant breeding, agro-chemicals, mechanisation and
integrated farming systems have played a huge role in these productivity gains.
Nevertheless, we have shown that most, if not all, food production systems rely
on a wide range of ecosystem services that have been increasingly exploited
during these productivity gains. While the role of technological development is
widely recognised, the important role played by ecosystem services is poorly
understood by many people and frequently overlooked.
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In an ecosystems context, what the MEA calls the ‘full costs associated with
these gains’ represent degradation in the ecosystem within which a food pro-
duction system is embedded and in other ecosystems linked to it by ecosystem
processes. These ‘costs’ have two main consequences. First, we have shown that
ecosystem degradation caused by food production systems can under-mine the
very ecosystem services on which food production systems depend. This either
reduces productivity, or means that continued productivity is dependent on
artificial surrogates. We argue that these outcomes are undesirable and risky.
Second, food production systems can damage a range of ecosystem services
related to societal needs other than food, and we give examples. These impacts
can be transferred to ecosystems and people outside the food production sys-
tem causing the damage. In our view, these costs mean that current food
production systems should be regarded as predominantly unsustainable.
Addressing these issues requires us to embrace an ecosystems approach, and

apply it in two main ways. First, we need to develop food production systems
that recognise and manage the limits imposed by the ecosystems in which they
are embedded. This means improving our understanding of ecosystem processes
and associated services with which food production systems interact through
management practices. This will require a new, integrated research agenda
between the agricultural and environmental sciences. It will also require us to
re-think the way we develop and use technology, away from the current position
in which it is used to largely replace key ecosystem services and towards one in
which technology plays a role as a tool to manage ecosystem services. Second,
we need to develop our understanding of trade-offs between food production
and other key ecosystem services, and design novel policy and management
measures to deal with important trade-offs. Again, this will require new inter-
disciplinary research. This multi-functional view also has challenging implica-
tions for policy and practice that still tends to be rather isolated within the
traditional areas of agriculture, fisheries, food and environment.
Whether or not you feel a ‘Perfect Storm’ is likely, it serves as an important

metaphor highlighting the need for change. An ecosystems approach provides
us with the integrated, holistic framework we need to manage our planet for a
range of societal needs. Feeding a growing human population is obviously
critically important. In our view, this can only be done by recognising and
embracing the concept that food production systems are embedded within
ecosystems. They depend on ecosystem services and have ecosystem impacts.
This view does not under-value the role of technology, but would argue that its
role should now be considered within an ecosystems context. We argue that the
benefits of this ecosystem view will be more sustainable food production sys-
tems and less damage to other important ecosystem services. To borrow a
phrase, ‘It’s the ecosystem, stupid!’
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Atmospheric Services

JOHN THORNES

ABSTRACT

The atmosphere is a fundamental component of the Earth System and yet
its economic and social value to society, as an essential resource, has
largely been taken for granted. Terms such as ‘weather services’,
‘meteorological services’ and ‘climate services’ have existed for some time
as part of the commercial and public services offered by national and
private meteorological providers. These services are primarily based on
providing information about the past, present and future state of the
atmosphere rather than its intrinsic properties. The new concept of
‘atmospheric services’, as proposed in this chapter, relates to the inherent
set of natural goods and services provided by the atmosphere that enable
life, as we know it, to exist and prosper on planet Earth. Twelve basic
atmospheric services have been identified (see Table 1) with a Total
Economic Value of between 100 and 1000 times the Gross World Product
(GWP). Ecosystem Services have been valued at about twice GWP. This
analysis shows that the atmosphere is the most precious and valuable of
all natural resources in the Earth System. This chapter attempts to justify
the valuation of these atmospheric resources and also infers that the
atmosphere should be treated as a global commons, and responsibility for
its sustainable management should be shared equally amongst all of
society. The atmosphere is fragile and at a time of enhanced climate
change it requires very careful management and protection. Indeed, a
‘Law of the Atmosphere’ may be required, especially at a time when there
is rising interest in the possible future need for geo-engineering the climate
on a global scale.
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1 Introduction: The Atmosphere as Part of the Earth System

The great goddess Athena, the queen of the air;
having supreme power both over its blessings of calm,
and wrath of storm;
and spiritually, she is the queen of the breath of man,
first of the bodily breathing which is life to his blood,
and strength to his arm in battle.1

The Earth’s atmosphere is arguably the most valuable and at the same time one
of the most vulnerable resources on the planet, and yet it has been almost
totally taken for granted in the past due to its invisible nature.2–6 This chapter
attempts to compile a critical resource geography of atmospheric goods and
services to demonstrate the atmosphere’s inexorable value for life on our pla-
net. The atmosphere and its components, weather and climate, are key for our
day-to-day survival and well-being.
The atmosphere is a vital part of the Earth System and interacts with

the biosphere, the hydrosphere and the lithosphere across the earth’s
surface:

� The Lithosphere contains the soil at the Earth’s surface, the solid rock of
the Earth’s crust, the hot semi-solid rock that lies beneath the crust, the hot
liquid rock near the centre of the Earth, and the solid iron core;

� The Hydrosphere contains all of the Earth’s solid, liquid and gaseous
water;

� The Biosphere contains all of the Earth’s living organisms; and
� The Atmosphere contains all of the Earth’s air.

These spheres are closely connected and overlap. For example, insects
(biosphere) fly through the air (atmosphere), while water (hydrosphere) can
flow through the soil (lithosphere), and a change in one sphere is likely to result
in a change in one or more of the other spheres. The Earth System is constantly
been bombarded by shortwave solar energy (and meteorites) and in turn emits
longwave radiation to space. The equilibrium surface temperature of the Earth
is currently about 15 1C. Human well-being is wholly dependent on the day-to-
day services provided by the Earth System. This chapter is concerned with
those services provided by the atmosphere.
Ecosystem services are primarily concerned with the value for human

well-being of the biosphere. The value of the atmosphere, hydrosphere and
lithosphere has not yet been considered in any detail. Indeed Costanza et al.7

state:

It is trivial to ask what is the value of the atmosphere to humankind, or what is the
value of rocks and soil infrastructure as support systems. Their value is infinite in
total.
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However, Barnes3 states that:

Commonly inherited gifts of nature provide more (or at least a comparable
amount of) wealth to humanity than all human efforts combined . . . A market
system that values such an enormous trove of wealth at exactly zero is funda-
mentally flawed.

The true value of atmospheric services is certainly somewhere bet-
ween zero and infinity! This chapter attempts to realistically value the indivi-
dual components of atmospheric services for the first time. In total their
replacement value may be effectively infinite (41000 GWP) but it is cer-
tainly not trivial to identify and assess the importance of the atmosphere to
humankind at a time when climate change is threatening the very existence
of society. To achieve a sustainable atmosphere, which we have to manage
effectively, we must understand all its various systems and services to
human well-being. Only then can we assess those atmospheric services
that need urgent attention and assess what the likely consequences
would be to change or adapt them – remembering that all the services are
interlinked.
As well as providing vital resources for human well-being, the atmosphere

can also be a hazard to society. Atmospheric hazards were estimated by
Munich Re8 to have cost the global economy about d15 billion yr�1 in damage
costs and 15 500 lives yr�1 over the period 1950–2008. The damage costs from
Hurricane Katrina alone are estimated to have amounted to about $90 billion.5

Munich Re also estimate that due to enhanced global warming the annual
damage bill is rising and could reach $250 billion by 2050, as can be inferred
from Figure 1.
However, these numbers are small in comparison to the estimated impact of

enhanced global warming of ‘between 5 and 20% of GWP each year, now and
forever’9 which equates to between d2 trillion and d8 trillion. These costs to
society of weather and climate hazards on an annual basis are also orders of
magnitude less than the benefits of atmospheric services, as will be shown
below.
Lovelock10,11 reminds us through the metaphor of Gaia, that the Earth

self-regulates the thin shell of land, ocean and atmosphere so that life can
flourish, as it has for the last three billion years. The vitally important part
that the atmosphere plays via global warming, as part of the Earth System, has
been recognised, as society now seeks to mitigate and adapt to climate
change. However, the ability of Gaia to self-regulate has been threatened by
society:

We have grown in number to the point where our presence is perceptibly disabling
the planet like a disease. As in human diseases there are four possible outcomes:
destruction of the invading disease organisms; chronic infection; destruction of the
host; or symbiosis – a lasting relationship of mutual benefit to the host and the
invader.11
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In order to understand how society can develop the required symbiosis, to
prevent disastrous change to our Earth System, we must also understand the
basic intrinsic value of the various components of our Earth System to society.
Currently there is much research into the value of ecosystem services and their
management, but the basic intrinsic value of the atmosphere is, as yet, not
understood. The benefits of sustainable management of the atmosphere far
outweigh the costs of inaction.

2 Ecosystem Services versus Atmospheric Services

The terms ‘weather services’,12 ‘meteorological services’13 and ‘climate ser-
vices’14 have existed for some time as part of the commercial and public services
offered by national and private meteorological offices. These services provide
information about the state of the atmosphere (e.g. weather forecasts, climate
prediction, weather and climate data sets, weather derivatives, climate emission
trading etc.). ‘Atmospheric services’ on the other hand, as proposed in this
chapter, refers to the intrinsic set of natural goods and services through which
the atmosphere itself enables life on Earth: from the air that we breathe; the
protection of the ozone layer; the transmission of sound; the support of air
transport; to the provision of global warming. In this chapter twelve basic
atmospheric services (there are most certainly more than 12) are explored and
their analysis shows that the atmosphere is by far the most precious and
valuable of all natural resources in the Earth System – even more valuable than
water. This chapter attempts to provide some preliminary values of these

Figure 1 Munich Re estimates of Overall Global Losses due to weather catastrophes.
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atmospheric resources and also argues that the atmosphere should be treated as
a global commons. The responsibility for its sustainable management should
therefore be shared equally amongst, and governed by, all of society.
The growth in the study of ecosystem services has largely ignored the

atmosphere,7,15,16 with one or two exceptions.17 Indeed the actual definition
and classification of ecosystem services is still widely debated.18–20 Costanza
et al.7 did include monetary value for the role of ecosystems in the regulation of
atmospheric composition, global temperature and precipitation, though few
details were given on how these calculations were made. Costanza et al.7 esti-
mated the global economic value of seventeen ecosystem services to be about
$33 trillion per year, compared with the Gross World Product of around $18
trillion per year at that time (approximately twice GWP). Of these seventeen
ecosystem services, two are directly related to atmospheric services:

1. Gas regulation, regulation of atmospheric chemical composition (value
estimated to be $1.341 trillion); and

2. Climate regulation, regulation of global temperature, precipitation, and
other biologically mediated climatic processes at global or local levels
(value estimated to be $ 0.684 trillion).

Together these account for just over d2 trillion, or about 6% of the total.
Indirectly the atmosphere is also an integral part of several of the other eco-
system services, including water supply, nutrient cycling, pollination, recreation
and cultural, which account for more than two thirds of the remaining total.
However, Costanza et al.7report:

For the purpose of this analysis we grouped ecosystem services into 17 major
categories . . . We included only renewable ecosystem services, excluding non-
renewable fuels and minerals and the atmosphere.

This is confusing as it is not entirely clear which atmospheric services have
been included and which have been excluded. Nevertheless it is clear that the
limited atmospheric services that have been included make up a significant
proportion of the $33 trillion, and also that many more atmospheric services
have been excluded. It is also clear that the value of atmospheric services will be
significantly greater than the value of ecosystem services, and that ecosystem
services could not exist without the atmosphere.
Whatever the magnitude of the calculations made by Costanza et al.,7 in the

past, ecosystem services, like atmospheric services, have been taken for granted.
The Millennium Ecosystem Assessment21 defines four categories of ecosystem
services: Provisioning Services, for example ecosystem goods like food, fuel and
fresh water; Regulating Services, like air quality and climate regulation and
water regulation; Cultural Services, such as recreation and aesthetic value; and
Supporting Services, for example the production of oxygen and water cycling by
ecosystems. These categories have also been applied to atmospheric services in
this chapter as shown in Table 1.
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3 The Atmosphere as both a Resource and a Hazard

A critical resource geography of the atmosphere should attempt to understand
the historical and spatial development of the social, political, economic and
cultural processes that have led to the atmosphere being used as a service and as
a resource.5,22–26 Firstly, we have to understand the basic properties of the
atmosphere in order to appreciate its importance as a basic set of commodities
and services. What regulations exist for its use? Who owns the atmosphere? Is
the atmosphere a common? How much is the atmosphere worth? What is its
value to society? There are many more questions than answers at this stage of
enquiry, but this chapter will attempt to fuel the dialogue between physical and
social scientists.
We are all familiar with considerations of the atmosphere as a hazard, as it

makes the news headlines virtually every day with floods, hurricanes (tropical
cyclones), gales, snow, tornadoes and droughts happening somewhere all the
time. What is a hazard for one part of society may be a resource for another.
For example, tropical cyclones provide a significant proportion (half) of the
annual rainfall in Japan and also considerable new business for the construc-
tion industry every year.
A physical property of the atmosphere, such as temperature or rainfall, can

be considered as a resource within certain thresholds, and as a hazard when
outside those thresholds. The value of the thresholds may change with new
technology and if the climate changes, the proportion of time the temperature
or rainfall stays within the resource thresholds will change. Each economic
activity will have different thresholds. For example, if the physical parameter is
rail surface temperature, then an upper threshold of 53 1C identifies the
potential hazard of rail buckling due to heat in the summer, and 0 1C identifies
the potential hazard of points freezing in the winter.27 The identification and
prediction of thresholds using a form of weather sensitivity analysis is still
under researched. If one is to identify and manage the potential impact of
climate change, then the existing sensitivities and thresholds need to be known.
The atmosphere is very different to most conventional resources, like oil

or coal, or services like banking or insurance, or ecosystem services. It covers
the entire planet and is constantly being mixed by the weather and via the
hydrological, carbon, nitrogen and sulfur cycles. The atmosphere is remarkably
consistent in its composition around the globe but the variations in solar
radiation, due to the Earth’s shape, tilt and rotation, ensure that the weather
and climate vary significantly across the Earth’s surface. Solar radiation is also
taken for granted and is both a hazard to life (sunburn and cancer) but is also a
huge service for life on Earth. The atmosphere removes most of the ultraviolet
radiation via the ozone layer to reduce significantly the hazard. The atmosphere
lets most of the other wavelengths of solar radiation through, but then traps the
outgoing longwave radiation to provide natural global warming for the planet
of about 33 1C. For the purpose of this chapter, the filtering of solar radiation
will be included as an Atmospheric Service.
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There are effectively three types of atmospheric commodity:5

1. The material atmosphere itself (e.g. oxygen, nitrogen, argon, carbon
dioxide, water and spatial dimensions, i.e. volume);

2. The physical/chemical properties of the atmosphere (e.g. temperature,
pressure, density, wind, clouds, precipitation, radiation, optical effects
and electrical charge) which comprise the weather and can be directly
exploited (e.g. for agriculture or power); and

3. Data, information or predictions about the atmosphere used by weather
forecast providers, insurers and a host of other services;

The first two can be broadly labelled as atmospheric resources and the
third as a new atmospheric paradigm concerned with economic instruments,
such as weather derivatives and climate emissions trading, as well as more
traditional methods of weather observation, weather forecasting and climate
prediction.5 This chapter will be concerned with both the material, physical and
chemical properties of the atmosphere, and the services these properties
provide.

4 Who Owns the Atmosphere?

Before we can attempt to put a value on the atmosphere, or discuss the
composition and management of atmospheric services, we need to examine
who owns the atmosphere.28 There is an urgent need for society to consider
the atmosphere as a precious global entity that requires global management.
Currently the atmosphere is managed in a non-sustainable piecemeal way.
The artist Amy Balkin has attempted, unsuccessfully so far, to put forward
the whole atmosphere as a UNESCO World Heritage Site.29 There is a need to
pull together existing atmospheric regulations relating to airspace, air quality,
acid rain, ozone depletion and climate change to establish a ‘Law of the
Atmosphere’ for the global ‘Atmospheric Commons’.
Airspace above countries is governed by air traffic control systems for

civil air travel, and protected zones for military use are closed off from
civilian aircraft use. Payment is made each time an airline enters and leaves
the airspace, to cover the costs of air traffic control. But specification of a
national volume of air, or the protection of a specific composition of air is
not feasible. due to the dynamic nature and movement of the dispersing air.
The gaseous phase of the Earth System held within the Earth’s atmosphere is
therefore governed differently to the liquid phase (hydrosphere, plus liquid
fossil fuels), or the solid phase (land), or even the gaseous phase of materials
extracted from either the liquid of solid phases (natural gas or gasified
fossil fuels).
Does the atmosphere belong to everyone or has it been enclosed by gov-

ernments or private companies? Ausubel2 discusses in some detail whether or
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not the atmosphere can be considered a common and quotes Schauer’s30 four
requirements that define a common:

1. A common must exist within and as a part of a wider rule or custom.
2. A common must be identified by practical laws or rules which distin-

guish it from what is not a common.
3. A common must be open to community or public use and closed to

exclusive appropriation.
4. a common must be, by nature or as a result of laws or rules applied

thereto, in such a condition that use by some does not preclude or sig-
nificantly interfere with use by others.

The atmosphere fulfils all four of these postulates in part, but some reser-
vations remain for each one.2 Barnes3 outlines the four basic definitions of
property rights which are based on Roman Law:

1. Res privatae: private things – things in possession of an individual or
corporation.

2. Res publicae: public things – things owned and set aside for public use by
the government, such as public buildings, highways and navigable
waterways.

3. Res Communes: common things – things accessible to all that can’t be
exclusively possessed by an individual or government.

4. Res nullius: unowned things – things that have no property rights
attached until they’re taken into possession and become res privatae or
res publicae.

Like Roman law, English law distinguished between two kinds of public property,
one belonging to the state and the other to all citizens. The Magna Carta, signed
in 1215, established fisheries as a res communes, a commons available to all.
Similar status was given to the air, running water and wild animals. There’s thus
an old and clear distinction between common property and state property, and the
air falls decidedly into the common category.3

The sky is nothing if not the ultimate commons. We all inhale oxygen from it,
exhale carbon dioxide into it, and use it daily in many other ways. On the theory
that use implies ownership, or simply that commoners own the commons, the sky
should be our common property.3

Is Barnes right? Buck31 in her book The Global Commons concludes that:

The physical characteristics of atmospheric resources (clean air and stratospheric
ozone) are not analogous to resources in common domains, and the atmosphere
regime therefore is not a commons regime. Public policy analysis that approaches
atmospheric pollution as a negative externality controlled by protective regulatory
policy provides a better approach to the problems of the regime and their analysis.
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However her analysis is restricted to considerations of polluting the atmo-
sphere, rather than regulating the exploitation of the material atmosphere.
Barnes3 further suggests the setting up of a ‘sky trust’ in the United States,

similar to the Alaska Permanent Fund,that would operate a ‘Cap and Divi-
dend’ system for carbon emissions. What is important about his scheme is that
it would require tradable carbon emission permits at source. Each company
that extracts fossil fuels would need to buy the right to emit each resultant
tonne of carbon each year. The total number of permits would be reduced each
year and if a company exceeded their allowance they would have to buy permits
from companies that had spare permits, or pay a fine. The money raised would
be paid into a mutual trust to be shared equally amongst all citizens.
Tickell32 treats the atmosphere as a global commons whilst recognising that

air pollution is a kind of negative commons. As Hardin33 states:

In a reverse way, the tragedy of the commons reappears in problems of pollution.
Here it is not a question of taking something out of the commons, but of putting
something in – sewage, or chemical, radioactive, and heat wastes into water;
noxious and dangerous fumes into the air, and distracting and unpleasant
advertising signs into the line of sight . . . The rational man finds that his share of
the cost of the wastes he discharges into the commons is less than the cost of
purifying his wastes before releasing them. Since this is true for everyone, we are
locked into a system of ‘fouling our own nest’, so long as we behave only as
independent, rational, free-enterprises.

Tickell32 describes the advantages and disadvantages of the various solutions
that have been put forward to achieve a low carbon economy that also
recognise the atmosphere as a global commons: Contraction and Convergence,
Cap and Share, Cap and Dividend, and Carbon Rationing with Variable
Quotas. These schemes are concerned with stabilising greenhouse gas con-
centrations in the atmosphere at a level which has been targeted at 350 ppm
CO2 equivalent. Tickell32 suggests a similar solution to Barnes3 that would
regulate greenhouse gas emissions ‘upstream’ at the oil refinery, the coal
washing station, the gas pipeline and the cement factory etc. by the auctioning
of global permits. The proceeds, estimated to be of the order of 1 trillion Euros
per year, would be placed into a Climate Change Fund which would be used to
finance mitigation and adaptation measures around the globe.
Successful intervention strategies to slow or prevent pollutant emissions to

reverse environmental degradation are numerous, and sometimes on a global
scale. The Montreal Protocol has successfully used a direct regulation global
approach to phase out ozone depleting chemicals using a ‘Multilateral Fund’
to help developing countries achieve targets. Indeed, because the controlled
gases are also very effective greenhouse gases, the Montreal Protocol has
been significantly more successful than the Kyoto Protocol in reducing radia-
tive forcing. However, these policies tend to consider trace elements that
are man-made, or at concentrations which are orders of magnitude higher than
those normally found in the environment. It is perhaps the ubiquity of carbon
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in our environment that creates difficulty for legislators to delineate forms of
carbon.

This relatively easy and rapid success of the Montreal Protocol in tackling (ozone
depleting) greenhouse gas emissions stands in stark contrast to the slow, meagre
and expensive gains achieved under the Kyoto Protocol. This strongly suggests
that there is a role for direct regulation, also backed by a ‘Multilateral Fund’ or
similar instrument, in a future climate protocol.32

The Montreal Protocol is on course to reverse the ‘hole in the ozone layer’
and therefore at least one example of ‘fouling our own nest’ through the design
of ‘material culture’, in this case mostly refrigerators, has been solved by global
regulation.
Hulme26 argues that:

. . . climate change possesses all the attributes of a ‘wicked’ problem, a situation
defined by uncertainty; inconsistent and ill-defined needs, preferences and values;
unclear understanding of the means, consequences or cumulative impacts of
collective actions; and fluid participation in which multiple, partisan participants
vary in the amount of resources they invest in resolving problems. ‘Tame’
problems, on the other hand – while they may be complicated – have
relatively well-defined and achievable end-states and hence are potentially
solvable. The example of stratospheric ozone depletion may fall into this
category.

Thornes and Randalls5 discuss how ‘biopower’ regulation had been replaced
by neo-liberalism through the use of economic instruments set up as part of the
Kyoto Protocol. The current credit crunch suggests that a return to biopower
style regulation is overdue and that the Tickell approach would provide a more
effective solution for a new Kyoto Protocol – as discussed in December 2009 in
Copenhagen for implementation in 2012. The atmosphere has already been
commodified in certain respects, however, and the acceptance of the atmo-
sphere as a global commons needs to be agreed as soon as possible. In order to
achieve this we need to recognise which parts of the atmosphere have been
commodified and which parts can still be regarded as a common. What is
needed is a United Nations Convention on the ‘Law of the Atmosphere’ similar
in scope and regulation to the ‘Law of the Sea’ which was ratified by the EU in
1998. The UN Convention on the Law of the Sea defines the pollution of the
marine environment as:

. . . the introduction by man, directly or indirectly, of substances or energy into
the marine environment, including estuaries, which results or is likely to result
in such deleterious effects as harm to living resources and marine life, hazards
to human health, hindrance to marine activities, including fishing and other
legitimate uses of the sea, impairment of quality for use of sea water and reduction
of amenities.
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A similar Law of the Atmosphere might define pollution of the atmospheric
environment as:

. . . the introduction by society, directly or indirectly, of substances or energy
into the atmospheric environment, which results or is likely to result in such
deleterious effects as harm to living resources, hazards to human health, hindrance
to atmospheric services, impairment of air quality and reduction of amenities.

Any Law of the Atmosphere would also need to contain conventions with
regard to regulating the extraction of substances and energy from the atmo-
sphere and also regulating its use by private individuals, companies, organi-
sations and governments. Thus a Law of the Atmosphere must control:
1. putting material things into the atmosphere (e.g. air pollution); 2. taking
material things out of the atmosphere (e.g. commodities); and 3. using the
atmosphere (e.g. airspace, noise pollution).

5 The Valuation of Atmospheric Services

Trying to put a value on nature is extremely controversial and difficult. There are
a host of papers discussing the basic principles and pitfalls.34–36 The Earth System
and solar energy provide all the natural capital and services that underlie human
well-being and GWP. The relative contributions of the atmosphere, biosphere,
hydrosphere, lithosphere and solar energy to GWP are impossible to differentiate
and value accurately. Recent estimates of the value of a statistical human life in
developed countries include d4.6 million (US EPA) and d1.4 million (UKDfT).60

The controversy about the ‘value of a statistical life’ in the context of climate
change economics was particularly heated in the 1996 Second Assessment Report
of the IPCC. Using conventional neoclassical economic procedures it was sug-
gested that the value of ‘statistical life’ in the developed world (B$5m) might be
at least ten times higher than in the developing world (B$0.5m).26

In attempting to assess the economic value of atmospheric services let us
consider a different approach. The 2008 Gross World Product GWP was
approximately $70 trillion (exchange rate d1¼ $1.6) i.e. d43 trillion37 (for sim-
plicity let us give it the value of 1 GWP). If we had to replace the services
provided by the atmosphere (for example by using some form of geo-
engineering or by moving the Earth’s population to another planet) the total
economic costs would certainly be multiple times the current value of GWP. For
example, the current modest estimates of the costs of sulfate aerosol injection
into the stratosphere only consider direct costs46 and have not considered the
huge indirect and other costs. If the atmosphere suddenly stopped delivering
services then the entire human race would be wiped out in a few minutes.
Although the use of GWP for assessing the social benefit of scarce resources

has been criticised by many authors26,38 as being too ‘materialistic’ or
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‘completely inadequate’ it nevertheless does provide a convenient ‘yardstick’
for comparison with Costanza et al.7 and Stern.39 A useful summary of the
various approaches and methodologies that have been undertaken in trying to
evaluate ecosystem services has recently been published by the Department for
Environment, Food and Rural Affairs.40 The concept of Total Economic Value
(TEV) is summarised in Figure 2.

TEV takes into account both the use and non-use values individuals and society
gain or lose from marginal changes in ecosystem services.40

Note that this suggests the analysis of marginal changes in ecosystem services
which obviously links to policy:

For atmospheric services we are also interested in their ‘intrinsic value’ and
from an economic point of view we need to concentrate on likely changes to
atmospheric services and the ‘opportunity costs’ involved. For example:

In assessing the value of clean air, we will want to measure the amount of other
resources society would be willing to devote to improving the quality of air (or
preventing its degradation).38

Figure 2 Total Economic Value.

82 John Thornes



This concentration by economists on small marginal changes means that
they are usually additive and clear cut. If non-marginal changes are valued then
it becomes more complicated:38

Suppose we were to ask what is the ‘total’ value of atmospheric services. Since we
would not survive if all these services were removed, this total must be more or less,
all the other resources we have. By the same token the total value of all water services
is also pretty much everything. Consequently measures cannot be additive since the
total value (opportunity cost) of atmospheric and water services cannot exceed all
the resources we have to pay with. The problem here is that once atmospheric ser-
vices are gone, water resources no longer have value and vice versa.

Interestingly Starrett38 continues in a footnote:

It is because nonadditivity was ignored that Costanza et al. (1997) derived a
number for the value of ecosystem services that exceeded the world GWP (a proxy
for total ability to pay). I would argue that their aggregate number is meaningless
although the component estimates might still be useful in some contexts.

Thus economists, from a practical policy point of view, prefer to operate
within the margins of a single GWP. However, as Starrett38 admits, the com-
ponent estimates are useful to raise awareness of the individual importance of
all environmental services.

Kramer41 suggests for simplicity the formula:

Total Economic Value¼Use Value+Indirect Use Value+Option
Value+Nonuse Value

The various methodologies for evaluating Total Economic Value (Defra
2007)40 are summarised in Figure 3.

A variety of methodologies has been used in the past to estimate TEV by
assessing an individual’s or a community’s Willingness to Pay (WTP) for
improvements and/or Willingness to Accept (WTA) compensation for change.
Hyslop,42 for example, looks at visibility and what people are willing to pay
(WTP) for an increase in visibility or to accept payment (WTA) for a decrease
in visibility. Another study43 found that a reduction of 1 mgm�3 in PM (par-
ticulate matter) was worth between $21 and $337 per person per year.

5.1 An Estimate of the Total Economic Value of Atmospheric
Services

The value of atmospheric services is obviously neither zero nor infinity as discussed
in the introduction. Carbon dioxide already has a virtual market value of about
d10 to d12 per tonne in the EUETS (EuropeanUnion Emissions Trading Scheme).i

iNote that it is recognised that this is a heuristic approach and is likely problematic given that the
EU’s prices are based on the distribution of an artificially scarce resource, whereas all atmospheric
carbon is not scarce.
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In total there are approximately 3 trillion tonnes of carbon dioxide in the
atmosphere which therefore has a virtual value of about d30 trillion. If the rest
of the atmosphere were valued at d10 per tonne, the 5148 trillion tonnes of
atmosphere would be worth more than 1000 GWP. Table 1 shows that every
tonne of air is providing services for human well-being whether that tonne of
air is near the surface or in the upper reaches of the atmosphere.

A tonne of air does not really relate to our every day experience. The more
common measure of air is the cubic metre (the density of air is around 1.2 kg per
cubic metre at sea level). The current market price of compressed air is about d2
per cubic metre (see section 6.1), although the price is much reduced for bulk
purchases. What would we be ‘willing to pay’ for our use of the atmosphere? Let
us make a conservative estimate that the atmosphere has a TEV (Total Eco-
nomic Value) of somewhere between 0.1 p and 1 p per cubic metre for all the
atmospheric services listed in Table 1. Each person on the planet breathes about
5500 cubic metres of air per year and this would give a value of between d5.50
and d55 per year. Certainly people, even in developing countries, would recog-
nise that d5.50 per year (1.5 p per day) for the air that they breathe, plus all the
other services provided in Table 1, is a bargain. Even at d55 per year (15 p per
day) this would be very reasonable compared to the cost of water and land rates
in developed countries. If we therefore value the atmosphere at between 0.1 p
and 1 p per cubic metre, the whole atmosphere (4.3�1018 cubic metres) would be
worth (d4.3�1015�16), which is the equivalent of between 100 to 1000 GWP.

Figure 3 Methodologies for assessing Total Economic Value.
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The Total Economic Value (TEV) of the twelve atmospheric services item-
ised in Table 1 is therefore estimated by two different methods to be at least
somewhere between 100 and 1000 GWP, which is a very low estimate as it only
includes direct ‘use value’ by humans for atmospheric services.

Table 1 shows a ranking value for each atmospheric service. These figures are
initial estimates and are only meant to give a broad idea of the importance of
each service for human well-being. An interesting question to ask is how much
would it cost to replace each these vital atmospheric services using, for example,
some form of geo-engineering? Boyd44 ranks the various geo-engineering
schemes that have been proposed to mitigate climate change, but cautions that
many of them have unwanted and costly side-effects. Cathcart and Æirkoviæ45

describe enclosing the entire Earth’s atmosphere with a ‘polyvalent roof’ so that
weather and climate become an ‘air-conditioning’ issue! The Royal Society
have just published the report ‘Geo-engineering the Climate’46 which looks at
the current ideas for extracting carbon from the atmosphere and reducing the
amount of solar radiation reaching the Earth’s surface. None of these ideas
have yet been effectively costed,47 but a law of the atmosphere would need to be
in place before any global geo-engineering experiments could begin.

The ranking in value of each atmospheric service in Table 1 is subjective, but
very important, as those services at risk (1–6, 8 and 11) include the top six in
terms of economic value and importance to human well-being. The rating of
the ‘at risk’ services is also subjective and needs further research.

6 Atmospheric Services and Natural Capital

In this section, we examine each atmospheric service in turn to assess their
natural capital and contribution to market value.

Air has a material value. You can buy air in shops, over the phone or on the
internet and have it delivered to your premises. Normally it will be compressed
into canisters or cylinders and be known as ‘compressed air’. Compressed air
has a myriad of uses and it has been estimated that in Europe nearly 10% of
electricity (80 terawatt hours) used by industry is used to produce compressed
air. Scuba divers obviously need air underwater – the word scuba stands for
‘self-contained breathing apparatus’. Today you can pay more than d2 per
cubic metre for compressed air (see Table 2).

Table 2 Gas prices per cubic meter supplied
by BOC (as of March 2009).

Gas Price

Compressed Air d2.32
Oxygen d1.84
Nitrogen d2.38
Hydrogen d5.98
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6.1 The Air that We Breathe

Clean air is considered by the World Health Organisation53 to be a basic
requirement of human health and well-being. The fundamental act of breathing
by humans, animals and insects is something that we automatically take for
granted.24 Humans on average breathe about 15m3 of air a day,25 converting
oxygen into carbon dioxide and water vapour – the two most important
greenhouse gases. An adult human exhales about 3.6% carbon dioxide (see
Table 3) which amounts to approximately 0.54m3 carbon dioxide per day. The
density of carbon dioxide is 1.98 kgm–3, so that each adult produces more
than a third of a tonne of carbon dioxide per year. The Earth’s population is
6.8 billion, so that in a year humans produce about 2.6 billion tonnes of carbon
dioxide which represents nearly three quarters of a billion tonnes of carbon
(2.6�12/44).

As I contemplate the blue of the sky, I am not ‘set over against it’ as an acosmic
subject . . . I am the sky itself as it is drawn together and unified, and as it begins
to exist for itself; my consciousness is saturated with this limitless blue.48

Indeed we are the sky – from the moment we take our first breath when we
are born, we are the sky. We breathe the sky because the sky is just a light show
created by the atmosphere – it is one and the same thing. It is blue during the
daylight hours and invisible at night unless obscured by clouds or pollution.
Breathing is a performance that is largely invisible to us, but as a consequence
we are all insiders to climate change and enhanced global warming. The oxygen
from the atmosphere (see Table 3) is actively taken up by our blood to be
delivered to our 15 million million cells. Without it we can only last a few
minutes before death.

Without oxygen, life on Earth would never have got beyond a slime in the oceans,
and the Earth would probably have ended its days in the sterility of Mars or
Venus. With oxygen, life has flourished in all its wonderful variety: animals,
plants, sex, sexes, consciousness itself. With it, too, came the evolution of ageing
and death.49

As atmospheric levels of carbon dioxide have been observed to be increasing
by about 2 ppmv per year, in recent years, so levels of oxygen have been
observed to be decreasing by about 3 ppmv per year.50

Table 3 The content of inhaled and exhaled air.

Medium Inhaled Air Exhaled Air

Nitrogen (incl. rare gases) 78.62% 74.9%
Oxygen 20.85% 15.3%
Carbon dioxide 0.038% 3.6%
Water vapour 0.492% 6.2%
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Nitrogen is also important to life on Earth – it is one of the essential building
blocks for proteins in our bodies and why we need to eat vegetables, either
legumes that can ‘fix’ nitrogen directly from the air, or other vegetables that
acquire nitrogen from the soil. Nitrogen also plays a vital role in diluting the
presence of oxygen, otherwise the atmosphere would burst spontaneously into
flame.

We don’t just live in the air. We live because of it.6

6.2 Protection from Extra-Terrestrial Radiation Plasma and
Meteors

Five billion tonnes of ozone in the stratosphere protect us from ultraviolet
radiation from the sun.6 Not that all ultraviolet radiation is bad for us.

UVA (400–320 nm) stimulates the manufacture of Vitamin D in our bodies,
as well as triggering the production of melanin by our skin cells to give a
protective suntan (for people with white skin). Thankfully it manages to get
through the ozone layer. UVB (320–290 nm) is dangerous and although much is
absorbed by the ozone layer, what does get through can course sunburn, skin
cancer and cataracts. It also inhibits photosynthesis and reduces plant growth.
UVC (290–100 nm) would be the most damaging ultraviolet radiation, but it is
totally absorbed by the ozone layer.

The hole (460% depletion) in the ozone layer over the Antarctic was first
identified in 1985. By 2000, it covered an area of 28.3million km2, but since that
time, due to the Montreal Protocol, there are signs of recovery. Chloro-
fluorocarbons (CFCs) which destroy the ozone were banned and global levels
are gradually now falling.

The atmosphere, in conjunction with the Earth’s magnetic field, also protects
us from the solar wind (radiation plasma). The flickering lights of the aurora
borealis show when the ionosphere is absorbing radiation plasma from the sun.
The Earth’s magnetic field captures these streams of electrons and directs them
towards the Poles where the atmosphere soaks them up and glows with their
energy.

Another spectacular light show is caused by meteors disintegrating as they
enter the atmosphere.

The upper air burst into life!
And a hundred fire-flags sheen,
To and fro they were hurried about!
And to and fro, and in and out,
The wan stars danced between.66

Extraterrestrial material entering the Earth’s atmosphere produces heat and
light as it plummets to the Earth’s surface. Meteor showers occur all around
the world, normally burning up in the atmosphere before impact. Meteorites
reaching the ground account for about 100 tonnes of material at the Earth’s
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surface each year. If it were not for the atmosphere, the Earth’s surface would
be covered in craters like the moon.

6.3 Natural Global Warming

Natural global warming keeps the Earth’s surface at an average temperature of
about 15 1C. Without the atmosphere the equilibrium, temperature of the
Earth would be about �18 1C, hence natural global warming is responsible for
an increase in temperature of 33 1C. Enhanced global warming caused by
society polluting the atmosphere so far amounts to an additional 0.8 1C,
but we are already committed to about 1.5 1C due to extra energy stored
in the oceans and not yet released. The IPCC has estimated that an effective
doubling of greenhouse gases could raise the equilibrium surface temperature
by 3 1C by 2050. Thus our atmosphere is vital to sustain life on the planet
as we know it and we need to act quickly to prevent the atmosphere from
overheating our planet.9,67 The redistribution of energy from the tropics to the
poles fuels our weather and creates the current distribution of climate around
the globe.

6.4 Cleansing Capacity and the Dispersion of Air Pollution

The atmosphere has evolved over billions of years and remains dynamic. The
first atmosphere, just after the Earth was formed, was composed mostly of
hydrogen and helium which escaped into space. The second was formed around
4.5 billion years ago as the Earth solidified and out-gassing created an atmo-
sphere of carbon dioxide, nitrogen, sulfur dioxide and water vapour. Then
about 2.5 to 3 billion years ago cyanobacteria first started to photosynthesize
and convert carbon dioxide into oxygen. Today the atmospheric trace gas
composition is regulated by the oxidation capacity of the atmosphere:

The atmosphere is a chemically complex and dynamic system that interacts
significantly with the land, oceans, and ecosystems. Most trace gases emitted
into the atmosphere are removed by oxidizing chemical reactions involving ozone
and the hydroxyl free radical. The rate of this self-cleansing process is often
referred to as the oxidation capacity of the atmosphere. Without this process,
atmospheric composition and climate would be very different from what we
observe today.52

The atmosphere has always been used as a waste dump by society and as a
consequence, as Hardin32 stated, we are fouling our own nest. There are other
perils caused by atmospheric dispersion as many infectious diseases are spread
through the air. SARS (Severe Acute Respiratory Syndrome) infected more
than 8000 people and killed 813 in 2003. The common cold, diphtheria,
influenza, measles and mumps are passed on through the air, primarily via
coughing and sneezing.
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A single sneeze can propel an aerosol of 2 million virus particles a distance
of nine metres. On average it takes just ten particles to establish the disease
in a new host; in theory, one sneeze, properly disseminated, could infect a small
city.4

The atmosphere is not pristine. The air is full of small particles of spores,
pollen, viruses, dust, algae and molds – typically in urban areas we inhale about
25 million particles with every breath. At any one time there can be up to
3 billion tonnes of particles in the atmosphere. Many of these are natural
resulting from dust storms, volcanic eruptions, sea spray and lightning strikes
causing forest fires. Human activities add to this naturally varying atmospheric
pollutant load, and for individual pollutants may increase concentrations by
several orders of magnitude. This is most apparent in the cases of plasticizers
(phthalates) and nuclear fall-out (strontium). Anthropogenic air pollution from
factories, chemical works, vehicle exhausts, power stations, and domestic
sources is least dispersed close to the source (for example, in cities or industrial
zones), and lowest levels of air pollution are found over the oceans and Ant-
arctica where effective dispersion has taken place. However, there is extensive
evidence that background levels of pollutants such as oxides of nitrogen, are
increasing in the homogenised system. Because of this, emissions of air pollu-
tants such as sulfur dioxide and particles have been increasingly regulated at
source across the world since the 1960s. Ambient outdoor levels of selected
pollutants have therefore also been regulated to great effect in Europe and the
USA to increase local responsibility for air quality. The controlled pollutants
are all generated or linked indirectly to fossil fuel combustion. Since the seminal
epidemiology paper by Dockery et al.,54 hundreds of international studies on
human exposures to increased levels of air pollution have demonstrated links,
even when other confounding factors are taken into consideration. Toxicology
has similarly linked air pollution doses to health effects. A catalogue of human
health effects, ranging from cardiovascular to infectious disease, are reported
and many are linked directly to combustion gas release.55 Children growing up
in areas of higher air pollution experience lifelong effects in lung function.56

Since we tend to spend 90% of our time indoors and indoor pollution levels
have a smaller dilution capacity, indoor air quality is also regulated and indoor
smoking bans have been introduced to prevent exposures to environmental
tobacco smoke (ETS), the most important indoor air pollutant. Exposure to
wood smoke from fires for cooking and heating is also an important problem in
developing countries. The cost of air pollution is routinely calculated by policy
makers in the UK and each time it is examined there is more pressure to reduce
both ambient and emissions air quality standards. The more we understand
health effects, the bigger the effect appears to be.

The air quality improvements in the developed world are inverted in rapidly
developing and undeveloped countries. Air quality is quickly deteriorating in
rapidly developing countries, as pollution shifts from the developed to the
developing world. Poor indoor air quality remains one of the key health
challenges for these countries57 and international guideline levels of
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particulates, nitric oxides, ozone and sulfur dioxide are exceeded particularly in
developing countries such that:

Air pollution is a major environmental risk to health and is estimated to
cause approximately 2 million premature deaths worldwide per year.80

If it wasn’t for the atmosphere dispersing air pollutants and we all ended up
breathing neat exhaust and stack gases, then hundreds of millions of people
would die each year!

6.5 Clouds and the Hydrological Cycle

The total volume of water in the hydrosphere (including the oceans, seas, rivers,
lakes, ground water, ice, clouds and water vapour in the air) is about 1.4�1019
cubic metres, which is about a third of the volume of the atmosphere. Almost
97% of the water in the hydrosphere is undrinkable seawater and another 2% is
locked up in the polar ice caps, leaving just 1% for human use and well-being.
As the world population grows water supplies are becoming scarcer and
increasingly commodified as ‘blue gold’. Global fresh water use is expected
to rise by up to 40% by 2020. The hydrological cycle plays a key role in
redistributing this fresh water around the world. Approximately 5�1011 tonnes
of water falls in the form of precipitation per year and an equal amount of
water evaporates to retain a global water balance. A typical water molecule
only spends about nine days at a time in the atmosphere. If fresh water costs
about d1 per cubic metre (UK price, 2009) then global precipitation would be
valued at about d5�1011 which is d500 billion. In other parts of the world,
water prices are much higher. Global sales of bottled water are estimated to be
$22 billion at an average price of about 70p per litre¼ d700 per cubic metre.
The value of fresh water will rise significantly in some countries over the next
few years as climate change melts glaciers and redistributes precipitation.
Hoffman51 estimates that the global cost of clean water through to 2025 will be
close to $1 trillion per year.

The hydrological cycle is a natural process that uses the atmosphere to
transport water around the globe. When water evaporates from the sea it is
transformed into fresh water and then transported by the atmosphere to fall as
precipitation elsewhere. The spatial distribution of rainfall is very uneven and
some areas receive more rainfall than required and suffer floods, whereas other
areas receive less rainfall than required and suffer droughts. Some areas suffer
both at different times of the year. Weather modification attempts to either
increase or decrease precipitation depending upon the atmospheric conditions
at the time. Globally approximately 70% of available fresh water is used by
agriculture to grow food and increasingly biofuels.

Clouds provide a vital role in the atmosphere. Cloud formation via con-
densation and sublimation releases huge amounts of energy to the atmosphere
to fuel our weather. Clouds host the microphysics that turns cloud droplets into
precipitation, and clouds help the wind to redistribute fresh water around the
planet. Clouds also control the radiation balance of the atmospheric system
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and the representation of clouds is still a major uncertainty in weather fore-
casting and global climate models. Clouds also present vital visual clues for
the art of weather forecasting and some would say clouds and cloudscapes
are the ‘greatest show on Earth’. The cultural value of clouds is discussed in
section 6.12.

6.6 Direct Use of the Atmosphere for Ecosystems and
Agriculture

The natural carbon dioxide and oxygen in the atmosphere provide vital
ingredients for photosynthesis and respiration. All of the crops that we grow
need to fix carbon dioxide, and this has a big global impact on the carbon
dioxide levels. Carbon dioxide is an extremely valuable resource therefore, and
increases in the amount of carbon dioxide in the atmosphere have led to
increased productivity particularly in the northern hemisphere. It is common
practice for farmers to increase productivity in greenhouses by pumping in
additional carbon dioxide.

From an economic point of view, climate is matter and energy organised in a
certain way. If a climatologist were to say to a farmer that the climate is going to
change, the farmer could interpret this to mean that deliveries of matter and
energy may be going to change in quantity, time, and place, in ways similar to how
supplies of fertilizer or gasoline might change.2

Almost 100 million tonnes of nitrogen fertilizer (mostly ammonia, ammonium
nitrate and urea) are produced each year using nitrogen from the air combined
with hydrogen from natural gas. This inorganic fertilizer sustains as many as two
out of every five people alive today.58 Between 1% and 2% of energy production
worldwide is for the production of nitrogen-based fertilizer using the Haber
process. At an average cost of about d200 tonne�1, this means that global
agriculture pays about d20 billion per year for nitrogen fertilizer.59 The CIA
World Fact Book37 estimated that agriculture provides 4% of global GWP. This
represents a turnover of about d2 trillion. Without the filtering of solar radia-
tion, precipitation, nitrogen fertilizers, natural global warming and pollination
provided by the atmosphere – agriculture would not be possible.

The global winds are also responsible for regulating the upwelling of
nutrients for the marine biosphere, as well as contributing (with rain and frost)
to the erosion of the Earth’s crust thereby replenishing soils and the supply of
metallic ions needed to sustain life.

Through their effect in mediating the geographical distribution of upwelling and
the depth of the mixed layer, year-to-year changes in the atmospheric circulation,
such as those that occur in association with El Niňo, perturb the entire food chain
that supports marine animals, seabirds, and commercial fisheries.50
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6.7 The Combustion of Fuel

The burning of fossil fuels and wood to produce energy and electricity requires
oxygen from the atmosphere for combustion. We rely on oxygen being avail-
able continuously when we switch on our central heating as well as drive our
cars or fly in an aeroplane. For example about 16 kg of air is required to burn
1 kg of petrol. In other words about 2 cubic metres of oxygen are needed to
burn 1 litre of petrol. This oxygen combines with the carbon in the petrol to
produce carbon dioxide such that 1 kg of petrol will produce about 2.3 kg of
carbon dioxide. The typical combustion of petrol also releases large amounts of
water vapour and energy:

2C8H18 þ 25O2 ¼ 16CO2 þ 18H2Oþ 34:8MJ litre�1 petrol

The energy released in this exchange is equivalent to about 10 kilowatt hours
per litre of petrol and nearly 11 kilowatt hours per litre of diesel. Hence oxygen
from the atmosphere is crucial for the production of energy. We currently
utilise oxygen without cost or consideration of value, and with minimal con-
sideration of the cost of the emissions of combustion gases.

Each day globally (see Figure 4) we consume about 1 litre of oil per day per
person (6.3 billion litres) and oil consumption provides more than one third of

Figure 4 Global Energy Usage in 2004 in terawatts, TW (Total 15 TW).
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our daily energy consumption. This means that energy production consumes
about the same amount of oxygen each day as we breathe.

6.8 Air Transport, Communications and Sound

Air transport relies directly on the atmosphere. Civil aviation grossed more
than $500 billion in 2007 (see Table 4).

Military aviation probably turns over a similar amount, although delinea-
tion of civil and military aviation is difficult. With the growth in aviation, the
spatial dimension of the atmosphere – airspace – has been increasingly enclosed
in order to regulate the flight paths of aircraft for safety and political reasons.
Currently civil aircraft (passenger and freight) pay taxes to land and take off at
airports but no charge is made for the use of airspace. Aircraft not only use the
atmosphere for lift to fly but also freely use oxygen in the atmosphere to
combust the aircraft fuel. Aircraft also pollute the lower and upper atmosphere
and if the weather conditions are suitable, produce jet contrails which can
impact on the local energy balance. Gössling and Upham61 have discussed the
likely impacts of aviation on climate change and the atmosphere. By 2006 there
were nearly 20 500 civil aircraft in service worldwide using about 233 million
tonnes of fuel per year, equivalent to 733 million tonnes of CO2 per year.
Taking into account the total impact of aviation on climate change, the
International Air Transport Association (IATA)62 estimate that aviation is
responsible for about 3% of global anthropogenic greenhouse gas emissions. In
view of the projected growth in air travel in the 21st century, aviation has been
included in the latest EU emissions trading scheme:

The EU emissions trading scheme entered into force on 2.2.2009, requiring all
airlines landing or taking off in EU member states to pay for their carbon dioxide
usage through CO2 allowances or carbon credits beginning in 2012. The target set
by the EU is for aviation to reduce greenhouse gases to 3% below the average of
2004–2006 levels in 2012, increasing to 5% for the 2013–2020 period. Estimates
of the cost to international airlines in 2013 are around the $2.5 billion mark
increasing to $3.5 billion by 2015.63

It is hoped that a global carbon emissions scheme will be implemented in
the near future, so that aviation emissions can be reduced worldwide in real
terms.

Airspace is also required by birds and insects, for travel and sustenance.
Birds are physically adapted to flying with hearts up to five times pro-
portionally larger than humans, and avian respiration demands 20% of the
body volume compared to 5% in mammals. The large volume of air inhaled
supplies copious amounts of oxygen to the chest muscles to sustain the
necessary wing flapping for flight. The smaller the bird, the faster the wings
have to flap to maintain lift. Insects have to do even more flapping which
creates the familiar buzz of the bumblebee (130 wingbeats per second) and
the tortuous sound of the mosquito (600 wingbeats per second). A butterfly can
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remain airborne with just 10 wingbeats per second by part gliding and part
flapping. Some insects, like the snow-dwelling spiders that survive at 6600
metres up the side of Mount Everest are literally fed by the atmosphere in a
unique ecosystem. The wind, blowing up the side of the mountain brings a
regular supply of algae and insects from below, which was labelled the aeolian
biome by the biologist Lawrence Swan in the 1950s.

Plants that are pollinated by animals, particularly birds and bats, are called
‘zoophilous’, but even they are dependent upon the air. Firstly, they require
air for the creatures to fly to them, and secondly for the dispersion of the
tantalising odours exuded to attract the pollinators, especially the bats. Insect
pollination, or ‘entomophily’, by bees, wasps, ants, beetles, moths, butterflies
and flies is also encouraged by strong scents from the flowers.

Perhaps one of the most fundamental and undervalued services provided by
the atmosphere is the dispersion of pollen:

Only about 10% of plants are wind-pollinated but reproductively speaking, these
are wildly successful, comprising over 90% of the Earth’s total plant population.
Such anemophilous or ‘wind-loving’ plants – the bane of hay-fever sufferers –
collectively coat every square meter of the planet each year with 100 million grains
of pollen.4

All the world’s grasses including essential cereal grains (wheat, rice, barley,
oats, rye and corn) are anemophiles. Up to 70% of the world’s farmland is
planted with grains yielding nearly 2 billion tonnes of food. Without the wind
we would soon starve. Anemophiles produce huge amounts of pollen which
allows cross-fertilisation up to 1200 km away in the case of pine and fir pollen.
Spores and seeds also need to be dispersed and several travel by air. Fungal
spores can circumnavigate the globe. The average edible mushroom can pro-
duce about 16 billion spores at the rate of 100 million an hour. Seeds have
evolved a range of aerodynamic features resembling parachutes, propellers and
wings. Dandelion (Taraxacum officinale) seeds with their fluffy umbrellas can
ride the wind for up to 200 km. In the case of the Tumbleweed (Salsola kali or
Salsola tragus) the entire plant is carried by the wind scattering its seeds along
the way.

Another neglected atmospheric resource for communication is sound. Most
people are totally unaware that sound travels via air molecules and waves in the
atmosphere to our ears. Even in the ipod age of head phones the music has to
travel to our inner ears via the local air molecules. The global music industry
itself is worth at least $40 billion per year in the sales of music media.

It is very difficult to put a monetary value on everyday sounds and speech
as used by everyone to communicate using mobile phones etc. Similarly the
transmission of radio waves by the upper atmosphere (the ionosphere) is very
important as it allows signals to travel around the globe. Skywave is the pro-
pagation of electromagnetic waves refracted back to the Earth’s surface by the
ionosphere.
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6.9 Direct and Indirect Use of the Atmosphere for Energy and
Power

A piece of air the size of a sugar lump contains around 25 billion billion molecules
all constantly darting about faster than the speed of sound. Every molecule cra-
shes into another 5 billion times a second and it is this incessant pinball barging
that gives air its spring. It’s why the billions of bouncing molecules inside a tyre
can hold up a truck.6

Wind power is the most obvious direct form of atmospheric energy but wave
power and hydroelectric power sources are indirectly reliant on the atmosphere.
Solar power is controlled by the presence or absence of cloud and is therefore
also dependent indirectly upon the atmosphere. Biofuels rely upon photo-
synthesis and oxygen for production.

In 2007 the wind industry installed close to 20GW worldwide. This develop-
ment was led by the US, China and Spain, and it brought global installed
capacity to 94GW. This is an increase of 31% compared with the 2006
market, and represents an overall increase in global installed capacity of about
27%. The top five countries in terms of installed capacity are Germany
(22.3GW), the US (16.8GW), Spain (15.1GW), India (7.8GW) and China
(5.9GW). In terms of economic value, the global wind market in 2007 was worth
about h25 billion, or US$37 billion in new generating equipment, and attracted
h34 billion ($50.2 billion) in total investment. Europe remains the leading market
for wind energy and new installations represented 43%t of the global total in
2007.64

Wind energy on-shore capacity is increasing rapidly as the technology
matures, but siting, plus proximity to point of use, issues remain. MacKay65

estimates that if the windiest 10% of Britain was covered in windmills (gen-
erating 2Wm�2) it would be possible to generate 20 kWhday�1 per person
which is only half of the power used to drive an average fossil fuelled
car 50 km per day. Off-shore wind power has more potential long term than
on-shore. The UK government has committed to generating 33GW of
off-shore wind capacity. MacKay65 estimates that this would require
10 000 ‘3GW’ (on average producing 1GW each) windmills at a cost of
about d33 billion over the next 10 years. Wind power could feasibly supply
more than 20% of world energy requirements by 2050. This could require
up to 2 million new windmills worldwide (50 times today’s capacity), but
could save up to 1 gigatonne of CO2 emissions from coal-burning power
stations.

Solar energy is used in a variety of ways: for heating water, photovoltaic
panels for generating electricity, solar biomass for generating biofuels or
burning directly in a power station, or for cooking. The potential is huge but
often prohibitively expensive. To place photovoltaic panels in desert areas
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(cloud reduces output by up to 90%) would be the most effective. MacKay65

estimates that:

One billion people in Europe and North Africa could be sustained by country-sized
power facilities in deserts near the Mediterranean; and that half a billion in North
America could be sustained by Arizona-sized facilities in the deserts of the USA
and Mexico.

Waves are driven by the wind and there is a huge potential for the future but
wave power is still in its infancy and still at the research stage. Hydropower is
much more established and is dependent on rainfall. There are only a limited
number of potential sites around the world that have not already been tapped.
Worldwide, hydroelectricity supplied an estimated 715 000MW of electricity in
2005. This was approximately 19% of the world’s electricity and accounted for
over 63% of electricity from renewable sources.

Air-source heat pumps are very efficient and rely on the air temperature
difference between the inside and outside of buildings. A typical air-source unit
today can deliver more than 4 kW of heating when using just 1 kW of elec-
tricity, with a coefficient of performance (COP) of 4+. When it is run in reverse
for air conditioning, it can deliver nearly 4 kW of cooling for 1 kW of elec-
tricity. The air can also be used to heat water for under-floor heating systems
and radiators. The efficiency of air-source heat pumps is increasing and systems
already on sale in Japan have a COP of 6.6.

We should replace all our fossil-fuel heaters with electric-powered heat pumps. We
can reduce the energy required to 25% of today’s levels. Heat pumps are future
proof, allowing us to heat buildings efficiently with electricity from any source.65

Compressed air is used for a multitude of activities, including energy for
transport and inflating tyres. Compressed air is a way of storing energy but
obviously it needs energy to be compressed. The efficiency is similar to lead–
acid batteries, but about five times less than lithium ion batteries:

Air can be compressed thousands of times and doesn’t wear out . . . compressed
air storage systems do have three advantages over batteries: longer life, cheaper
construction and fewer nasty chemicals.65

6.10 The Extraction of Atmospheric Gases

There is a large global industry extracting atmospheric gases, such as oxygen,
nitrogen, argon and other rare gases, to use as commodities for a huge range
of industries. There is currently no charge or licence required for the
removal/mining of gases from the air as raw materials – a blatant case of
commodification of the atmosphere. Recently Carbon Capture and Storage
(CCS) has been developed to try and directly reduce the amount of carbon
dioxide in the atmosphere.

97Atmospheric Services



The global market for gases is huge and companies that originally started by
just extracting gases from the atmosphere (e.g. British Oxygen who have since
merged with Linde) now manufacture many other gases (see Table 5). Air as the
raw material is free and does not require the permits that a mine on land or sea
would require.

6.11 Atmospheric Recreation and Climate Tourism

In 2008, international tourist arrivals reached 924 million, up 16 million over
2007, representing a growth of 2%, and although levels have fallen back in 2009
due to the global recession, they are picking up again according to the United
Nations World Tourism Organisation.81 Total expenditure was estimated in
2007 to be $856 billion, which represents an expenditure of nearly $1000 per
tourist per year. Not all tourism is weather/climate related but certainly a large
proportion of summer and winter tourism (skiing) relates to international
travel and the seeking of a warmer/dryer climate.

All outdoor and indoor sport is affected by the atmosphere, weather and
climate.

There is still much confusion as to how the atmosphere (e.g. air density)
controls the enjoyment of a sport. For example, sports such as squash and
badminton are normally played indoors in artificial ‘ecoclimates’ created by
sports centres to avoid wind and rain. However, air temperature and humidity
are still of vital importance.

Table 5 Typical applications for gas products.

Markets Applications Customer Benefits Products

Metal
Fabrication

Welding & cutting Productivity, Cost Reduction
Product Quality

Argon

Primary Metals Combustion in electric
arc furnaces

Productivity, Energy Savings Oxygen

Refining of metal
products

Product Quality Argon

Cast iron melting in
rotary furnaces

Flexibility, Cost Reduction Oxygen

Chemicals Vent-gas recovery of
volatile organics

Environmental Nitrogen

Vapor and liquid phase
oxidation

Productivity, Cost Reduction Oxygen

Petroleum
Refining

Catalyst regeneration Productivity Oxygen

Enhanced oil and gas
recovery

Productivity Nitrogen

Gasoline reformulation Environmental Hydrogen
Food Freezing and chilling Productivity, Flexibility,

Shelf Life, Flavor, Safety
Nitrogen,
Carbon dioxide

Packaging Quality, Shelf Life Nitrogen
Beverage Carbonation Quality Carbon dioxide
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Thornes68 defines three types of sport that are weather dependent: Specia-
lised Weather Sports (e,g, sailing, gliding, ballooning and skiing), Interference
Weather Sports (e.g. lawn tennis, football, rugby and hockey) and Weather
Advantage Sports (e.g. golf, baseball and cricket).

The atmosphere is an integral part of the game of cricket.69 For
example, snow stopped play at Buxton in June 1975 during the game
between Derbyshire and Lancashire. Lancashire scored 477–5 in 100 overs
on the Saturday. It then snowed on the Sunday and play was abandoned
for the day on Monday. However, the snow melted quickly and play was
possible on the Tuesday. In the days of uncovered wickets, Derbyshire
were bowled out for 42 and 87 and Lancashire won by an innings and 348 runs!
This is one of the biggest ever victory margins recorded in English County
Cricket history.

6.12 Aesthetic, Spiritual and Sensual Properties

The atmosphere is a canvas for heart-stopping displays of beauty.31

For most of the time the atmosphere seems to be odourless but we need the
atmosphere to transfer the smell of a rose or a dead rat to our senses. Smells are
composed of small volatile molecules that move by diffusion – random walks –
to be breathed in by our receptive noses. Humans have about 5 million receptor
cells (dogs have about 200 million) waiting to communicate with our memory
banks to recognise a smell. Hundreds of thousand molecules exist that have
different smells and different cultures can perceive the pleasant and the awful
smell differently. The global size of the perfume market was estimated to be $18
billion in 2006.70 There is some evidence that pleasant smells make us feel good,
and hence the concept of aromatherapy as an alternative medicine. Taste is also
based on smell as about 75% of the flavour of food is linked to the smell. Hence
smell is a very important part of our quality of life. In the animal kingdom
social behaviour is based on smell:

Based on odour, animals zero in on food, avoid predators, recognize the bound-
aries of their home territory, identify friends and family and likely members of
the opposite sex as prospective mates. Odours used to convey informational
signals from individual to individual are collectively known as semiochemicals.
Corn, beets and cotton, for example, infested with leaf-munching larvae of
the beet armyworm moth, put up a fight, throwing out insidious indoles and
terpenes – chemicals that attract parasitic wasps. The wasps lay their eggs in
armyworm caterpillars, with fatal results; the young wasp larvae eat their host as
they hatch.4

Pheromones are a subset of semiochemicals that pass information within an
individual species. Social insects like ants, bees, wasps and termites commu-
nicate between themselves via a large range of pheromone signals. However,
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pheromones secreted by the female gypsy moth are simulated by the bola
spider, luring male gypsy moths to be eaten.

The sky is a daily source of ephemeral environmental art that is visible
to all around the world. The visualisation of atmosphere, weather, climate
and climate change in art works is a fascinating component of representational
Environmental Art and Cultural Climatology.71,72 Also non-representa-
tional performative works of artists, such as James Turrell’s Skyscapes, focus
upon the sky and atmosphere and the Skyscapes have created a wonderful
metaphor, and lever for action, in restoring the ‘hole in the ozone layer’.
The atmosphere has been an inspiration for poets and writers as well as artists.
Jacobus73 in discussing the poetry of Clare and the paintings of Constable
declares:

Clouds are the realm of the visible invisible, both what we can and what we can’t
see; their representation involves the double relation of the work of perception and
the work of art, along with our complex, feeling, yet pre-determined relation to
both.

Rehdanz and Maddison74 suggest that different people have preferences for
different types of weather and climate and that happiness and well-being are
directly related to the state of the atmosphere. A number of recent studies have
emphasised the links between climate and human development.75–79

7 Conclusions

It is inevitable that the atmosphere should finally be recognised as the Earth’s
most important and valuable natural resource in this time of climatic change. It is
vital that the atmosphere is effectively managed to sustain its composition and
delicate balance.5

The sustainable management of the atmosphere needs to be tackled from a
global perspective. Some intervention policies to protect the global atmospheric
commons have already been effectively implemented, on a local, regional and
global scale. Local air quality legislation in the USA and Europe has system-
atically reduced key air pollutants since the 1990s, principally to protect public
health in cities. The Gothenburg protocol, E.U. Emissions Ceilings Directive,
and the Convention on Long-Range Transport of Air Pollution (CLRTAP) are
only some of the regional policies successfully put in place to prevent regional
air quality effects, such as acid rain and ground-level ozone generation. The
Montreal Protocol has shown that decisive and sustainable management of a
global atmospheric problem is also possible, within relatively short time-
frames. The Kyoto Protocol however has been less successful at producing a
sustainable solution to enhanced global warming. This chapter aims to catalyse
action for more decisive sustainable management of the atmosphere in the
future.

100 John Thornes



The valuation of Atmospheric Services at between 100 and 1000GWP is
undoubtedly an underestimate and further research is required to give more
realistic valuations for each of the twelve individual atmospheric services. In
order to effectively manage the atmosphere we need to recognise which services
are at risk and this also requires further research. It is clear, however, that the
atmosphere is our most precious natural resource and that it needs careful
protection from exploitation and commodification. The atmosphere should be
declared as a global commons that belongs to everyone and a Law of the
Atmosphere needs to be ratified by the United Nations as soon as possible. At a
time of enhanced global warming and the real prospect of geo-engineering of
our climate, we need swift action to communicate the need to preserve and
protect the atmosphere for our future well-being on the planet.82

Climate change and increases in severe weather, heatwaves, floods, droughts,
rising sea levels, melting ice, and consequential elevated mortality and threats
to biodiversity are seen by policy makers as a huge problem. These impacts can
only be managed effectively if we understand the complete system and value of
atmospheric services.

Acknowledgements

I wish to thank the following colleagues who have attended workshops and
commented on and suggested improvements to this chapter (any mistakes are
my own however): Bill Bloss, Stefan Buzar, Xiaoming Cai, Lee Chapman,
Julian Clark, Suraje Dessai, Sen Du, Ian Fairchild, Dan van de Horst,
Michaela Kendall, Chris Kidd and Sam Randalls.

References

1. J. Ruskin, The Queen of the Air, George Allen, 1887, p. 239.
2. J. Ausubel, in Climatic Constraints and Human Activities, ed. J. Ausubel

and A. K. Biswas, IIASA Proceedings Series, Pergamon Press, Oxford,
1980, vol. 10, pp. 13–59.

3. P. Barnes, Who Owns the Sky?, Island Press, London, 2001, p. 172.
4. R. Rupp, Four Elements: Water, Air, Fire and Earth, Profile Books,

London, 2005, p. 373.
5. J. E. Thornes and S. Randalls, Geograf. Annal., 2007, 89A, 273–285.
6. G. Walker, An Ocean of Air: A Natural History of the Atmosphere,

Bloomsbury Press, London, 2007, p. 321.
7. R. Costanza, et al., Nature, 1997, 387, 253–260.
8. Munich Re, Topics Geo, Munich, 2009, p. 45.
9. N. Stern, Blueprint for a Safer Planet, The Bodley Head, London, 2009,

p. 246.
10. J. Lovelock, Gaia, A New Look at Life on Earth, Oxford University Press,

Oxford, 1979.
11. J. Lovelock, The Revenge of Gaia, Penguin, London, 2006, p. 222.

101Atmospheric Services



12. World Bank, Weather and Climate Services in Europe and Central Asia,
Washington D.C., 2008, Working Paper No. 151, p. 80.

13. X. Xu, Report on Surveying and Evaluating Benefits of China’s Meteor-
ological Service, ChinaMeteorological Administration, Bejiing, China, 2007.

14. M. Visbeck, Nature Geosci., 2008, 1, 2–3.
15. C. Hindmarch, J. Harris and J. Morris, Biologist, 2006, 53, 135–142.
16. R. Haines-Young and M. Potschin, England’s Terrestrial Ecosystem Ser-

vices and the Rationale for an Ecosystem Approach: Overview Report to
DEFRA (DEFRA Project Code NR0107), Defra, UK, 2008.

17. R. K. Craig, The Atmosphere, the Oceans, Climate and Ecosystem Services,
2008. http://ssrn.com/abstract¼ 1114354 (accessed on 12/03/10).

18. J. Boyd and S. Banzhaf, Ecol. Econ., 2006, 63, 616–626.
19. K. J. Wallace, Biol. Conserv., 2007, 139, 235–246.
20. R. Costanza, Biol. Conserv., 2008, 141, 350–352.
21. Millennium Ecosystem Assessment, Ecosystems and Human Well-Being –

Our Human Planet, Island Press, Washington DC, 2005, p. 137.
22. W. J. Maunder, The Value of Weather, University Paperback, London,

1970.
23. J. McNeill, Something New Under the Sun, Penguin Books, London, 2000,

p. 421.
24. J. E. Thornes and G. R. McGregor, in Contemporary Meanings in Physical

Geography, ed. S. Trudgill and A. Roy, Springer, London, 2003, ch. 8,
pp. 173–197.

25. Air Resources Board, How Much Air Do We Breathe?, 1994, Research
Note 94-11.

26. M. Hulme, Why We Disagree about Climate Change, Cambridge Uni-
versity Press, Cambridge, 2009, p. 392.

27. J. E. Thornes and L. Chapman, Geogr. Compass, 2008, 2, 1012–1026.
28. J. Atmos. Environ. published two papers on ‘New Directions’ for the new

millennium: A. Najam, Atmos. Environ., 2000, 34, 4047–4049 and
J. Vogler, Atmos. Environ., 2001, 35, 2427–2428.

29. A. Balkin, 2007. http://www.publicsmog.org (accessed on 7/4/09).
30. W. H. Schauer, J. Int. Affairs, 1977, 31(1), 67–80.
31. S. J. Buck, The Global Commons, Earthscan, London, 1998, p. 225.
32. O. Tickell, Kyoto2, Zed Books, London, 2008, pp. 293.
33. G. Hardin, Science, 1968, 162(3859), 1243–1248.
34. N. E. Bockstael, A. M. Freeman, R. J. Kopp, P. Portney and V. K. Smith,

Environ. Sci. Technol., 2000, 32, 1384–1389.
35. G. C. Daily, T. Soderqvist, S. Aniyar, K. Arrow, P. Dasgupta, P. R.

Ehrlich, C. Folke, A.-M. Jansson, B.-O. Jansson, N. Kautsky, S. Levin, J.
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Natural Capital and Ecosystem Services:
The Ecological Foundation of Human
Society

ERIK GÓMEZ-BAGGETHUN AND RUDOLF DE GROOT

ABSTRACT

Ecosystems provide both the energy and materials needed for the pro-
duction of economic goods and services and act as a sink of wastes
generated by the economic metabolism. Other nature’s services benefits
are obtained directly from nature, often without passing through trans-
formation processes or the mediation of markets, as in the case of clean
air, erosion control, aesthetic benefits, or climate regulation. Economic
health in the long term thus depends on the maintenance of the integrity
and resilience of the natural ecosystems in which it is embedded. The fact
that standard economic theory neglects this aspect has been identified as a
main cause of the current environmental problems and ecological crises.
Approaches such as ecological and environmental economics attempt to
deal with these shortcomings of standard economics through the devel-
opment of concepts and accounting methods that better reflect the role of
nature in the economy and the ecological costs derived from economic
growth. Concepts such as natural capital, ecosystem functions and eco-
system services are playing a key role as tools to communicate societal
dependence on natural ecosystems and in the articulation of a new form
of understanding economics. This paper gives a brief overview of the key
concepts for understanding the links between ecosystems and human
well-being, and discusses a range of valuation and accounting methods as
possible ways to measure the quantities and importance of natural capital
and ecosystem services.
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1 Introduction

In his 1926 book, Wealth, Virtual Wealth and Debt, the English biochemist
Frederick Soddy (awarded the Nobel prize for Chemistry in 1921 for his for-
mulation of the theory of isotopes) criticized the focus of economics on
monetary flows, arguing that ‘real’ wealth is primarily derived from the use of
energy to transform materials into physical goods and services.1 His observa-
tion represents a pioneer formulation of the modern ecological criticism of the
focus of economics on the monetary system at the expense of the analysis of
the interactions with the biophysical system in which it is embedded.2,3 Indeed,
Soddy’s scepticism of the way financial capital develops a life of its own and
becomes increasingly decoupled from the underlying physical capital, gains
renewed interest in the context of the present economic crisis.4

Since the last two to three decades, Soddy’s intuition has been developed and
formalized within the field of ecological economics. This approach maintains that
all the goods and services produced in the economic system ultimately depend on
inputs of energy and materials from ecosystems. On the other hand, this
approach maintains that natural ecosystems constitute the sinks for all wastes
resulting from economic activity.5,6 In addition to providing these core source
and sink functions, ecosystems provide a wide variety of benefits to people which
often are obtained directly from nature without passing through transformation
processes or the mediation of markets, as in the case of clean air, water pur-
ification, climate regulation, or erosion control.7,8 The fact that standard eco-
nomic theory neglects this aspect has been identified as a main cause of current
environmental degradation.9 A key factor that has been pointed out in this
respect is the limited capacity of current economic accounting systems to reflect
physical costs derived from economic growth in terms of, for example, pollution
or physical depletion. Scientific approaches, such as environmental economics
and ecological economics, have put considerable efforts in reconnecting eco-
nomic systems with the underlying ecological systems. Environmental economics
aims to monetise environmental externalities to incorporate them into current
economic accounting systems. Ecological economists question the foundations
and axioms on which such accounting systems rely, and attempt to develop new
conceptual and analytical frameworks capable of better incorporating the role of
ecosystem functions and services into economic theory and practice.
Although criticism of conventional economics is at least 120 years old,10

economics has so far remained highly reluctant to revise its theoretical foun-
dations to better incorporate the economic importance of ecosystems within
its analytical and accounting framework,11 Only recently, the need to integrate
ecological and economic accounts began to find its way into the international
policy agenda,12 An important example is the ongoing development of a
System of integrated Environmental and Economic Accounts (SEEA) under
the auspices of the United Nations, which eventually will provide guidelines for
the amendment of the existing systems of national economic accounts.13

Much of the present policy interest in the revision of economic accounting
systems is the result of efforts during the last three decades devoted to the

106 Erik Gómez-Baggethun and Rudolf de Groot



development of concepts, like natural capital and ecosystem services, that
better reflect the role of nature in the economy. First used in the 1970s as
metaphors to communicate societal dependence on natural ecosystems, in the
last decade the literature around natural capital and ecosystem services has
grown exponentially,14 becoming a field of research on its own sometimes
referred to as ‘ecosystem-service research’ or ‘ecosystem-service science’.15,16

2 Societal Dependence on Ecosystems in Different Socio-

Economic Contexts

Societal dependence on ecological life-support systems is evident in subsistence
economies where communities depend directly on ecosystems for food and
other products needed for their livelihood. Nevertheless, countries with
developed market economies also depend on ecosystem services in many ways.
However, this dependence is often overseen for a series of reasons. First, in the
so-called developed countries, economic activities that rely intensely on natural
resources are becoming increasingly marginal due to the current offshoring
process through which extractive and industrial activities are being relocated in
less-developed countries, with lower labour costs and softer environmental
legislation.17 Second, in developed-country settings, most ecosystem services
are not directly obtained or enjoyed from nature as occurs in subsistence
economies, but are ‘embedded’ in market products (e.g. imported food). Fur-
thermore, such services are often obtained from ‘anonym’ ecosystems in distant
countries after going through multiple stages of the transformation and dis-
tribution chains. In this manner, the ecological contribution to the end-product
becomes masked by an increasingly de-localized economic process, alienating
the consumer from the links between the source ecosystems and the final goods
and services that are consumed or enjoyed.
This economic context has fostered the idea within developed countries that,

by means of technology and markets, socio-economic systems can progressively
’dematerialize’,18 thus becoming increasingly decoupled from natural ecosys-
tems. The theory of dematerialization of the economy is often based on the so
called Kuznets Curve hypothesis,19 which maintains that once a certain level of
national wealth is surpassed, economic growth becomes less intensive in pol-
lution and decreasingly dependent on natural capital and the services it pro-
vides.20 However, the validity of this hypothesis has been widely questioned18,21

when not openly refuted by studies that suggest that economic growth remains
highly coupled to energy and material input, even in developed country
settings.17,22

Factors such as modern technology, the expansion of the tertiary sector,
offshoring, and the presence of markets as mediators for the enjoyment of
ecosystem services, have led to the idea that socio-economic systems can be
decoupled from the ecological systems in which they are embedded. However,
such ecological–economic decoupling can only occur at the local scale. Ulti-
mately, every good and service produced by the economic system depends on
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transformations of energy and materials that, at least at the present stage
of technological development, solely nature can provide.1,5,23 Moreover, the
extent to which technological development can help overcome the problem of
ultimate physical scarcity remains controversial.24 Whereas standard economic
theory maintains that technology will eventually allow for the progressive
substitutability of scarce natural resources,25,26 ecological economics maintains
that this assumption is at odds with the laws of thermodynamics.2,23

The fact that developed countries can satisfy ever increasing consumption
demands and at the same time decrease the exploitation intensity within their
territories is not due to the economy’s dematerialization, but rather because the
present international free-trade system allows wealthy consumers from these
countries to obtain ecosystem services from all around the world through the
globalised market.27 Gross Domestic Product growth in developed countries is
thus only possible because of being supported by ecosystem source functions
(e.g. oil) and sink functions (e.g. atmosphere) provided by natural capital assets
located mainly beyond their borders.
As biodiversity loss continues and the feeling expands that ethics-based

arguments for conservation are reaching their limits, emphasising the depen-
dence of human well-being on ecosystem services provides an important
additional rational for nature conservation.15,28 The Millennium Ecosystem
Assessment (MA) project has openly adopted this approach.9 Conservation
and sustainable use of natural ecosystems is thus no longer presented simply as
an ethical duty towards future generations, nor as a luxury goal that only rich
countries can afford to address, as reflected by the post-materialist theories with
great influence in the 1980s and 1990s.29 Now, ecosystems are also acknowl-
edged as the basis of the economic and social development on which human
well-being relies.

3 Understanding the Links between Ecosystems and Human

Well-Being

If analyzed through an anthropocentric lens, ecosystems are both essential life-
support systems and economic-support systems. From this perspective, eco-
systems can be seen as a form of (natural) capital. The notion of Natural
Capital has a clear precursor in the land production factor which classical
economists used to include in their production functions,6,30 but its first explicit
mentioning dates to the 1970s.31 It was not until the 1990s that the natural
capital concept was developed in the literature,5,32,33 after which it has become
widely used in the fields of environmental and ecological economics. Costanza
and Daly5 draw on an analogy of the economic definition of capital to coin
natural capital as a ‘stock capable to provide a sustainable flow or natural
income (ecosystem services)’, a definition that, with minor variations, has
persisted in the literature until today.
Drawing on these metaphors or ecological–economic hybrid concepts,

the MA developed a comprehensive framework in which ecosystems are
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portrayed as natural capital stocks providing flows of ecosystem services.9 The
MA framework represented a great progress for the understanding of the links
between ecosystems and human well-being. However, the MA framework
needs to be further developed to make it operational for specific purposes and
applicable in ‘real life’. For instance, scholars concerned with the incorporation
of ecosystem services in economic accounting systems highlighted that the
causal chain between ecosystem properties (including biodiversity) and the final
output of ecosystem services is generally left as a black box in the ecosystem-
service literature.34 Subsequently, they call for the need to disentangle the
sequence of causal links from ecosystems structure and processes to the final
benefits that are enjoyed, consumed or used by humans.
The debate on an operational classification of ecosystem functions, inter-

mediate services and final services is still ongoing.34–36 Controversial aspects in
this debate include whether we should aim for a generic, universally accepted
classification of ecosystem services versus maintaining several classifications for
different purposes;37 whether human inputs to realise nature’s benefits should
be subtracted when quantifying ecosystem services; and what distinction should
be made between ‘functions’, ‘services’ and ‘benefits’ (and ‘values’). In relation
to the latter point, the growing consensus now seems to be that there is a
distinction which can be seen as a ‘cascade’ going from the ecosystem properties
via functions, to services which provide benefits and values.36,38,39

Drawing on our own previous work8,40,41 and on recent developments on this
topic,36,39,42 we hereby provide a framework to understand the links between
ecosystem structures and processes, and the final output of ecosystem services.
Figure 1 provides a framework showing a gradient from ecosystem structure
and functioning to the final benefits relating directly to human well-being.
More concretely, our framework distinguishes four different levels of analysis

(see Table 1). The first level includes the totality of ecological components
(structure) and processes (functioning) operating within an ecosystem. The
second involves Ecosystem Functions, which is a subset of ecological processes
and components that are directly involved in the underpinning of ecosystem
services. The third are the Ecosystem Services, which are actively used, enjoyed,
or consumed at a given point in space and time. Finally, the last level of analysis
relates to the benefits from ecosystem services or the relative impact of eco-
system services on well-being as perceived by humans. Each level is explained in
more detail in the sections below.

3.1 Ecosystem Structure and Functioning

The first level of the ecosystem’s human well-being framework includes
the whole set of ecological components (e.g. matter, energy, and species) and
core ecological processes (e.g. nutrient and energy cycling) operating within the
ecological system. Each of these processes and components (conceptualized in
the MA framework as ‘supporting services’) constitute a more or less relevant
role in maintaining the basic functioning of the ecosystem.
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A key property emerging from the structure and function interplay is the
resilience of the ecosystem. Resilience relates to the capacity of the ecological
system to withstand shocks while maintaining the essential structure and
functioning.43 It thus reflects the ecosystem’s capacity to self-organize in order
to adapt to disturbance and change.44 Resilience is of critical relevance in the
context of ecosystem services, as it provides the ecological system with the
capacity to maintain ecosystem service flows within tolerable bounds
throughout time in the face of variability and change.45 If human pressure on
ecosystems exceeds certain thresholds, ecosystems may flip to alternative stable
states, often with far less capacity to provide ecosystem services.46,47

Table 1 Levels of analysis to understand the links between ecosystems and
human well-being.

1 Ecosystem structure
and processes
(‘functioning’)

Totality of components and processes operating in the
ecosystem

2 Ecosystem functions Subset of components and processes that are involved
in the generation of ecosystem services

3 Ecosystem services Subset of ecosystem functions that are actively or
passively used, consumed or enjoyed by humans
consciously or unconsciously

4 Ecosystem benefits Value of ecosystem services as perceived by humans

Figure 1 Natural capital and human well-being. Ecosystem functions enable the
provision of diversified flows of ecosystem services, which in turn influences
the different components of human well-being.

110 Erik Gómez-Baggethun and Rudolf de Groot



3.2 Ecosystem Functions

Once the structure and functioning of an ecosystem has been characterized, the
next step in assessing the links between ecosystem and human well-being is to
translate ecological complexity (total set of ecological processes and compo-
nents) into a limited set of ecosystem functions, which in turn provide a range
of goods and services.8,48

In the ecological–economic context addressed here – not so in ecology –
ecosystem functions can be defined as those ecological processes and compo-
nents with the capacity to generate benefits that are enjoyed directly or
indirectly by humans.8,49,50 Ecosystem functions thus represent the subset of the
total ecological components and processes that are directly involved in under-
pinning ecosystem services, and thus refer to the ecological capacity to support
economic activities. In this sense, ecosystem functions represent the key link
between ecology and economy,49 and provide an essential conceptual tool for
the further development of a natural capital theory with sound ecological basis.

3.3 Ecosystem Services

Ecosystem services refer to those ecosystem functions that are actively used,
enjoyed or consumed by humans, which can range from material goods (such
as water, raw materials and medicinal plants) to various non-marketed, and
therefore ‘free’, services (such as climate regulation, waste assimilation, water
purification, carbon sequestration, erosion control, flood buffering, etc.).7–9

What economics has traditionally referred to as goods and services has been
reconceptualised within sustainability sciences in the broader concept of eco-
system services,9,50,51 embedding all ecosystem goods and services, whether
marketed or not, that directly or indirectly contribute to human well-being.
Thus, the potential benefits represented by ecosystem functions become

actual benefits once they are demanded, used or enjoyed by people. It is then
that functions acquire the form (now in a purely anthropocentric approach) of
ecosystem services. Hence, it should be noted that the existence of ecosystem
services is conditioned by the presence of beneficiaries of those services.36,40 An
uninhabited and unexploited forest, for example, will certainly have the
potential for providing wood, but this would become a service only once
someone went to the forest to cut the wood. In contrast, the carbon seques-
tration function provides a service even if the forest is uninhabited or
unexploited because the global community benefits from its contribution to
global climate regulation.

3.4 Ecosystem Benefits and Human Well-Being

The last level of analysis deals with the output from ecosystem services that
link directly to human well-being. The measurement of the contribution of
ecosystem services to human well-being is generally done through valuation
processes. As it will be explained later, value elicitation exercises can use
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different valuation languages.52 Whereas the valuation domain that has
attracted most policy interest is the monetary one, there is a growing consensus
on the need to approach valuation processes from alternative valuation
domains, e.g. economic, socio-cultural and ecological, in order to capture the
richness of values at stake in decision making processes.8,48

In order to avoid double-counting problems, economic valuation should be
focused on the final contribution of ecosystems to human well-being, and in this
respect several recent contributions have emphasised the need to distinguish
between ecosystem services and ecosystem benefits.36,39,42 This distinction
allows the valuation process to be focused on the benefits of the service as
perceived by humans in terms of their needs, rather than on the ecosystem
service itself. This has several advantages. First, because, whereas most basic
human needs are relatively stable, the value humans allocate to the services are
more volatile and contingent on aspects like fashion, advertisement, market
fluctuations, and culturally constructed ‘wants’. Second, humans ultimately
depend on ecosystem services irrespective of whether they perceive it or not, and
whether they value ecosystem services or not, e.g. as expressed by their will-
ingness to pay for their conservation.53 Moreover, the value humans allocate to
ecosystem services is contingent on the level of understanding of the way eco-
systems are linked to well-being, and thus by the knowledge and characteristics
of the people allocating the values.54 As it has been argued earlier in this paper,
in developed-country settings this link is largely obscured by the spatial mis-
match between the production and the consumption of services and by aliena-
tion from nature as human populations are increasingly concentrated in cities.
Ecosystem benefits thus relate to the value of ecosystem services, which can

be made explicit using particular measurement tools. Valuation approaches
can be broadly divided between those approaches based on human preferences
(‘subjective’ value approaches) and approaches based on physical costs
(‘objective’ value approaches).10,40,55 The bulk of the environmental accounting
and valuation literature measures the benefits from ecosystem services using a
‘human preferences-based approach’, i.e. assuming that values can be derived
from human subjective perception. Such subjective values are often elicited as
weighted by their virtual prices or marginal willingness to pay. The second
perspective to approach value aims to derive values from intrinsic character-
istics of objects that can be measured in biophysical terms (embodied labour
time, embodied energy or surface requirement for the production of the
valuation subject). Here we will refer to this approach as ‘physical costs-based
approach’. In the following section, we review the main available methods
within each of these two perspectives to approach ecosystem values.

4 Accounting and Valuation of Natural Capital and Ecosystem

Services

Value theory has been referred to as ‘the philosopher’s stone of economics’.56

Indeed, it is difficult to agree on a philosophical basis to value. In the context of
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ecosystem services, valuation can be viewed as a process of assigning ‘weights’
in decision-making processes. In their seminal paper on global natural capital
valuation, Costanza and colleagues50 suggested that the almost systematic
undervaluation of the ecological dimension in decision making could be
explained to a large extent by the fact that the services provided by natural
capital are not adequately quantified in terms comparable with economic ser-
vices and manufactured capital. Since this milestone publication, many aca-
demic efforts within sustainability sciences have worked on the development of
accounting and valuation methods with the aim of highlighting the economic
role of ecosystem services whose value was systematically undervalued or
ignored by both markets and in decision making.
Nevertheless, a broad consensus on value theory has not been achieved yet.

Its interpretations and diverse formulations rely on diverging epistemologies
and methodological frameworks. Herewith, we present two main approaches
of accounting and valuation within socio-ecological sciences, which we consider
to be complementary and not exclusive (see Figure 2).

Figure 2 Different approaches for natural capital accounting and valuation. Value is
multidimensional, and its estimation can be tackled from different per-
spectives. Multi-criteria analysis allows for the integration of different and
incommensurable value types within decision making.
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4.1 Approaches Based on Human Preferences

The first approach we refer to is the one based on human preferences. This
approach aims to capture the intensity of people’s preferences for small or
marginal changes in the quantity or quality of these services. This conception of
value is thus anthropocentric and instrumental in nature. Although preference-
based approaches embrace methods that allow expressing individual (or group)
preferences in non-monetary terms, e.g. by ranking among alternatives, pre-
ference-based approaches usually take markets (prices) as reference for the
allocation of values.

4.1.1 Market Theory Based Valuation
The neoclassical position is to view environmental problems and ecosystem
services with no price as ‘market failures’. Pure neoclassical economics restricts
its accounting to priced goods and services, which entails considering just a
limited subset of ecosystem services (those which are directly useful, valuable,
appropriable and exchangeable). As price formation is conditioned to the
existence of supply and demand relations, every positive or negative effect in
human well-being lacking a market becomes invisible to conventional economic
accounts. The public good nature of most ecosystem services implies that their
economic value is often not adequately reflected in decision-making processes
that are based on market transactions (e.g. cost–benefit analysis). As a con-
sequence, it is argued, priceless ecosystem services are likely to be overutilized
and tend to be depleted.
Valuation attempts to fill this void in the decision-making process. By

assigning ecosystem services an economic value, it is possible to assess from
an economic point of view whether a particular change in an ecosystem will
improve or not (according to the neoclassical standards) the well-being of the
community at which it is targeted. From this perspective valuation can be seen
as a tool for trade-off analysis.48

The valuation of invisible costs and benefits, often referred to as ‘external-
ities’, for their incorporation in economic accounting and decision making
constitutes the cornerstone of environmental economics. With this aim, value
types not captured by conventional markets are proposed (e.g. indirect use
value, non-use value). Economists generally stick to taxonomy of ecosystem
values which add up to the so-called Total Economic Value (TEV).57 A range
of methods has been developed in order to elicit ecosystem values. If available,
information to elicit such values is obtained from market transactions (direct
market valuation), but in their absence, information is derived from parallel
markets (revealed preferences method) or hypothetical markets, i.e. markets
created through surveys (stated preferences method). Some valuation methods
are more appropriate than others for valuing particular ecosystem services and
for the elicitation of specific value components.58

Environmental economics expands thus the analytical framework of pure
neoclassical economics but without transcending the boundaries of chrema-
tistics, that is, the field of monetary valuation.
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4.1.2 Socio-Cultural Perception/Deliberative Based Valuation
Social perceptions and values play a fundamental role in the valuation people
do in any decision-making situation, including those involving natural capital
and its services. Aspects such as education, cultural identity and diversity,
freedom, altruism and spiritual values have been pointed as human preferences
shaping factors.59–61 These approaches are not conditioned to monetisation in
order to make options comparable, as decision making can be oriented through
the ranking of preferences expressed by stakeholders after individual or group
deliberation.

4.2 Approaches Based on Physical Costs

Biophysical valuation methods use a ‘cost of production perspective’ that aims
to derive values from the physical costs (e.g. in terms of energy or material
flows) of producing a given good or service, or of maintaining a given ecolo-
gical state. Approaches based on physical costs often rely on the first and
second principles of thermodynamics and systems ecology approaches. In this
case, quantifying turns from monetary valuation to physical accounting. Some
pioneer examples within this approach can be traced back to the work of
authors such as Podolinsky in the 19th century and Frederick Soddy at the
beginning of the 20th century,62 and later in some ecological economic pre-
cursors such as Odum63 or Georgescu-Roegen.2 Herewith we will consider two
sets of methods: ‘surface and material-based methods’ and ‘energy-based
methods’.

4.2.1 Surface or Material Accounting Methods
These methods, which often rely on industrial ecology approaches, quantify
flows of materials or surface requirements resulting from socio-economic
metabolism.64,65 The most widely used surface accounting method is the Eco-
logical Footprint,66,67 which measures the biologically productive land an
individual population or activity uses to produce all the resources it consumes
and to absorb the wastes it generates (water footprint and carbon footprint
methods use similar approaches). Another method that may be classified within
this group is Land Cover Flow analysis, which can be used to monitor changes
in natural capital quality and land multi-functionality.68

Examples of the main materials-based methods are: Material Flow Analy-
sis,69 which accounts for environmental inputs and outputs in the metabolism
of social–ecological systems, and Life Cycle Analysis.17

4.2.2 Energy Based Methods
These methods aim to quantify the amount of energy or exergy that needs to be
invested to perform any (e.g. economic) process. In the first case (energy costs),
the main reference is the Embodied Energy Analysis method.70,71 In the latter,
the Exegetic Replacement Cost aims to quantify the costs of non dissipated
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(that is, useful) energy that natural capital consumption entails.72,73 The
so-called Emergy Synthesis74,75 is a systems ecology-based method that has
capacity to distinguish between different qualities of energy throughout the
productive processes being analysed. Finally, Human Appropriation of Net
Primary Production (HANPP)76 can be defined as the difference between the
Net Primary Production of the potential natural vegetation and the amount of
Net Primary Production remaining in ecosystems.

5 Discussion and Conclusions

5.1 The Controversy of Value Commensurability

The search of a common measuring rod for ‘value’ has often been the aim
pursued in order to clarify value theory. Classical economists such as Ricardo
and Marx tried to identify the common substance of value in labour (abstract
labour force in the case of the latter). Some authors from the natural sciences
sought to find it in energy or any of its derivates, such as exergy. Finally,
neoclassical economists tried to find it in the utility concept, assuming the
measurability of this abstract category in money. All of them aimed to find a
mono-value theory.
However, mono-value theories have often been branded to represent differ-

ent forms of reductionism, being considered to capture only one of value’s
many dimensions.10,77 In this context, some authors have suggested the exis-
tence of a plurality of values or multiple-value dimensions. In fact within inter-
or trans-disciplinary sciences such as ecological economics, there is an
increasing recognition about the existence of different forms of value (e.g.
monetary, ecological and cultural) that cannot necessarily be reduced to a
single measuring rod, that is, the existence of incommensurable values.78

However, value incommensurability does not hinder the fact that different
alternatives can be compared upon a rational basis. The aggregation of dif-
ferent incommensurable value forms with the aim of their incorporation into a
decision-making processes can be operationalised through, for example, multi-
criteria evaluation methods.79

5.2 Why Use the Notion of Natural Capital?

There is an increasing consensus between environmental and ecological econ-
omists that ecological problems are caused, to a large extent, by the persistence
of an economic system that is blind to the ecological (and social) deterioration
and injustice involved in economic activity. Environmental economists usually
refer to these hidden costs as ‘externalities’,80 whereas ecological economists
often prefer the concept of ‘cost-shifting gains’.81

In this context, natural capital and ecosystem services are essential con-
ceptual tools that reflect the role ecosystems play in human well-being, not only
when they are subject to extraction or active use (and thus marketable), but also

116 Erik Gómez-Baggethun and Rudolf de Groot



when it means to ‘just’ preserve ecosystems to provide ‘free’ benefits from, for
example, regulating services.
Although the potential that ecosystem valuation and accounting methods

may have for re-orienting decision making into a more sustainable pathway has
been widely acknowledged in the ecological economic literature, several con-
ceptual and methodological problems still need to be resolved. At the con-
ceptual level, it is worth mentioning the controversies around value
commensurability referred above, the commodification of nature,82,83 and the
way valuation processes can act as ‘value articulating institutions’ shaping the
way humans perceive nature according to particular world views and value
systems.55

If used, valuation of ecosystems and their services should not be understood
as an end in itself, but rather as a pragmatic tool that aims to incorporate the
true contribution of nature to human well-being into economic theory and
practical decision making. The conceptualisation of nature in terms of natural
capital and ecosystem services does not aim to substitute nature’s intrinsic value
as the main basis for its conservation or wise use. Instead, it complements ethic-
based arguments so that both forms of value can be used synergistically in the
search for a sustainable human-nature relationship. In other words, economic
valuation of natural capital searches to ‘push’ conservation arguments beyond
conservationist circles and structurally integrate them into every-day decision
making (individual, corporate and political) at all scales. A key challenge in this
respect is to identify in which situations intrinsic and instrumental values can be
used complementarily, and in which ones the use of utility-based rationalities
(e.g. financial incentives) may undermine moral sentiments for conservation.84

For example, articulating the wise use of nature around the concepts of natural
capital and ecosystem services may be appropriate in a market economic set-
ting, but can be misleading in peasant, indigenous or other community based
societies where concepts such as nature and well-being rely on completely
different ontologies, and where environmental values are deeply interwoven
with community and spiritual values. In such contexts, utilitarian framing of
conservation concerns can be misleading and culturally offensive.85 Thus, the
use of economic valuation should take due account of the ecological and socio-
economic context, and of the interests of all stakeholders involved in, and
affected by, the decision.
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78. J. Martı́nez Alier, G. Munda and J. O’Neill, Ecol. Econ., 1998, 26, 277.
79. G. Munda, Eur. J. Operat. Res., 2004, 158, 662.
80. A. C. Pigou, The Economics of Welfare, Cossimo Classics, New York,

USA, 2006.
81. W. Kapp, in: Social Costs, Economic Development, and Environmental

Disruption, ed. J.E. Ullmann, University Press of America, Lanham, USA,
1983.
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Protecting Water Resources and Health by
Protecting the Environment: A Case Study

LUKE DE VIAL, FIONA BOWLES AND P. JULIAN DENNIS

ABSTRACT

The effluent from growing populations and the increasing use and disposal
of chemicals into the environment can overwhelm ecosystems’ natural
ability to absorb and treat waste. Historically, the approach to protecting
the environment from sewage discharged into it is to collect and treat it.
Similarly water taken from sources used for public water supply is treated
to protect populations from the effects of untreated or diffuse pollution.
Both approaches have proved successful and will continue to play an
essential role in protecting ecosystems and public health. However, if the
cost of treatment and the associated carbon footprint of these treatment
processes are to be controlled, a complementary approach is needed to
protecting ecosystems and the water extracted from them for public
supply. Catchment management, a means of minimising diffuse pollution,
and therefore the need for more complex treatment, is being used by
Wessex Water and other water companies to drive down the cost and
carbon footprint of more expensive and energy-intensive treatment pro-
cesses needed to meet the demands of tightening health and environmental
standards. The impact of this approach in a number of defined catchments
in the Wessex Water region has been studied over the last three years.
Whilst the catchment management approach has demonstrated that a
reduction in the residual levels of nitrogen in the soil can be achieved
without affecting a farm’s output, it is not yet clear whether the impact of
these changes has reached the water supply aquifer. However, in surface
waters where travel times are much faster, immediate impacts have been
achieved, particularly a reduction in the detection of pesticides.
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1 Introduction

Ensuring populations have clean fresh water to drink is an essential function of
water utilities today. This need is nothing new. Two thousand years ago,
Roman engineers built aqueducts to bring water into cities where population
growth and density had exhausted or polluted local water sources beyond use.
It was recognised even then that clean water was essential in maintaining
healthy vibrant populations.
Even so, little thought was given to the disposal of waste products that might

affect health or the environment.1 With a sufficiently low population and
relatively little industry, the aquatic environment has an ability to dilute,
absorb or treat organic waste. Thus, the effects of effluent disposal for small
populations went unnoticed, whilst those for the large growing cities, such as
London, Manchester and Liverpool, were simply ignored. It therefore became
practice to simply dilute and disperse the effluent into the environment and
allow it to be treated naturally. In many respects this worked well, particularly
for marine outfalls. Eventually, however, with growing populations and addi-
tional diverse sources of pollution, natural ecosystems with their capacity to
deal with pollutants could no longer cope with the growing quantity and type of
inputs, and were simply overwhelmed.
Dr John Snow confirmed the link between water contaminated with polluted

river water and water-borne disease.1 Thus water-borne pathogens and the
need to control water-borne disease epidemics were the key drivers for the
development of water supply and treatment practices of the 19th and 20th
centuries. It was understood that taking effluent and disposing of it in rivers
down stream of water intakes helped prevent disease. Furthermore, simple
treatments, such as filtration through sand and the addition of chlorine (or
both), helped to make water safe to drink.1

The water industry is unusual, however, with respect to the fact that it dis-
charges its waste to the water environment from which it extracts its raw
material for drinking water supply. Thus locating the abstraction points for
public water supply upstream of sewage discharges became standard practice.
Population growth and the increasing variety and use of chemicals that find
their way into the waste streams of domestic and commercial practice has led to
the need for ever more sophisticated and energy-intense treatment to make
effluent less polluting before disposal.
In addition, chemicals that are lost to or used in the environment, particu-

larly chemical fertilisers, herbicides and pesticides required to provide the
quantity of food needed by growing populations, and other pollutants from
roads and pavements etc., also find their way into water sources. To meet the
drinking water quality standards set for water supply2 these pollutants have to
be removed.
Therefore to protect the environment and water resources, current practice

relies on treating sewage effluent at the end of the sewerage system, in the
sewage treatment works (end of pipe treatment). Then further treatment of
the water at the water treatment works, abstracted for public supply, to remove
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chemicals present as a result of pollution. The cost and consequence of dealing
with these wastes is not paid for by the polluter or many of the retailers that
benefit from current industrial and agricultural practice, but by water con-
sumers through their utility bills and ultimately by the environment.
The recognition of the value and therefore growing concern for the envir-

onment, rather than just for the human population, has been enshrined
in national and European legislation.3–5 The water industry has had to
develop better treatment techniques for both drinking water3 and sewage5 and
address the environmental impacts on water resources. Since privatisation
in 1990, which was designed to get more investment into the water sector
to meet European standards for drinking water and effluent discharged to
the environment, customers bills have risen by approximately 50% in real
terms.
At the Second World Water Forum in The Hague in 2000,6 the declaration

highlighted the role of sustainable water resource management in ensuring the
integrity of ecosystems. The protection of the water ecosystems themselves was
enshrined in Europe in the 2000 Water Framework Directive (WFD).7

As a result of these new regulations, standards have risen over the past 30 years
for both drinking water quality and effluent discharged, whilst protection of the
environment, which is inevitably affected by these changes, has also increased.
Specific duties to the water industry, as a statutory undertaker or competent
authority, are included within the Habitats Regulations 1994,8 Countryside and
Rights of Way Act 2000,9 The Environmental Assessment of Plans and Pro-
grammes Regulations 200410 and Natural Environment and Rural Communities
Act 2006.11 These legal duties are included in the prescriptive methodologies for
developing water resource management plans and water company-regulated
business plans. Thus assessment of environmental impact and monetisation of
the effect on ecosystems is already part of strategic planning activities within the
water industry and has been a major driver in the increase in water and sewerage
bills since privatisation in 1990.

2 The Environmental Obligations on Water Utilities

Water companies work with the water environment. They abstract water from
the environment and therefore are influenced greatly by the quality and
quantity of the available water, and they discharge treated sewage effluent back
into the environment and must do so in a manner that does not cause harm.
These processes are heavily regulated. Abstraction of more than 20m3 day�1

requires a licence from the Environment Agency (EA).12 Abstraction licences,
particularly those granted in the last 20 years, typically have many environ-
mental flow conditions attached. Some licences restrict or prohibit abstraction
when river flows are low; others have considerable environmental monitoring
conditions attached.
To protect public health water companies must then treat the water. The

treatment standards are laid out in the drinking water standards.2 The raw
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water from the environment commonly exceeds the standards set out in
Table 1.
Compliance with the drinking water standards is regulated by the Drinking

Water Inspectorate (DWI).
A discharge of treated sewage effluent requires a discharge consent.5,12 The

purpose of the consent is to protect the environment, particularly the water into
which the effluent is discharged. The consent will specify a flow rate and water
quality conditions, setting permissible levels of suspended solids, biochemical
oxygen demand (BOD) and ammoniacal nitrogen.
The regulatory standards that ensure environmental protection are not static.

Over the last twenty years there has been a considerable tightening of the
standards. For example in the area of abstraction, Wessex Water has made
reductions of approximately 30Ml d�1 in licensed abstractions since privati-
sation to meet environmental concerns and a further 23.5Ml d�1 is planned
over the next 10 years.
Changes to the drinking water standards have resulted in significant invest-

ments. The lead standard has been reduced from 50 to 25 mg l�1.2 In 2013, this
standard will be further reduced to 10 mg l�1. In addition, new standards have
been introduced for turbidity and cryptosporidium which have triggered major
investments.

2.1 Discharge Consents have Tightened

The move towards improving water quality, for compliance with the EU
Freshwater Fish Directive4 and tighter river water quality objectives in pre-
paration for the WFD, has resulted in reviews of discharge consents over the
last ten years. This has been particularly noticeable at small rural sewage
treatment works that discharge into the headwaters of watercourses, where
little dilution is available. The resultant consents have required high levels of
treatment which often require energy-intensive tertiary treatment to meet these
new standards.

2.2 Review of Discharge Consents due to EU Directives

The concern over coastal water quality and in particular the influence of treated
sewage discharges on bathing and shellfish waters13 has driven a major

Table 1 Drinking water standards commonly exceeded in raw water.

Determinand Drinking water standard

Nitrate 50mg l�1

Individual pesticide 100 ng l�1

Total pesticides 500 ng l�1

Cryptosporidium Risk assessed – no significant presence
Coliforms Absence
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expansion of treatment at coastal sites. Improvements to sewerage systems have
been necessary to reduce the impact of intermittent storm water discharges.
Continuous treated waste water discharge now receives disinfection either by
ultraviolet disinfection or by use of membrane-treatment technology.
Many inland rivers have now been designated as ‘Sensitive Waters’5,12

and phosphate-reduction processes have been installed, usually using iron
salts to precipitate the phosphate and reduce nutrient load to receiving water
courses.

2.3 Prohibition of ‘Dumping’ Sewage at Sea

The practice of marine disposal ceased in 1998. Sludge had been tankered out
to marine areas of high dilution and dispersion and discharged to sea. Since
1998, this sludge has been treated with lime or anaerobic digestion to meet the
appropriate bacteriological standards for recycling and is taken to farmland
and used as a soil conditioner.
Even tighter regulation is proposed, in particular the WFD7 aims to protect

all elements of the water cycle and enhance the quality of aquifers, rivers, lakes
estuaries and the sea. Its emphasis is on ecological status, with reference to
pristine exemplars although it recognises that some watercourses have been too
heavily modified for use to achieve the same high ecological status, and a high
ecological potential instead will be targeted. The WFD requires good ecological
status to be achieved by 2015, but allows derogations, in particular for mea-
sures required which are ‘disproportionately expensive’. In the UK in 2009, a
series of River Basin Management Plans were published14 which identify the
current status of each river basin, or group of catchments, with a programme of
measures by which good ecological status (or potential) will be achieved. In
these first River Basin Management Plans, the greater proportion of measures
(and costs) falls upon the water industry. The total cost of the WFD to the
South West from 2009 to 2015 will be d2700 million, with approximately 96%
of this cost falling to the Water Industry and our customers.
Eighty per cent of the Water Industry National Environmental Programme

(NEP)15 for AMP5 (the Asset Management Plan period that runs between
2010–2015) is required to meet the WFD standards (EA personal commu-
nication). These schemes include environmental investigations, which may lead
to further investment post-2015, and physical changes that are required to our
abstractions or discharges in the next five years.
Drinking water quality standards are not expected to change significantly in

the future. However, there are a number of emerging threats such as metal-
dehyde, clopyralid and perfluorooctanate sulfonate (P.F.O.S) problems.
Commonly the water industry only becomes aware of these as potential pro-
blems in the raw water supplies as analytical methods are developed to detect
them in very low concentrations. However, once we are aware that such pol-
lutants are present they must be removed from drinking water to remain
compliant with the standards.
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3 How Water Utilities meet their Environmental Obligations

Water companies are heavily regulated private sector utilities and are very
concerned about meeting their environmental obligations, in particular the
conditions specified in abstraction licences, discharge consents and drinking
water standards.
The UK water industry was privatised in 1990 to provide the management

and capital to ensure that environmental standards were met. The improvement
in the last twenty years has been impressive. In Wessex Water alone:

� The disposal of sewage sludge at sea has stopped.
� Compliance with abstraction licences has improved markedly.
� ‘Unacceptable’ abstraction licences of 30Ml d�1 have been reduced.
� Compliance with the drinking water standards has gone up from 98% to

99.98%.
� Compliance with discharge consents has gone up from 96.7% to 99.8%.
� Secondary treatment has been provided at sites with a population

equivalent of over a million. Tertiary treatment has been installed to some
30 sites.

� Over 70 first-time rural sewerage systems have been provided to overcome
environmental impacts.

The improvements above relate to achieving environmental standards and
improving coastal water quality. In addition visible environmental improve-
ments have been achieved, such as rivers that no longer dry out during dry
years (Malmesbury Avon) and salmon returning to previously polluted rivers.
These improvements have been achieved largely by engineering works, pri-

marily the installation of additional treatment and sewage works. In many
cases, the reason for this was fairly straightforward, i.e. a ‘treatment-type’
solution was the only credible solution. This would have been the case for most
secondary treatment at sewage works.
However, other more complex reasons for this engineering-based approach

include a perceived ‘engineering bias’ in water companies; the lack of control of
pollution at source or an ‘integrated’ catchment approach; the lack of funding
for alternative approaches; and the different treatment of capital and operating
expenditure by the water industry’s economic regulator.

4 A More Sustainable Ecosystem-Based Approach for the

Future

This engineering approach is, however, reaching its viability limits in many
areas.
Gross problems in terms of water supply treatment and sewage work dis-

charges have in most cases been overcome. The problems we are now trying to
solve have much smaller marginal benefits. For instance, on some rivers we are
now trying to reduce the impact of abstraction on river flows from a current
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level of 20% of natural flow down to an impact of no greater than 10%. This
contrasts with previous improvements when abstraction was taking 100% of
flow under certain conditions. Similarly on the waste water side all sewage
works now have at least secondary treatment, the debate now is whether
tertiary treatment (sand filtration of treated effluent or disinfection) should be
provided. The cost of the schemes and the reduced benefits relative to previous
improvements is making the cost/benefit of such schemes difficult to justify.
High cost also goes alongside a high carbon foot-print both to build and

operate. Like all sectors, water companies are trying to reduce their carbon
impact through such measures as electricity generation using methane from
sludge. However, building and operating new energy-intensive processes limits
the overall progress that can be made in carbon reduction.
In some cases attaining the standards by an engineering approach is

becoming impractical. A recent example of this is the detection of metaldehyde
in raw water supplies. Metaldehyde is the active ingredient in the most com-
monly used slug pellets. In the last two years an analytical method for its
detection at levels close to the drinking water standard (100 ng l�1) has been
developed. Testing has shown it to be present in many raw surface water
supplies across the country. It is, however, very difficult to remove metaldehyde
from water. The treatment processes which have been suggested as being
effective are very capital and energy intensive.
A further limit on continuing with this expensive engineering approach is the

level of water company bills. To deal with the environmental improvements
required, water prices have increased by approximately 50% in real terms since
privatisation. Whilst water bills generally remain below the level of gas and
electricity bills, the number of people in water poverty (defined as those
spending more than 3% of their disposable income on water) has increased
since privatisation.
As a consequence, water companies have started to try to take an alternative

integrated catchment ecosystem based approach, sometimes counter to the
regulatory and financial orthodoxy.
The best example of this has been the approach taken by a number of

companies in trying to prevent the pollution of water supplies at source, rather
than by providing additional treatment. Strictly speaking this is the domain of
landowners and the Environment Agency. Nevertheless some water companies
have felt it necessary to become involved.
This ‘catchment management’ approach has involved water companies

working with farmers to change practices to reduce farm pollution levels. The
methods used include data, advice, practical help and, in some circumstances,
financial incentives.
The arguments for this approach are very simple: lower cost, lower carbon,

wider ecosystem benefits and social engagement.
This approach has been supported by regulators particularly the DWI

and, more recently, by Ofwat. The European Commission and Defra have
also supported the approach, not least in their funding of the WAgriCo
project.16
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5 The Wessex Water Experience with Catchment Management

Wessex Water has been trying to address a nitrate problem, via catchment
management, in the raw water of groundwater sources and pesticides in the raw
water of both groundwater and surface water sources (reservoirs).
As regulated businesses, water companies produce business plans in a five

year cycle. At the beginning of the last cycle in 2005, Wessex Water took the
view that the nitrate problem was so bad at two groundwater sources that
nitrate treatment was required as soon as possible. At four other sites affected
by nitrate and three groundwater sources at risk from pesticides we have taken
a catchment-based approach. Figure 1 illustrates the problem.
Catchment management has involved a range of activities with farmers.

These activities have been focussed in the catchment of the water supply sites.
The catchment approach has involved the following steps:

� Identification of the catchment of the water supply source and farming
activities within this catchment.

� Actions taken with the farmer to reduce pollution to the source (and
therefore to the wider environment).

� Monitoring of improvements.

5.1 Identification of Catchment and Farms

The first phase of the work is to identify the area over which improvements are
sought. For surface water sources, this is the surface water catchment upstream
of the abstraction point. For groundwater sources, identification is more dif-
ficult. Initially, Wessex Water used the published EA groundwater protection
zones. Part of the Wessex Water work involved the construction of additional
boreholes in the catchment to monitor pollution levels, but water level
data from these boreholes could also be used to refine the definition of the
groundwater catchment. In the case of the Area B source near Dorchester this
led to a radical redefinition of the catchment area.
The second phase of the work was to identify the farmers, who they are and

what crops they grow and whether their activities are likely to be contributing
to the pollution of the catchment.

5.2 Actions Taken with the Farmer to Reduce Pollution

Once the catchment management boundaries were defined, the next task of
the catchment management project was to identify the main issues affecting,
or potentially affecting, nitrate levels in the catchment. Initially, a catchment
walk-over survey using footpaths and byways was conducted to identify any
obvious issues before contacting the landowners. The farmers were then
contacted individually and visited to explain Wessex Water’s nitrate issues and
to raise their general awareness of practices that might affect nitrates in
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Figure 1 Water quality problems in Area A, Area B and Area C, up to 2005.
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groundwater. The initial phase enabled the identification of the areas of
concern.
These included:

� Variable standards of farming practices.
� Presence of intensive dairy units.
� Farming of outdoor pigs in close proximity to Area B source.
� High levels of nitrates in boreholes in the dairy yard.
� Thinness of soils.
� Lack of slurry or dirty water storage.
� High rates of fertiliser use.
� Poor maintenance and calibration of fertiliser and manure application

equipment.
� Long-term storage of manures in the same place on chalk aquifers close to

water sources.
� Private boreholes situated in dairy yards.
� Age of equipment.
� Areas of continuous maize growing.
� Unlined slurry and silage pits.

Some of these practices are illustrated in Figure 2.
More detailed analysis of farming practices and techniques allowed the

categorisation of farms into low, medium or high risk.
Many of the on farm issues have been addressed by close and regular contact

with the farmers. This has allowed Wessex Water’s catchment advisers to
suggest alterations and modifications to farm practices. These include measures
such as:

� Reducing inorganic fertiliser use by taking into consideration manure and
soil mineral nitrogen supply.

� Calibration of fertiliser and manure spreaders.
� Soil mineral nitrate sampling, potash and phosphate soil sampling so as to

tailor fertiliser rates to crop requirements.
� Improvement in soil management via soil management plans to maximise

crop uptake of soil nutrients.
� Adoption of resource protection measures under Environmental

Stewardship.
� Change in cultivations.
� Altering drilling dates of autumn sown crops.
� The use of catch crops (a winter crop that utilises remaining surplus

nutrients in the soil, which is then ploughed under in spring prior to sowing
a spring crop).

� Analysis of manures.
� Nutrient and manure management plans.
� Providing data on water quality through monitoring streams, private

boreholes and public sources.

131Protecting Water Resources and Health by Protecting the Environment



Figure 2 Area B catchment: examples of farming practices that can influence nitrate
levels in groundwater.
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5.3 Monitoring of Improvements

The effect of the catchment management work can be traced through the
farming and hydrological cycle. This is illustrated in Figure 3 for nitrates,
although the same principles would apply to pesticides. This assessment starts
at the farm in terms of nitrate use and then sequentially through the nitrate
levels seen in the soil, in the water leaching out of the soil, in the rivers
and ground waters of the catchment and finally at the public water supply
source.
Some of the results from this monitoring are shown in Figure 4. They show

nitrate application rates, the amount of nitrate residue in the soil after harvest
and a calculation of how much nitrate will have leached from the soil. These
graphs indicate an improvement over time, since the catchment management
work began in 2006.
The nitrate loss from the soil to groundwater can also be measured directly

using porous pots. These pots are installed at the base of the root zone and
capture water moving downwards. Pots were installed in a number of fields
covering differing crops and soil types across the catchment. Water samples are
taken fortnightly from the pots and analysed for nitrate.
It is not the slope of the line which is of importance when interpreting these

graphs, but the nitrate levels at the start of drainage and the total area under
the line which is used to determine total loss of nitrates to groundwater. The
porous pots are only operational when there is drainage from the soil. The
period for which drainage occurs will vary year on year.
Losses under different crops vary significantly and also from year to year, so

with porous pots there is a reasonable amount of experience required for
interpretation. The porous pot data is useful in measuring the effect of different
cropping patterns and varying agricultural practices on nitrate leaching.
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Figure 3 Assessment method for catchment nitrate reduction.
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Figure 4 Impact of catchment management work on farm nitrate levels.
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For example, stubble turnips or oilseed rape mop up a significant proportion of
the available nitrogen, unlike stubbles where there is no crop, or winter wheat
where there is little crop over the winter.
The consequences of ploughing out grassland and drilling winter wheat are

illustrated in Figure 5, with significant leaching of nitrate from the rooting
zone.
It can be seen in Figure 6 that losses, even under the same crop, vary from

year to year, but that losses each year are decreasing.
It is interesting to note in Figure 6 that at our Sutton Poyntz site there is no

discernable nitrate losses to groundwater. This site is a Site of Special Scientific
Interest (SSSI), no fertiliser has ever been applied and it has never been grazed.
Under commercial crops it would be impossible to achieve the same results,
but by managing the crop rotation we can bring down nitrate losses due to
leaching. In this instance we are using cover crops such as stubble turnips to
remove excess winter nitrogen.
This data is fed back to the catchment farmers to inform their cropping

plans. It must be reiterated that although the porous pot data is very good for
showing the variations in nitrate leached from the soil, it is complicated by
many variables. It is useful for looking at the nitrate leached from a given field,
but year-on-year reductions in leaching are difficult to spot because it is seldom
the case (except under permanent grass) that the crop in that field is the same as
the previous year.
The concentration of nitrate is also recorded in observation boreholes across

the catchment, as well as the public water supply source. Whilst the previous
upward trend has been arrested there is as yet no clear downward trend. Also to
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Figure 5 Porous pot data showing the impact of ploughing up grassland on nitrate
leaching.
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date it has not been possible to distinguish the benefits of the catchment
management from other changes and natural variability.

6 Advantages of the Catchment Management Approach

The advantages of the catchment management approach, that it provides
relative to the installation of treatment facilities, are lower cost and a lower
carbon solution to the problem of poor quality raw water supplies. In addition,

Nitrate Concentration (mgN/L) in Porous Pots Under Field 5

0

5

10

15

20

25

Oct Nov Dec Jan Feb Mar Apr May

N
itr

at
e 

Le
ve

l (
m

gN
/L

)

2006 (Grass)
2007 (Grass)
2008 (Grass)

Comparison of Average Nitrate Concentration (mgN/L) in Porous
pots under different Crop types (Winter 2008) 

0

10

20

30

40

50

60

Nov-08 Dec-08 Jan-09 Feb-09 Mar-09 Apr-09

N
itr

at
e 

C
on

ce
nt

ra
tio

n 
(m

gN
/L

)

Winter Wheat (4 Fields)

Stubble Turnips (1 field)

Sutton Poyntz (1 Field)

Figure 6 Data from porous pots over time and for crop rotations.

136 Luke de Vial et al.



this approach offers wider benefits to the ecosystem and involves a widespread
community, particularly farmer engagement, in the water pollution issue.
These benefits need to be countered by the increase in risk that the regulatory

standards for drinking water may be breached, whilst (and if) the ecosystem
approach is proved effective.
The degree to which catchment management is more cost effective than

treatment depends on the approach taken to catchment management and the
size of the catchment. The more that is spent on catchment management, the
less cost effective it will be if, for instance, financial subsidies are involved.
However, the more measures deployed, the greater the chance of success.
Catchment management is more cost effective in small catchments as the
chance of success is greater, focus is easier and the costs of treatment plants are
non-linear with size.
Catchment management is a low carbon, almost zero carbon, approach. This

compares well with treatment options where there is a considerable carbon
impact in building and operating the treatment plant. For instance, the carbon
impacts of running a 7Ml d�1 treatment plant to remove nitrate are estimated
at 1557 tonnes of carbon to build the treatment plant and 27 tonnes of carbon
each year to operate it.
Whilst the Wessex Water effort at reducing nitrate and pesticide levels in the

catchment is focussed on ensuring the quality of the water abstracted at its
sources, there will also be an improvement in the quality of the water in the
catchment that is not abstracted.
The social engagement side of catchment management work should not be

underestimated, particularly in terms of the longer term protection of water
sources. This protection not only applies to nitrates and pesticides, but by
raising farmer awareness of the water supply activity in their ‘patch’, they are
more likely to be careful with other potential pollutants, such as diesel stores
for example. Many times during the catchment work when individuals were
made aware of a problem, the response received was, ‘if I had only known, then
I would have . . . ’.
This is a very real benefit, because whilst ion-exchange plants are good at

removing nitrate they provide no protection against pesticides, let alone diesel.
Likewise a carbon filter may protect against pesticides and give limited pro-
tection against diesel, but it does nothing to reduce nitrate levels. Catchment
management should improve both the targeted chemical and reduce the risk of
future raw water problems.
These advantages must be balanced with the increased risks. Unlike with

treatment, or even blending with other water supplies, there is not a sudden,
irrefutable drop in the level of the contaminant in the treated water. As
illustrated in the previous figures, whilst after three years’ effort the impact
of catchment management in groundwater areas may be demonstrable in the
quantity of nitrate fertiliser, residual levels of nitrogen in the soil and even
the level of nitrate in passing below the root zone of crops, it is far from clear
that the impact of these changes has reached the groundwater in the catchment,
let alone the abstraction point. By contrast, in surface water systems, where
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travel times are measured in days, more immediate impacts have been
demonstrated.
However, there remains a significant risk to compliance. Wessex Water has

tried to mitigate this risk by focussing its activities on effective catchment
management initiatives, but also by keeping regulators informed of progress.

7 Other Examples of an Ecosystem Approach

Similar approaches are being taken by other companies to reduce nutrients and
colour entering rivers and reservoirs. The work done in recent years has
encouraged a large number (39) and a wide range of projects to be proposed for
the period 2010 to 2015.
On the waste water side of the business there has been much discussion of

trying to control the phosphate in sewage discharges by removing the phos-
phate at source (e.g. washing powder), rather than stripping it out of the water
as part of the sewage treatment process.

8 Conclusions

Engineering solutions designed to meet environmental and health requirements
are reliable. They are also expensive, however, have a high carbon impact and
resolve only particular problems rather than solving and preventing pollution
at source. Sometimes engineering solutions are not even available. They also do
nothing for the wider environment.
In the last three years Wessex Water and other water utilities have been

taking the alternative approach of trying to solve water quality failures due to
agricultural pollution at source.
There are signs of progress, particularly in surface water catchments where

there are shorter response times to land management changes.
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Life Cycle Assessment as a Tool for
Sustainable Management of Ecosystem
Services

ADISA AZAPAGIC

ABSTRACT

Humanity depends on healthy ecosystems: they support or improve our
quality of life, and without them, the Earth would be uninhabitable.
However, over the past 50 years, fast-growing demands for food, fuel,
water and other natural resources have led to an unprecedented degra-
dation of many ecosystem services so that their ability to sustain future
generations can no longer be taken for granted. Therefore, reversing
ecosystem degradation is one of the great challenges of sustainable
development. This is by no means a trivial task as it requires action by all
actors in society, including governments, industry and individuals. One of
the difficulties is that, even if there was a universal commitment to sus-
tainable development, it is still unclear what goods, services and activities
are sustainable and how they could be identified. In an attempt to con-
tribute towards a better understanding of this complex problem, this
paper illustrates how environmentally-sustainable products and activities
can be identified using Life Cycle Assessment as a tool. Four industrial
sectors and supply chains are discussed: energy, transport, industry and
food & agriculture. The examples used within these sectors include,
respectively, electricity generation; different transportation options and
fuels; chemicals and related products; different food products and
packaging. Their impacts on the ecosystem services are examined from
‘cradle to grave’ to help identify more sustainable alternatives. For
illustration purposes, the discussion centres on carbon footprint (global
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warming potential), as one of the major global impacts; however, other
impacts are also discussed as appropriate.

1 Introduction

Humanity depends on healthy ecosystems: they support or improve our quality
of life, and without them, the Earth would be uninhabitable.1 The Millennium
Ecosystem Assessment report (MA)2 defines ecosystem services as the processes
by which the environment produces resources utilised by humans, such as clean
air, water, food and materials. Generally, there are four categories of ecosystem
services:

� Provisioning services, which include products obtained from ecosystems,
including food, fuel, bio-chemicals, medicines and fresh water;

� Supporting services, used for the production of other services including soil
formation, photosynthesis, nutrient and water cycling;

� Regulating services, providing benefits from the regulation of ecosystem
processes, including air quality, climate, water and disease regulation; and

� Cultural services, providing non-material benefits, such as recreation and
aesthetic experiences.

The MA shows that over the past 50 years, humans have changed ecosystems
more rapidly and extensively than in any comparable period in human history,
largely to meet fast-growing demands for food, fresh water, timber, fibre, and
fuel.2 While these changes have contributed to enormous gains in human well-
being and economic development, they have also caused degradation of many
ecosystem services. According to the MA, approximately 60% of the ecosystem
services are being degraded or used unsustainably, including 70% of provisioning
and regulating services.2 WWF estimate that already in 2005 the world eco-
capacity was exceeded by 30% and if the current consumption patterns continue,
we will need three planets by 2050 to sustain the growing population numbers.1

The bottom line is that human actions are depleting Earth’s natural capital,
putting such strain on the environment that the ability of the planet’s ecosys-
tems to sustain future generations can no longer be taken for granted.2 At the
same time, the MA assessment shows that with appropriate actions it is possible
to reverse the degradation of many ecosystem services over the next 50 years,
but the changes in policy and practice required are substantial and not cur-
rently underway.
It is therefore clear that more sustainable production and consumption

patterns must be found if we are to reverse the unsustainable trends. This will
require simultaneous consideration of social, environmental and economic
dimensions of sustainable development. Currently, we treat these three
dimensions as if they are independent of each other, rather than intricately
intertwined. This is illustrated in Figure 1: industrial systems draw on the
ecosystem services to provide goods and services to society, which are
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eventually discarded as waste back to the environment. All these activities are
mainly optimised for economic cost but not necessarily for environmental
impacts and better quality of life. This is exactly the challenge of sustainable
development: moving from a ‘three-planet economy’ to a ‘one-planet economy’
will require that goods and services continue to be delivered in an economically
viable way, while at the same time minimising the impact on the ecosystem
services and maximising social benefits (see Figure 2). Only then can we hope to
achieve the development that ‘meets the needs of the present without com-
promising the ability of future generations to meet their needs’.3

This is by no means a trivial task as it requires action by all actors in society,
including governments, industry and individuals. One of the challenges is that,
even if there was a universal commitment to sustainable development, it is still
unclear what goods, services and activities are sustainable and how they could
be identified.
In an attempt to contribute towards a better understanding of this complex

problem, this chapter concentrates on one dimension of sustainable develop-
ment – the environment – to illustrate how environmentally sustainable pro-
ducts and activities can be identified for a more sustainable management of
ecosystem services. It is argued that this must be underpinned by life cycle
thinking in order to understand fully the interactions between industrial sys-
tems, human activities and ecosystem services.
After a brief overview of life cycle thinking and the Life Cycle Assessment

(LCA) methodology, the rest of the chapter presents a number of case studies
to demonstrate how LCA can be used as a tool for a more sustainable man-
agement of ecosystem services.

Goods and
services

Emissions
and wastes 

Production
systems

INDUSTRY CONSUMERS

Materials
and energy

ENVIRONMENT

Figure 1 The ‘three-planet economy’: current management of ecosystems is
unsustainable.
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2 Life Cycle Thinking and Life Cycle Assessment

Estimations of environmental impacts have traditionally focused on one life
cycle stage, most often manufacturing. This has led to the development of end-
of-pipe legislation and various clean-up technologies. However, while this
approach reduces the immediate pollution from industrial installations, the use
of energy and chemicals and the need to further treat and dispose of the wastes
generated in the clean-up process often lead to additional pollution further up-
or downstream of that industrial facility. Thus, instead of protecting the
environment, considering one stage in the life cycle can lead to higher overall
environmental impacts. Similarly, depending on the product, manufacturing
may not be environmentally the most important stage in the life cycle and the
product use or post-consumer waste management may be a ‘hot spot’ instead.
Therefore, we can only be certain that we are protecting the environment as a
whole if we adopt a systems approach to consider the whole life cycle of an
activity. This is known as ‘life cycle thinking’ or a ‘life cycle approach’. As
illustrated in Figure 3, taking a life cycle approach means drawing the system
boundary from ‘cradle to grave’ – or in other words, considering the whole life
cycle of a product, process or activity from the extraction of raw materials, to
production of the product or provision of a service to the use and end-of-life
stages.
It is now widely accepted that environmentally sustainable options can only

be found by taking a life cycle approach to managing ecosystem services. In this
way we can obtain a full picture of human interactions with the environment
and avoid shifting of environmental impacts from one life cycle stage to
another.
Life Cycle Assessment (LCA) is an environmental management tool that

helps to translate qualitative life cycle thinking into a quantitative measure of
environmental sustainability of products, processes or activities on a life cycle

Production
systems 

Goods and
services

Resources
and wastes

Sustainable
ecosystem

management

Figure 2 Moving from a ‘three- to one-planet economy’: a more sustainable approach
to managing ecosystem services must be found
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basis. By taking into account the whole life cycle of a product or activity along
the supply chain, LCA enables identification of the most significant impacts
and stages in the life cycle that should be targeted for maximum improvements.
The following section gives a brief overview of the LCA methodology.

2.1 LCA Methodology: An Overview

Although LCA has been used in some industrial sectors, particularly energy,
for over 20 years, it has only received wider attention and methodological
developments since the beginning of the 1990s, when its relevance as an
environmental management aid in both corporate and public decision-making
became more evident.4 Some examples of this include incorporation of life cycle
thinking and LCA within the ISO 14000 Environmental Management Systems
(EMS)5 and the EC Directive on Integrated Pollution Prevention and Control
(IPPC),6 which require companies to have a full knowledge of the environ-
mental consequences of their actions, both on and off site.
Today, LCA is a well-established tool and is used in a variety of applications

in industry, research and policy making. Some of the applications include
identification of environmental sustainability indicators; measuring the envir-
onmental sustainability of products and technologies; identification of the most
dominant stages or ‘hot spots’ in the life cycle of products and processes;
identification of improvement options; product design; and process optimisa-
tion. A review and examples of some of these applications of LCA to various
products and processes can be found, for example, in work by Azapagic.7,8

Materials 

Energy 

Emissions 

Waste 

Figure 3 A life cycle approach to understanding and managing ecosystem services
from ‘cradle to grave’.
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The LCA methodology is standardised by the ISO 140409 and 1404410

standards. As defined by ISO 14040, LCA is a compilation and evaluation of
the inputs, outputs and the potential environmental impacts of a product
throughout its life cycle, from acquisition of raw materials through production,
use and waste disposal (i.e. from cradle to grave). Figure 3 shows the life cycle
stages normally considered in an LCA of a product. Although the ISO stan-
dards refer to products only, LCA can also be used to calculate the environ-
mental impacts of processes, technologies,7,8 services or activities.10

The LCA methodology comprises the following four phases:10

1. Goal and scope definition;
2. Inventory analysis;
3. Impact assessment; and
4. Interpretation.

A brief overview of each phase is given below.

2.1.1 Goal and Scope Definition
The process of conducting an LCA, as well as its outcomes, is largely deter-
mined by the goal and scope of the study. For example, the goal of the study
may be to identify the ’hot spots’ in a manufacturing process and to use the
results internally by a company to reduce the environmental impacts from the
process. Alternatively, the company may wish to use the result externally, either
to provide the LCA data to customers who use their product as a raw material,
or perhaps to market their product on the basis of the LCA results. In each
case, the assumptions, data and system boundaries may be different so that it is
important that these are defined in accordance with the goal of the study.
In full LCA studies the system boundary is drawn to encompass all stages in

the life cycle from extraction of raw materials to the final disposal, i.e. from
‘cradle to grave’ (see Figure 3). However, in some cases, the scope of the study
will demand a different approach, where it is not appropriate or even possible
to include all stages in the life cycle. This is usually the case, for example, with
chemical commodities and intermediate products, which can have a number
of different uses so that it is not possible to follow their numerous life cycles
after the production stage. The scope of such studies can be from ‘cradle
to gate’ as they follow a product from the extraction of raw materials to the
factory gate.
One of the most important steps in LCA is the definition of the functional

unit. The functional unit represents a quantitative measure of the output(s) that
the system delivers. In comparative LCA studies it is crucial that alternative
systems are compared on the basis of an equivalent function, i.e. the functional
unit. For example, comparison of different beverage packaging should be based
on their equivalent function, which is to contain a certain amount of beverage.
The functional unit is then defined as ’the quantity of packaging necessary to
contain the specified volume of beverage’.4
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This phase also includes assessment of data quality with respect to time,
geographical location and technologies covered in the study. Assumptions and
limitations of the study should also be stated clearly in this phase.
Goal and scope are constantly reviewed and refined during the process of

carrying out an LCA, as additional data and information become available.

2.1.2 Inventory Analysis
Life Cycle Inventory (LCI) analysis involves collection of environmental
burdens data necessary to meet the goals of the study. The environmental
burdens (or interventions) comprise the materials and energy used in the
system, emissions to air, liquid effluents and solid wastes discharged into the
environment.
Following a preliminary system definition in the goal and scope definition

phase, detailed system specification is carried out in the LCI phase to identify
data needs. A system is defined as a collection of materially and energetically
connected operations (for example, a manufacturing process) which performs
some defined function. Detailed system characterisation involves its dis-
aggregation into a number of inter-linked subsystems. Environmental burdens
are then quantified for each subsystem according to Equation (1):

Bj ¼
XI

i¼1
bj;ixi ð1Þ

where bj,i is burden (or intervention) j from process or subsystem i and xi is a
mass or energy flow associated with that subsystem.
If the system under study produces more than one functional output, then

the environmental burdens from the system must be allocated among these
outputs. This is the case, for example, with co-product, re-use and recycling
systems; such systems in LCA are known as ‘multiple-function systems’.
Allocation is the process of assigning to each function of a multiple-function
system only those environmental burdens that that functional output is
responsible for. In ISO 1404410 three methods are recommended for dealing
with allocation:

1. If possible, allocation should be avoided by disaggregating the given
process into different sub-processes or by system expansion.

2. If it is not possible to avoid allocation, then the allocation problem must
be solved by using system modelling which reflects the underlying phy-
sical relationships among the functional units.

3. Where physical relationships cannot be established, other relationships,
including economic value of the functional outputs, can be used.

The allocation method used will usually influence the results of the LCA
study so the identification of an appropriate allocation method is crucial.
Sensitivity analysis should be carried out in cases where the use of different
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allocation methods is possible to determine the influence of the allocation
method on the results.

2.1.3 Impact Assessment
Life Cycle Impact Assessment (LCIA) is the third LCA phase and its main
purpose is to translate the environmental burdens quantified in LCI into the
related potential environmental impacts (or category indicators). This is carried
out within the following three steps:

1. Selection of impact categories, category indicators and LCIA models;
2. Classification;
3. Characterisation.

The selection of impact categories, category indicators and LCIA models
must be consistent with the goal and scope of the LCA study and must reflect
the environmental issues of the system under study. Classification involves
aggregation of environmental burdens into a smaller number of environmental
impact categories to indicate their impacts on human and ecological health and
the extent of resource depletion. The identification of impacts of interest is then
followed by their quantification in the next, characterisation step, as follows:

Ek ¼
XJ

j¼1
eck;jBj ð2Þ

where eck,j represents characterisation factor k for burden Bj showing its
relative contribution to impact Ek. The characterisation factors are calculated
using appropriate LCIA models.
A number of LCIA methods exist, and they are divided into two general

groups:

1. Problem-oriented approaches;
2. Damage-oriented methods.

In the problem-oriented methods the environmental burdens are aggregated
according to their relative contribution to the environmental effects that they
might cause. They are often referred to as ‘midpoint’ approaches because they
link the environmental interventions from LCI somewhere in between the point
of intervention and the ultimate damage caused by that intervention (see Figure
4). Damage-oriented methods, on the other hand, model the ‘endpoint’ damage
caused by environmental interventions to ‘areas of protection’, which include
human health, natural and human-made environment.11 The most widely used
problem-oriented method is the CML 2 method;12 Eco-Indicator 9913 is the
most commonly used damage-oriented method. Overall, the CML 2 method is
more prevalent in LCA studies, so a brief overview of this approach is provided
in the following paragraph.
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In the CML 2 method, environmental burdens are aggregated according to
their relative contributions to the environmental problem or impact that they
can potentially cause. The following impacts, defined as midpoint categories,
are considered in this method (see Figure 4):

� Abiotic resource depletion;
� Global warming;
� Ozone depletion;
� Acidification;
� Eutrophication;
� Photochemical oxidant formation (photochemical or summer smog);
� Human toxicity; and
� Ecotoxicity (freshwater, marine and terrestrial).

Their definitions can be found in Appendix 1. As shown in the Appendix, the
impacts are calculated relative to the characterisation factor of a reference
substance. For example, carbon dioxide (CO2) is a reference gas for deter-
mining global warming potentials of other related gases, such as methane
(CH4) and nitrous oxide (N2O); therefore, its characterisation factor is 1 kg
CO2 eq/kg CO2 whilst that of CH4 is 25 kg CO2 eq/kg CH4. Note that the
equations for calculating the impacts given in the Appendix are based on the
general Equation (2) for characterisation of environmental impacts, defined in
section 2.1.3.
The impacts calculated by this method are categorised as potential, rather

than actual, as they are quantified at the intermediate position between the
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Figure 4 Link between environmental interventions, problems (midpoint categories)
and damage (endpoint categories) to the environment and human health.
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point of environmental intervention and the damage caused, rather than at the
endpoint.
Returning to the remaining stages within the LCIA phase, three further

optional steps are:

1. Normalisation;
2. Grouping;
3. Weighting of impacts.

The impacts can be normalised with respect to the total emissions or
extractions in a certain area and over a given period of time. This can help to
assess the extent to which an activity contributes to the regional or global
environmental impacts. However, normalisation results should be interpreted
with care because of the lack of reliable data for many impacts on both the
regional and global scales.
Grouping involves qualitative or semi-quantitative sorting and/or ranking of

impacts and it may result in a broad ranking or hierarchy of impact categories
with respect to their importance. For example, categories could be grouped in
terms of high importance, moderate importance and low priority issues.
The final optional stage within LCIA is weighting of impacts, often referred

to as valuation. It involves assigning weights of importance to the impacts to
indicate their relative importance. As a result, all impact categories are
aggregated into a single environmental impact function EI as follows:

EI ¼
XK

k¼1
wkEk ð3Þ

where wk is the relative importance of impact Ek.
Weighting is the most subjective element of LCA because it involves social,

political and ethical value choices. At present, there is no consensus on how to
aggregate the environmental impacts into a single environmental impact
function or even on whether such aggregation is conceptually and philoso-
phically valid.

2.1.4 Interpretation
The main objectives of this phase are to analyse results, reach conclusions,
explain limitations and provide recommendations based on the findings of LCI
and/or LCIA. Quantification of environmental impacts carried out in LCI and
LCIA enables identification of the most significant issues and life cycle stages
that contribute to these issues. This information can then be used to target these
‘hot spots’ for system improvements or innovation.
Before the final conclusions and recommendations of the study are made it is

important to carry out sensitivity analysis. Data availability and reliability are
some of the main issues in LCA, since the results and conclusions of an LCA
study will be determined by the data used. Sensitivity analysis can help identify the
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effects that data variability, uncertainties and data gaps have on the final results of
the study and indicate the level of reliability of the final results of the study.
Finally, the findings and conclusions of the study are reported in accordance

to the intended use of the study. The report should give a complete, transparent
and unbiased account of the study as detailed in ISO 14044.10 If the study is
used externally, critical review by an independent agent should be carried out.
Further detail on the LCA methodology can be found in the ISO 14040 and

14044 standards,9,10 respectively.

3 LCA as a Tool for Sustainable Management of Ecosystem

Services

Due to its ability to quantify environmental interventions and the related
impacts, LCA lends itself naturally as a tool for assessing and managing the
environmental sustainability of ecosystems, particularly provisioning services.
The use of LCA for these purposes can be to:

� Quantify environmental emissions and impacts;
� Identify hot spots in the system;
� Identify opportunities for improvements; and
� Enable comparison of alternative products or services.

In addition, LCA can help to identify impacts on supporting ecosystem
services, for example, through quantifying nutrient and water requirements and
resource depletion, as well as informing regulation services, e.g. on the needs
for air quality and water regulation.
In this chapter, the focus is on the provisioning services and the discussion

that follows illustrates how LCA can be used to quantify environmental
impacts of different products and services and to identify more sustainable
alternatives. Four major human activities and supply chains, which contribute
most to the global environmental impacts,14 are chosen for discussion here:

� Energy;
� Transport;
� Industry; and
� Agriculture and food.

The discussion centres on Global Warming Potential (or carbon footprint),
as one of the major global impacts; however, other impacts are also discussed as
appropriate. Note that all the impacts have been estimated using the CML 2
method (see Appendix 1).

3.1 Life Cycle Impacts of Energy: The Electricity Sector

In 2004, the global direct emissions of greenhouse gases were estimated at 49Gt
of CO2 eq,14 of which energy generation and supply contributed 14.72Gt or
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26%. As shown in Figure 5, fossil fuel energy contributes to the vast majority of
direct CO2 emissions. Estimates of the global emissions from energy supply on
a life cycle basis are not available, but it is clear that the life cycle emissions
would be significantly higher than the direct emissions. As an example of the
life cycle impacts of energy supply, electricity generation using different tech-
nologies is considered here. The life cycle of electricity supply can be seen in
Figure 6. As shown, the life cycle involves extraction of fuels and construction
materials; conversion of fuels or energy carriers to electricity (depending on the
technology used); distribution of electricity; and its use. Each stage in the life
cycle uses natural resources (materials and energy) and discharges wastes
(gaseous, liquid and solid) into the environment.
Figure 7 compares the global warming potential (carbon footprint) of dif-

ferent electricity-generating options. Of the options compared, electricity from
lignite has the highest carbon footprint, equal to 1220 gCO2 eq/kWh; heavy
fuel oil and hard coal follow closely with 1130 and 1100 gCO2 eq/kWh,
respectively, while electricity from a gas plant of the comparable size generates
less than half that amount (430 g CO2 eq/kWh). The most sustainable options
from the carbon point of view are wind, hydropower, solar thermal and nuclear
plants. Therefore, if we were only concerned with the carbon equivalent
emissions from the life cycle of electricity generation, these four options would
help us to become more sustainable. However, if compared for a range of other
life cycle impacts, the order of preference for different technologies changes.
This is shown in Figure 8.
Two things can be observed in Figure 8. First, the heavy fuel oil option has

significantly higher impacts than lignite for all impacts (up to 4.5 times), except
for freshwater toxicity (which is 2.7 times lower than for lignite). Therefore, if a
wider range of impacts is considered, rather than just global warming potential,
then between heavy fuel oil and lignite, the latter could arguably be selected as a
more sustainable option overall. Obviously, this would depend on the relative
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importance of different impacts, however, as well as on other sustainability
aspects, such as the long-term availability of oil versus coal and the respective
costs of the fuels. Ultimately, neither option is sustainable in the medium to
long term and other options need to be considered, particularly renewables and
nuclear.
This brings us to the second point to observe from Figure 8: for several

impacts, some of the renewable options come close to or exceed the impacts
from some of the fossil fuel options, notably gas. For example, both the solar
photovoltaic (PV) and hydro (pumped storage) options have higher acidifica-
tion impact than the best gas option (combined cycle): by a factor of 1.5 and
1.2 times, respectively. The PV option also has a much higher eutrophication
impact than any of the fossil fuel options, except for heavy fuel oil: 2 times
higher than the lignite and 4.7 times higher than gas (100MW, steam turbine).
Solar PV, wind and hydro also exceed toxicity of some of the fossil fuel options

Fuels 

Materials

Emissions

Waste

Figure 6 The life cycle of electricity generation (for illustration purposes, only fossil-
fuel and wind options are shown).
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(e.g. gas and hard coal). These impacts occur at different stages in the life cycle,
including the raw materials and manufacturing.
Thus, this simple example demonstrates the complexity of identifying more

sustainable energy options, even before other sustainability issues, such as costs
and social acceptability, are considered. LCA can help towards identifying the
most significant impacts and possibly more environmentally-sustainable
options; however, the ultimate choice of sustainable options will depend on
the decision-making context and decision-makers’ preferences.

3.2 Life Cycle Impacts of Transport

Transport was responsible for 13% or 6.4Gt of the direct global CO2 eq
emissions in 2004.14 The majority of these emissions are from road transport
(75%) and aviation (12%). Similar to the energy sector, the global life cycle
impacts of transport are not available, so in this section we consider a couple of
examples, related to different transportation modes and fuels.
As shown in Figure 9, the life cycle of the transport sector involves extraction

of fuels and raw materials; manufacture of transportation vehicles; transpor-
tation and end-of-life vehicle waste management. Each stage involves the use of
natural resources and emissions to the environment.
In Figure 10 different transportation modes are compared according to their

carbon footprint. The results suggest that travelling by train is the best option
with 8 and 20 g CO2 eq per person and kilometre travelled for long-distance and
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regional travel, respectively. Short-haul flights are the worst option with 330 g
CO2 eq/person.km; travel by car generates just over half that amount (180 g
CO2 eq/person

.km). Interestingly, travel by bus and long-distance flying have a
comparable carbon footprint per distance travelled (125 CO2 eq/person km).
Therefore, these results give an indication as to which transport options are
more sustainable – however, as previously, other aspects would need to be
taken into account, such as travel costs and availability of different transport
options in different regions.
It is also interesting to look at the life cycle carbon footprints of different

biofuels, which have been hailed as a sustainable replacement for the fossil-
based fuels. As shown in Figure 11, bioethanol from the UK wheat offers
a saving of about 28% of the carbon footprint compared to that of petrol.
However, this comparison assumes a 100% replacement of petrol by the

Materials Waste

Fuels Emissions

Figure 9 The life cycle of transport (for illustration purposes, only road transport
shown).
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biofuel – adding only 10% to petrol, as is currently the case, results in marginal
savings of carbon. The best performing bioethanol is from the Brazilian sugar
cane, saving 70% of CO2 eq compared to petrol, while the bioethanol from US
corn has a 27% higher carbon footprint than that of petrol (both at a 100%
replacement). In addition to the other issues such as competition with food
production, these results further confirm that the first-generation biofuels are
unsustainable and that we need to turn our attention towards the second-
generation of biofuels.
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3.3 Life Cycle Impacts of Industry: The Example of the
Chemical Sector

Industrial activities were directly responsible for 14% or 6.86Gt of CO2 eq in
2004.14 Two thirds of these emissions came from three sectors: iron and steel,
non-metallic minerals and petrochemicals. The latter is considered in this sec-
tion as an example.
The life cycle of the chemicals supply chain is shown in Figure 12, involving

extraction and refining of raw materials and fuels, manufacture and use of
chemicals and end-of-life management.
In 2005, the life cycle CO2 eq emissions from the chemical industry amounted

to 3.3Gt CO2 eq (+/�25%).18 As can be seen from Figure 13, 63% of the
emissions or 2.1Gt CO2 eq are a result of the production of chemicals. This
figure includes direct and indirect energy use in the production, as well as
process emissions; 0.3Gt CO2 eq arise during the extraction phase of the
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Figure 12 The life cycle of chemicals.
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feedstock and fuels; 0.5Gt CO2 eq are emitted during the disposal phase of the
produced chemicals and 0.4Gt are emitted by end users.
It is interesting to compare the carbon footprints of different chemicals. As

an example, a study was carried out of chemical commodities produced in the
UK, with the aim of estimating the life cycle carbon footprints of different
chemicals based on their annual production volumes.19 These results are given
in Figure 14 and Figure 15, with the former showing the carbon footprints per
tonne of each chemical and the latter the total annual carbon footprint.
As shown in Figure 14, with 8720 kg CO2 eq/tonne, ammonium nitrate has

the highest carbon footprint of all chemicals considered here; the carbon
footprint of the second-worst chemical, aniline, is around half that amount
(4950 kg CO2 eq/tonne). At around 1400 kg CO2 eq, ethylene and hydrochloric
acid have the lowest carbon footprint per tonne of product. However, when
compared on the basis of their annual production, the ranking changes (see
Figure 15). Although ammonium nitrate still has the highest total carbon
footprint with 4.2 Mt of CO2 eq/yr, ethylene now has the second highest
impact, equal to 2.2Mt of CO2 eq/yr. Polypropylene follows with 1.6Mt of
CO2 eq/yr, and then benzene and low-density polyethylene (LDPE) with 1.3Mt
of CO2 eq/yr each. This information can be useful at a sectoral and a national
level, as it can help inform relevant decision makers as to which products can
help the UK achieve the Kyoto targets. However, care should also be taken in
interpreting these results, as these chemicals serve different purposes and can-
not be compared directly.
It is interesting to note in the context of this analysis that ammonium nitrate,

the fertiliser which helped current societies to develop through improved food
production, is now deemed less sustainable due to its contribution to global
warming. Many other products may follow the same fate, in the same way that,
for example, the CFCs did. On this note, paradoxically, the HCFCs were phased
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Figure 13 Contribution to global warming potential of different stages in the life cycle
of chemicals (based on global production in 2005).18
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in to replace the ozone-depleting CFCs, only to cause another environmental
problem – global warming – and are now themselves subject to replacement.
As has been mentioned previously, a comparison based on only one envir-

onmental impact should be carried out with caution, otherwise unsustainable
decisions could be made. As an illustration, Figure 16 compares several che-
micals on other environmental impacts, including the chemicals with the
highest and lowest carbon footprints. Ammonium sulfate is also included in
the comparison, as a possible alternative to ammonium nitrate as a fertiliser.
The results show that ammonium nitrate remains the least sustainable option
for all the impacts considered and ethylene has the lowest impacts overall. The
impact of the hydrochloric acid (HCl) significantly exceeds that of ethylene and
in the case of toxicity, by up to 770 times. Similarly, marine toxicity of HCl
exceeds that of ammonium sulfate by 15%. Thus, this simple example
demonstrates once again the importance of considering wider environmental
(and other sustainability) issues, since focusing on one aspect of (environ-
mental) sustainability can lead to sub-optimal decisions.

3.4 Life Cycle Impacts in the Food Sector

As shown in Figure 17, the life cycle of food provision includes crop cultivation
and animal rearing; food production and preparation; and waste management.
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Figure 14 Global warming potential of different chemicals (system boundary from
‘cradle to gate’).
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The global life cycle impacts of food are unknown, but it is estimated that direct
greenhouse emissions from agriculture contribute 13.5% or 6.6Gt CO2 eq of
global emissions, with the main contributors being fertilisers (38%), livestock
(31%) and rice production (11%).14

For illustration of the life cycle impacts of food systems, the carbon footprint
of several types of vegetables and meat are given in Figure 18. As can be seen,
potato has a low carbon footprint compared to tomato (the latter is grown in a
greenhouse heated by electricity). In fact, the tomato from a greenhouse has a
higher carbon footprint per kilogram than pork and turkey. Beef and lamb
have the highest carbon footprint, equal to 14 kg CO2 eq per kg of meat.
Therefore, this would suggest that a vegetarian diet is environmentally more
sustainable than eating meat; however, other factors, such as personal pre-
ferences, will influence the choice of diet.
Currently, there is a lively activity on providing information to consumers on

the life cycle impacts of various food and other products so that environmen-
tally more informed purchasing decisions can be made. This is being effected in
the UK through the carbon label, developed by the BSI.21 Orange juice is an
example of a product that has been carbon-labelled; the carbon footprint results
are shown in Figure 19. Overall, it would appear that orange juice from con-
centrate, kept at ambient conditions, is the best option. It is interesting to note
that freshly squeezed orange juice has a higher environmental impact than the
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Figure 15 Total global warming potential of different chemicals produced in the UK
(based on average production data for 2002–2006; system boundary from
‘cradle to gate’).
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Figure 17 The life cycle of food production.
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juice from concentrate – this is due to a higher impact of transport compared
with that of dewatering the juice (to make the concentrate), as the product is
imported from Brazil. This is one of the rare examples where transport (known
as ‘food miles’) plays an important role – in most food production systems, the
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Figure 19 The carbon footprint of orange juice produced in Brazil.22
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impact of transport is negligible and the agricultural production is responsible
for a large proportion of the impact.
Packaging is another point of debate in terms of environmental impacts.

Again as an illustration, Figure 20 shows the carbon footprint for selected
orange juice packaging. Overall, the carton has the lowest impact and glass
the highest. Compared to the carbon footprint of orange juice (ambient
concentrate), carton contributes around 10% to the total impact, while glass
packaging would almost double the impact of the juice. Therefore, the con-
tribution of packaging depends on the type of product and the type of
packaging – for carbon-intensive products (e.g. meat), packaging has little
impact, while for other products (e.g. non-alcoholic drinks) the contribution of
packaging to the carbon footprint can range widely (20–90%).

Conclusions

This paper has discussed and illustrated how LCA can be used as a tool for
more sustainable management of ecosystem services. Four industrial sectors
and supply chains have been discussed: energy, transport, industry and food.
The results presented demonstrate how this information could be used to
compare and identify more sustainable options.
Much more effort is needed in measuring sustainability of a wide range of

products and human activities to help industry, consumers and policy makers
identify more sustainable options. It should also be borne in mind that sus-
tainable solutions can only be identified by considering a range of sustainability
issues, as focusing on single issues – such as carbon footprints – may lead to an
increase in other impacts.

Appendix 1 CML 2 Method: Definition of Environmental Impact

Categories

Global Warming Potential (GWP) is calculated as the sum of emissions of
greenhouse gases multiplied by their respective GWP factors, GWPj:

GWP ¼
XJ

j¼1
GWPjBj kg CO2 eq

where Bj represents the emission of greenhouse gas j. GWP factors for different
greenhouse gases are expressed relative to the global warming potential of CO2,
which is therefore unity. The values of GWP depend on the time horizon over
which the global warming effect is assessed. GWP factors for shorter times
(20 and 50 years) provide an indication of the short-term effects of greenhouse
gases on the climate, while GWP for longer periods (100 and 500 years) are
used to predict the cumulative effects of these gases on the global climate.
Acidification Potential (AP) is based on the contribution of sulfur dioxide

(SO2), nitrogen oxides (NOx) and ammonia (NH3) to the potential acid
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deposition. AP is calculated according to the equation:

AP ¼
XJ

j¼1
APjBj kg SO2 eq

where APj represents the acidification potential of gas j expressed relative to the
AP of SO2 and Bj is its emission in kg.
Eutrophication Potential (EP) is defined as the potential of nutrients to cause

over-fertilisation of water and soil, which can result in increased growth of
biomass. It is calculated as:

EP ¼
XJ

j¼1
EPjBj kg PO3�

4 eq

where Bj is an emission of species such as nitrogen (N), nitrogen oxides (NOx),
ammonium (NH+

4 ), phosphate (PO3�
4 ), phosphorus (P), and chemical oxygen

demand (COD); EPj represents their respective eutrophication potentials. EP is
expressed relative to PO3�

4 .
Human Toxicity Potential (HTP) is calculated by taking into account

releases toxic to humans to three different media, i.e. air, water and soil:

HTP ¼
XJ

j¼1
HTPjABjA þ

XJ

j¼1
HTPjWBjW þ

XJ

j¼1
HTPjSBjS kg 1; 4-DB eq

where HTPjA, HTPjW, and HTPjS are toxicological classification factors for
substances emitted to air, water and soil, respectively, and BjA, BjW and BjS

represent the respective emissions of different toxic substances into the three
environmental media. The reference substance for this impact category is 1,4-
dichlorobenzene.
Eco-Toxicity Potential (ETP) is also calculated for all three environmental

media and comprises five indicators ETPn:

ETPn ¼
XJ

j¼1

XI

i¼1
ETPi;jBi;j kg 1; 4-DB eq

where n (n¼ 1–5) represents freshwater and marine aquatic toxicity; freshwater
and marine sediment toxicity and terrestrial ecotoxicity, respectively. ETPi,j

represents the ecotoxicity classification factor for toxic substance j in the
compartment i (air, water and soil) and Bi,j is the emission of substance j to
compartment i. ETP is based on the maximum tolerable concentrations
of different toxic substances in the environment by different organisms. The
reference substance for this impact category is also 1,4-dichlorobenzene.

165Life Cycle Assessment as a Tool for Sustainable Management



Photochemical Oxidants Creation Potential (POCP) is related to the
potential of volatile organic compounds (VOCs) and NOx to generate photo-
chemical or summer smog. It is usually expressed relative to the POCP clas-
sification factor of ethylene and can calculated as:

POCP ¼
XJ

j¼1
POCPjBj kg ethylene eq

where Bj is the emission of species j participating in the formation of summer
smog and POCPj is its classification factor for photochemical oxidation
formation.
Abiotic Resource Depletion Potential (ADP) includes depletion of fossil

fuels, metals and minerals. The total impact is calculated as:

ADP ¼
XJ

j¼1
ADPjBj kg Sb eq

where Bj is the quantity of abiotic resource j used and ADPj represents the
abiotic depletion potential of that resource. This impact category is expressed in
kg of antimony used, which is taken as the reference substance for this impact
category. Alternatively, kg oil eq can be used instead.
Stratospheric Ozone Depletion Potential (ODP) indicates the potential of

emissions of chlorofluorohydrocarbons (CFCs) and other halogenated hydro-
carbons to deplete the ozone layer and is expressed as:

ODP ¼
XJ

j¼1
ODPjBj kg CFC � 11 eq

where Bj is the emission of ozone depleting gas j. The ODP factors are
expressed relative to the ozone depletion potential of CFC-11.
For a full description of the CML 2 methodology, see Guinée et al.12
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