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Introduction

In 2010, the European Union established its growth strategy for the ten years ahead, the
EU 2020 Strategy. The strategy states that Europe should seek a smart, sustainable and
inclusive growth. The Resource-Efficient Europe is one of the flagship initiatives of the EU
2020 Strategy, framed under the principle of sustainable growth. It seeks to support the
transition to a resource-efficient and low carbon economy, by boosting economic
performance while reducing resource use, ensuring the security of supply of essential
resources as well as fighting climate change and limiting the environmental impacts of
resource use. The Roadmap for a resource-efficient Europe identified the need for robust
and easily understandable indicators to provide signals and measure progress in
improving resource efficiency.
DESIRE aims to develop an optimal set of indicators that can be used to monitor
European progress towards resource-efficiency, focusing specially on two areas that still
lack robust indicators; biodiversity/ecosystem services and critical materials.
The main objective of WP7 is to develop indicators for biodiversity and ecosystem
services within an input-output (IO) framework. In this report we present the results of
the first stage of this work, which consists of a review of biodiversity/ecosystem services
indicators and models.
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As the variability between living organisms of all origins including terrestrial, marine and
aquatic ecosystems, as well the ecological realms of which they form part, biodiversity in
all its dimensions is challenging to measure. This definition, adopted by Convention on
Biological Diversity (CBD), include diversity at three levels: within species, among
species and within ecosystems; as well as the variability emerging from species as part
of ecological complex systems, this implies the acknowledgment of ecological interactions
as causes and consequences of biodiversity.
Given the different dimensions of biodiversity it has been suggested to follow a
description, in terms of a nested hierarchy of components within a complementary
framework of attributes, to address it (Noss, 1990; Curran et al., 2011). The components
store information about the state of biodiversity at four wide levels: 1) Genes, reflect
interspecific variability; 2) Species, describe trends in abundances or attributes of an
individual species; 3) Communities, focus on emergent patterns resulting from
sobreposition of species ranges; and 4) Ecosystems, includes information about patterns
and processes at the landscape level. Each of these components may be characterized in
terms of three different attributes: 1) Composition, quantity and variety of elements; 2)
Function, ecological and evolutive processes acting upon the elements; and 3) Structure,
physical organization of the elements.
Many organisms modify the environment in order to enhance their performance or affect
resources availability to other species, however the scale at which humans transform
their environment have no precedents (EEA, 2012; Pereira et al., 2012). The Millennium
Ecosystem Assessment (MA) (MA, 2005) documented a general decline in the quality of
global ecosystems and biodiversity, identifying five main direct drivers of biodiversity
change (Pereira et al., 2012): 1) Habitat change, covering terrestrial and marine
ecosystems degradation, but also including land use conversion and intensification; 2)
Invasive species, which enforces an homogeneization of vegetal and animal diversity; 3)
Overexploitation of wild populations; 4) Pollution, responsable for eutrophization in
aquatic systems and nitrogen deposition in terrestrial systems; 5) Climate change, with
broadly heterogeneous effects but felt currently in high altitude terrestrial systems, coral
reefs and polar systems.
These drivers impose pressures upon biodiversity and ecosystems leading to global
changes, often difficult to predict. Global biodiversity change includes both alteration and
loss of biodiversity and different indicators sets were developed in order to address these
distinct changes. These may be organized in four categories (Figure 1) (Pereira et al.,
2012): 1) Species extinctions: extinction risk is assessed by the International Union for
Conservation of Nature (IUCN) through a classification in seven levels of threat: least
concerned, near threatened, vulnerable, endangered, critically endangered, extinct in the
wild and extinct; 2) Abundance and community structure changes: it is addressed by
indicators as Living Planet Index, European Common Farmland Bird Indicator, Wild Bird
Index among others; 3) Range shifts: measures changes in species distribution both
directional and of distribution size, which can be assessed by direct inference from
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geographic ranges; 4) Loss of genetic diversity: assessed for domestic and wild species,
both vegetable and animal, through measures of allelic diversity and mean variety
abundances.

Figure 1 - Biodiversity change dimensions in terms of loss and alterations intensity.

The target of reducing biodiversity loss rate by 2010, agreed by the CBD, was recently
assessed through a wide set of indicators at both global and European scale (EEA, 2012).
The results indicate that even with the improvements in environmental policies and the
increasing awareness of the relevance of biodiversity and ecosystems for human wellbeing, environmental pressures continues to lead to biodiversity and ecosystems
degradation at large scales (TEEB, 2010; EEA, 2012; Pereira et al., 2012). Consequently,
CBD developed a new plan for action based on a set of 20 targets for 2020, the Aichi
Targets.
Different indicators employed in the assessment of the various biodiversity dimensions
were recently proposed for approval by CBD, in order to measure the set of new global
biodiversity targets for 2020. Initiatives as the Streamlining European Biodiversity
Indicators (SEBI) (EEA, 2012), HarmBIO – Harmonizing Global Biodiversity Modelling,
among others, have been launched for the development and improvement of indicators
sets. Still, the development of better monitoring of biodiversity it is fundamental, a goal
pursued by the Group on Earth Observation - Biodiversity Observation Network (GEO
BON). GEO BON is developing a framework for biodiversity monitoring based on the
monitoring of Essential Biodiversity Variables (EBVs) (Pereira et al., 2013). These could
form the basis of monitoring programs worldwide, helping to prioritize targets by defining
a minimum set of essential measurements to capture major dimensions of biodiversity
change, complementary to one another and to other environmental change observation
initiatives. EBVs also facilitate data integration by providing an intermediate abstraction
layer between primary observations and indicators, while enhancing the harmonization of
employed indicators under common parameters.
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Essential Biodiversity Variables

There is no global, harmonized observation system for delivering regular, timely data on
biodiversity change (Pereira et al., 2013), and despite progress in digital mobilization of
biodiversity records and data standards, there is insufficient consistent national or
regional monitoring and sharing of such information. A key obstacle is the lack of
consensus about what to monitor, along with insufficient human and financial resources.
Though many initiatives collect data that could be integrated into an EBV global
observation network, important gaps still remain to fill, as different organizations and
projects adopt various measurements covering some important biodiversity dimensions,
but examples as genetic diversity monitoring is often missing.
Often it is not possible to generalize observations from point locations to regional scale.
Ecosystem function or community composition variables often need intensive in situ
measurements feasible only at a few locations, while models and proxies detectable by
remote sensing (RS) can be used to extrapolate to the regional scale. Such models are
also important to predict the response of EBVs to environmental drivers, which could be
used to develop scenarios exploring different policy options, a core purpose of the
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES).
The majority of ecological indicators addresses basic characteristics of subsystems, as
isolate compartments of ecosystems, following a mono-disciplinary approach which
conditions the interpretation itself to a restrict specific subsystem of the ecological
entities under observation (Müller, 2005). The number of species is the most widely used
measure, though it captures only a phenomenological expression of biodiversity. As so, in
general is found a disproportionate focus upon indicators, which reflect biodiversity
composition, in particular at the level of species and communities, regarding structural or
functional biological attributes often neglected (Curran et al., 2011). Nevertheless,
recently has been made an effort to apply measures, which cover wider attributes and
components of biodiversity, in order to have a broader and more accurate sense of the
actual biodiversity state.
As an underlying cause of this disparity lies that the relationship between species
diversity and ecosystem functioning is still not enough understood, so as to enable the
spread of intermediate measures for functional diversity. In few cases there has been
proposed an indicator for ecosystem organization, referring to concepts as ecosystem
health, ecological integrity or functioning. Although some authors offer very integrative
variables as exergy, emergy or “ascendance”, these are concepts whose practical
implementation presents numerous problems with high requirements of modeling and
data.
On the other hand, we know very little about genetic diversity loss, especially for wild
species. At the same time indicators taxonomic coverage is limited and most measures
are derived from vertebrates populations whose available information is spatially very
heterogeneous, particularly for regions under current pressures (Pereira et al., 2012).
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Genetic composition

Genetic diversity is one of the essential variables of biodiversity, it is the fundamental
aspect of the evolutionary process as it allows species to adapt to different environmental
conditions by shapping their fitness. Measuring genetic composition of species is a great
challenge, specially at the global level and for wild species. Currently, the Food and
Agriculture Organization (FAO) assesses the state of the genetic resources of
domesticated species with agricultural interest (Table 1).

Genetic
composition

Genotypes of selected species at representative locations

Indicadum

Headline
indicator

Allelic
diversity and
genetic
differentiati
on

National
data

Domestic
terrestrial
animais,
exploited
species and
wild
relatives

No

Cultivated
plants, exsitu crop
collection
and wild
relatives

Yes

Methodology

Under review

Table 1 - Metrics of genetic composition.

Temporal
sensitivity

Generation
time

Feasibility

Data
available
for many
species and
several
locations;
little global
systematic
sampling

Data
availability
Global,
national and
regional
time series
(1980-2010,
many gaps)

Global time
series
(1895-2008)

Data
source

Other
indicators

DADIS/
FAOCGRF/
EURIS
CO/
USDAGRIN/
CIAT/
ICRIST

Trends in
genetic
diversity of
selected
species;
Threatened
species
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Species populations

The species population dimension of biodiversity encompasses three different aspects a)
species abundance, b) geographic distribution and c) risk of extinction. This is probably
the best studied and documented dimension of biodiversity (Table 2). The analysis of
populations enables to analyze trends in the abundance of determined species and assess
whether or not they are approaching extinction. Also, these metrics capture the interrelation between species and the environment.

Species
population

Counts or presence surveys for groups of species over an extensive network of sites

Indicadum

Headline
indicator

Living Planet
Index

Trends in
abundance
and
distribution
of selected
species

Global Wild
Bird Index

National
data

Data
availability

Data
source

No

Global timeseries
(1970-2010)

WWF
Interna
tional/
ZSL/
Institut
e of
Zooloy,
London

Yes

Regional and
national
time series
(1980-2010)

PECBM
S,
Europe
/ BBS,
USA

Global
baselines
and time
series (many
gaps)

GBIF/
IUCN/
Map of
Life

Community
Temperatur
e
Index

CIB /
GISP/
Birdlife
/ CABIIAS

-

IUCN

Species of
european
interest

Average
Species
Abundance
Alpha and
Beta
Richness

Methodology

Established
Yes

Range Shifts

Trends in
threatened
species and
estinction
risks

Temporal
sensitivity

1 to >10
years

Feasibility

Standardized
counts for
some taxa
but
geographically
restricted;
presences
data collected
for more
taxa; ongoing
data
integration
efforts

Invasive and
introduced
Species

Yes

Global trend
and global
baseline
(20O9)

IUCN Red
List Index

No

Global time
series
(1980-2010)

Table 2 - Metrics of species population.

Other
indicators

Trends in
distribution
of selected
species:
birds,
butterflies
and invasive
species;
Species
distribution
pattern
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Species traits

Species traits concern the biological characteristics of a species, and are intimately
connected with their niche. Also, traits determine the boundaries of the adaptative range
of a species. There is data availability at the national level, but still focused on some
groups of species and specific locations (Table 3) .

Species
traits

Timing of leaf coloration by remote sensing with in situ validation

Indicadum

Headline
indicator

National
data

Methodology

Temporal
sensitivity

Feasibility

Data
availability

Data
source

Phenology
Multiple
Trait Index
Large Fish
Indicator
Traits
Diversity
and
Functional
Richness

Functional
Dispersion

Yes

Functional
Richness
Community
Weighted
Mean
Phylogenetic
Diversity

Table 3 - Metrics of species traits.

Established

1 to >10
years

Observation
data available
for some
groups of
species.
Several
ongoing
initiatives

Baselines
and some
trend lines
for selected
locations

Phenolog
y Eyes
Network/
PhenoCa
m/Climat
e Watch

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

2.2.4

Page 11 of 46

Community composition

Another essential dimension of biodiversity is community composition. Species that
occupy the same geographical area at the same time establish relations that can be
extremely sensitive to change; understanding these relations is fundamental to
understand biodiversity. For example, the protection of umbrella species can help
protecting a whole community. The availability of data regarding community composition
is restricted to regional case studies at specific locations (Error! Reference source not
found.).
Community
composition

Consistent multitaxa surveys and metagenomics at selected locations

Indicadum

Headline
indicator

National
data

Methodology

Temporal
sensitivity

Taxonomic
diversity

Biotic
Diversity

Species per
functional
group
Yes

Established

ShannonWiener
Index
Simpson
Index

Table 4 - Metrics of community composition.

5 to >10
years

Feasibility

Data
availability

Data
source

Ongoing at
intensive
monitoring
sites;
Uncoordinate
d data;
Metagenomic
s and
hyperspectral
remote
sensing
emerging;

Regional
case studies
and
baseline
data for
specific
locations

WWF
Internatio
nal/
CORINE
database,
EEA/
IUCN
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2.2.5

Ecosystem structure

The structure of an ecosystem is established by the interaction between its biotic
(communities of species) and abiotic components (Table 5). The structure of an
ecosystem, will determine its functions upon which life depends. Fragmentation of
ecosystems can significantly alter its diversity and, consequently its interactions with
detrimental effects on its functions.
Ecosystem
structure

Global or regional remote sensing of cover or biomass by height or depth

Indicadum

Headline
indicator

National
data

Methodology

Temporal
sensitivity

Feasibility

Abiotic habitat
structure
Heterogeinity

Heterogeneity
index

Yes

Established

Density of
habitats
Forest
fragmentation
Connectivity/
fragmentation
of ecosystems

River
fragmentation
and flow
regulation

No

Under
development
1 to 5
years

Connectance
Food chain
length
Species
interaction

Evenness of
interactions

Yes

Modularity
Interaction
lenght

Table 5 - Metrics of ecosystem structure.

Established
and under
improvement

Global
terrestrial
maps
available by
inference
from land
cover data
(Burkhard et
al., 2009)
and remote
sensing
combined
with in situ
data

Local and
regional food
web data
available for
specific
ecosystems
and
interactions
type;
geographicaly
restricted; no
systemic
approach

Data
availability

Data
source

Global
baseline
(2008)
andEuropea
n timeseries
(1990-2000)

FAO/
CORINE
databas
e, EEA

Two case
studies for
New Zealand

-

Global,
regional or
river basin
baseline
(1980-2010)

VMAD

Regional
case studies

PEaCE
Lab
Databa
se
(ongoin
g) /
Various

Other
indicators

Shannon
Index;
Total
System
Throughput;
Capacity;
Ecosystem's
Efficiency,
Redundancy
and
Robustness
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Ecosystem function

The function of an ecosystem concerns the web of flows, storages and regulations it can
maintain (Error! Reference source not found.). Keeping a functional ecosystem, that
delivers the so-called ecosystem services, is extremely dependent on the maintenance of
its diversity and its balanced relationships.

Ecosystem
function

Nutrient output/input ratios at selected locations combined with remote sensing at regional scales

Indicadum

Headline
indicator

Net Primary
Production

Exergy
capture

National
data

Storage
capacity

Leaf Area
Index

No

Exergy index

Yes

Data
availability

Data
source

Global
baseline
(2000)

CORINE
databas
e,EEA/I
SE,
Austria

Europe,
Africa and
South
America
time-series

LSA/SA
F

Regional
case studies

Jorgens
en and
Nielsen
(2007)
Various
/Aoki
(1995)

Methods
allow only
rough
estimations

Regional
case studies

Yes

Possible
inference of
ecosystem
function
parameters
from land
cover data
(Burkhard et
al., 2009)

Global and
european
time-series
(1990-2000)
And baseline
(2000)

FAO/CO
RINE
databas
e EEA

Yes

Possible
inference of
ecosystem
function
parameters
from land
cover data
(Burkhard et
al., 2009);
Intensive
monitoring
sites exist for
nitrogen
saturation in
acid
deposition
areas and
phosphorus
retention in
affected
rivers

European
time-series
(1990-2000)
And baseline
(2000)

CORINE
databas
e, EEA

Yes
Carbon per
year from
respiration

Established
and under
improvement

Organic
carbon and
nitrogen in the
soil

1 year

Under review

Leaching of
nutrients:
Nitrogen and
Phosphorus

Feasibility

Global
terrestrial
maps
available by
inference
from land
cover data
(Burkhard et
al., 2009)
and remote
sensing
combined
with in situ
data.

Establihed

Carbon and
nitrogen in
biomass

Cycling and
nutrient loss

Temporal
sensitivity

Yes

Entropy
Balance
Entropy
production

Methodology

LSA/SA
F

Other
indicators

Emergy;
level of
ecosystem
organizatio;
ecosystem’s
capacity for
selforganizatoin

Shannon
Index
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Biotic water
flows

Metabolic
efficiency

Transpiration
per total
evapotranspira
tion
No

Possible
inference of
ecosystem
function
parameters
from land
cover data
(Burkhard et
al., 2009)

CORINE
databas
e,
EEA/LS
A SAF

Yes

Established
and under
improvement

Gloabl,
national and
regional time
series (19502010)

Sea
Around
Us
project/
Waterb
ase,
EEA

No

Established

Global time
series and
regional/natio
nal case
studies
(1980-2010)

UNEP
GEMSWater/
Waterb
ase,
EEA

No

Established
and under
improvement

Global
baseline and
regional case
studies

Freude
nberger
et
al.,(201
2),
ESRI

Respiration
per biomass

Marine Trophic
Index
Water quality
in aquatic
ecosystems
Water quality
of freshwater
ecosystems

General

Ecosystem
Functionality
Index
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Table 6 - Metrics of ecosystem function.

Nutrients in
transitional
coastal and
marine
waters;
incidence of
hypoxic
zones and
algal
blooms
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Biodiversity models

Biodiversity models aim to explain changes in biodiversity, tipically through changes in
the environmental aspects that affect biodiversity. Models enable forecasting changes in
biodiversity, as well as building future scenarios that take into account different policy
options and their effects on halting biodiversity loss.
Its is important to develop models for different relevant drivers and their interactions
through technics scalable in space and among groups of species, allowing to aknowledge
not only the impacts of global changes but also feedback processes which connect
different drivers of environmental changes to biodiversity, ecosystem services and socioeconomic dynamics (Pereira et al., 2010). Most models focus on impacts of climate
change, some address land use change impacts, and only few are able to assess pollution
impacts. There is a lack of models to address drivers as overexploitation or invasive
species impacts (Pereira et al., 2012).
Here we divide biodiversity models into two categories: a) phenomenological models and
c) mechanistic models. We provide a description of each category and provide some
examples.

2.3.1

Phenomenological models

Phenomenological models are statistical models that rely on empirical relationships
between environmental variables and a biodiversity metric (Error! Reference source
not found.). Typically, these models use regression analysis.
Phenomenological models

Variable

Scale

Data
availability

Established

Regional
to national

Regional
case studies

Various

Species
extinctions
and at risk

Established

Local,
regional to
national

Regional
case studies

Proença and
Pereira, 2012;
others

Can be used in case of
habitat loss or converted;
Relies on data availability for
species habitat affinity

Species
vulnerability

Established
and under
development

Local,
regional to
national

Global
baseline and
regional
case studies

ISE, Austria

Relation with biodiversity not
yet systematized over all
ecosystem types or
functional groups

Predicts

Methodology

Data source

Feasibility

SAR

LUC

Species
extinctions
and at risk

NNested and isolate sampling.
General results overestimate
species loss; assumes that no
species persist outside native
habitats

COUNTRY-SIDE SAR

LUC

HANPP

NPP

Direct Inferences from Geographic Ranges
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Species
distribution
and future
threats

Established

National to
global

Global
baseline for
terrestrial
vertebrates
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IUCN

Projections can account for
persistence of species in
human-dominated habitats;
Relies on spatially explicit
scenarios of land use
change

GLOBIO

Based on land use changes
scenarios, projections can be
averaged over countries or
regions; assumes a
multiplicative effect of
drivers to estimate
integrated impact on
abundances

Dose-response models

LUC
Fragmenta
tion or
others

Mean
Species
Abundance

Established

National to
global

Empirical
studies on
land use
change
scenarios

Statistical estimations

Species
sampled

Total species
diversity

Established

Local to
regional

Table 7 - Phenomenological biodiversity models.

Regional
case studies

Hughes et al.,
2002

Test the effect of
disappearence of certain
elementsfromthelandscape
recalculating the diversity
of species; Depending on
site characteristics it is
prone to underevaluate
diversity.
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Mechanistic models

Mechanistic or process-based models incorporate the knowledge of ecological processes
into predictive algorithms (Table 8). Typically, these models are more complex in nature
and require high quantity of detailed data, that is not normally available at global scale.

Process-based models

Variable

Predicts

Methodology

Scale

Data
availability

Data source

Feasibility

Reaction Diffusion (Skellam) and Integro-Difference Equations
Dispersal
and local
growth
dynamics

Population
density;
source-sink
dynamics

Established

Regional
to national

Regional
case studies

Various

Describes spatial and
temporal evolution of species
and populations. Small
number of parameters
requires

Various –
RAMA GIS
(software

Stochastic model; Can take
in account the patches size,
their explicit location or
type; Assumes that the
landscape matrix is only
used for dispersal; Ignores
the population cost of

Various –
Hubbell, 2001

Assumes for all species in
the same trophic level the
same probability of dying,
reproducing and speciating;
models not suitable for very
small or very large areas.

COUNTRY-SIDE SAR

Rates of
colonization
and
extinction

Fracion of
occupied
patches;
metapopulat
ion
dynamics

Established

Local to
regional

Regional
case studies

HANPP

Species
relative
abundances

Local and
metapopulat
ion
dynamics

Established

Local to
regional

Table 8 - Mechanistic biodiversity models.

Regional
case studies
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Ecosystem services have been defined as the direct and indirect benefits humans obtain
from ecosystems (MA 2005). The Millennium Ecosystem Assessment (MA) was the
stepping stone in providing a framework for assessing ecosystems services by classifying
them into four groups: 1) Provisioning (food, fiber, fuel and water), 2) Regulating (air
quality, water purification, natural hazard regulation, climate regulation and disease
control), 3) Cultural services (spiritual, recreational and cultural benefits) and 4)
Supporting services (nutrient/water cycling and soil formation). Since the publication of
MA (2005) classification for ecosystem services, several classifications have been
developed, for example, the Economics of Ecosystems and Biodiversity (TEEB) and the
Common International Classification of Ecosystem Services (CICES). A synthesis of these
three international classification systems can be found in Maes et al. (2013) report.
CICES, developed by the European Environmental Agency (EEA), is the most recent
conceptual framework of ecosystem services and considers three groups of services:
provisioning, regulating and maintenance, and cultural. Under this classification,
ecosystem services are defined as the contributions that ecosystems make to human
well-being, and where biodiversity is the primary provider of basic ecosystem function
and processes, linking socio-economic systems with ecosystems through the flow of
services, directly consumed or enjoyed by humans (Figure.1). Biodiversity plays a key
role in the structural set-up of ecosystems which is essential to maintaining basic
ecosystem processes and supporting ecosystem functions. The state of ecosystems is
specifically addressed in the framework. The argument is that healthy ecosystems (in
good status) possess the full potential of ecosystem functions. CICES has been adopted
at the European level and will be used to to map and assess the state of Europe’s
ecosystems and their services under Action 5 of the EU Biodiversity Strategy to 2020.

Figure 2 - Conceptual framework for EU wide ecosystem assessments (Maes et al. 2013).
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Ecosystem services are often discussed in terms of stocks and flows. An ecosystem has a
certain stock of services (assets) that can deliver a flow of benefits to people; stocks are
usually expressed in area or quantity whereas flows are expressed in units per time
period (Layke 2009). A degraded ecosystem have lower stock of services which results in
a lower flow of benefits to humans. According to recent studies, approximately 60% of
ecosystem services are being degraded or used unsustainably (MA 2005). Of concern is
the decline of regulating services, which act as a possible forecaster in the reduction of
other ecosystem services (MA 2005). The main drivers of degradation are land use
change, loss and degradation of habitats, overexploitation, species invasion and climate
change (Schrotter et al. 2005, MA 2005). Agriculture remains the major human induced
driver of conversion of natural habitats (MA 2005), contributing to biodiversity and
ecosystem service degradation (MA 2005; Laliberté et al. 2010).
The importance of ecosystem services has been recognized and measures are being
implemented to protect natural capital. At the global and European level, efforts are now
focusing on mainstreaming ecosystems and ecosystem services into policy making and
key strategy initiatives such as The Economics of Ecosystems and Biodiversity (TEEB
2010) and the Intergovernmental Science-policy Platform on Biodiversity and Ecosystem
Services (IPBES) (Perrings et al. 2011). The Strategic Plan of the Convention of Biological
Diversity for the period of 2011-2020 contains 20 targets, the Aichi Targets, that aim not
only to prevent biodiversty loss but also to safeguard ecosystems that provide essential
ecosystem services and contribute to human well-being. The EU Biodiversity Strategy to
2020 aims under its target 2 to enhance and maintain ecosystem services by developing
green infrastructures and by restoring 15% of degraded ecosystems. The EU also
supports initiatives in developing countries which rely heavily on ecosystem services for
their human well-being.
The recognition that nature holds economic value has led to the actions of quantifying,
valuing and monitoring the trends of ecosystem services. Indicators have been used to
determine the sustainability of services by conveying the characteristics and trends of
ecosystem services to policy-makers for an overall picture of their condition and use
(Meyerson et al. 2005). However, recent reviews have concluded that ecosystem services
metrics and indicators are underdeveloped, as are the tools that support their application
(Layke 2009). Many ecosystem services are still lacking suitable indicators to monitor the
actual delivery of services (Layke et al. 2011; Feld et al. 2009).
In light of all the recent attention, mapping and modeling of ecosystem services have
become fundamental tools to monitor trends a create potential scenarios to help both
planners and decision makers (Chan et al. 2006; Egoh et al. 2008; Maes et al. 2012;
Naidoo et al. 2006). Mainstreaming ecosystem services into policies assures that we are
establishing the trade-offs of future impacts of policies on the provision of ecosystem
services.
This report compiles information on ecosystem service indicators and models, primarily
identifying where indicators and data are already sufficient and where data is insufficient.

3.2

Ecosystem services indicators

In order to provide information on trends of ecosystem services indicators are needed.
Identifying consistent, quantifiable and comparable indicators supports the development
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of models and mapping of ecosystem services. There are various methods of measuring
an indicator: running a model, direct measure or index lists. Determining what to
measure and what method to use is directly related to the availability of data and the
type of indicator. Although global indicators provide an overview permitting a regional or
national scale analysis, in many cases there is limited information available. As a result,
proxy indicators are often used as surrogates. There are of course limitations to their
use. Proxies used in one location may not be applicable to model services in other
location. Proxy methods are normally used for cultural services, as these services are
difficult to directly measure and model. Typical measures for cultural services consist of
visitor counts for recreation and tourism. Provisioning services are often measured via
observed data such as national statistics on agricultural production, timber and fibre
production. Regulating and maintenance services (e.g. climate regulation, regulation of
water flows, erosion prevention and moderation of extreme events) are mainly quantified
using models as they involve complex ecological functions.
Another challenge is that spatial indicators for ecosystem services differ in spatial
resolution and scale; for example soil services are mapped at a resolution of < 1km,
atmospheric indicators > 1 km and water services are calculated on the basin or subbasin level. This complicates analyzing trade-offs and synergies between ecosystem
services.
Several reviews have set out to assess and summarize the use of indicators to convey
information (for example, Layke et al. 2011; Feld et al. 2009). Most recently Egoh et al.
(2012) provided a extensive literature review of studies, excluding sub-global
assessments and national assessments, identifying primary and secondary ecosystem
services indicators (see appendix 1 in Egoh et al. 2012), as well as data availability for
various indicators (see appendix 2 in Egoh et al. 2012). Primary indicators are defined as
those services mapped in each category and second indicators are those used for
mapping them. According to Egoh et al. (2012) the number of primary and secondary
indicators needed to map ecosystem services depends on the service. For example,
pollination requires only one primary indicator whereas cultural services have a greater
differentiation term wise (e.g. aesthetic, spiritual, recreation) and therefore require more
indicators. Regulating services, have the greatest number of secondary indicators, for
example water regulation requires several indicators for modeling. Interestingly, land
cover maps are used for all types of ecosystem services, as secondary indicators. as they
convey important sources of information. They allow the classification of vegetation cover
which is used to quantify indicators, for example, carbon storage and sequestration,
recreation and water regulation in a forest (Nelson et al. 2009).

3.2.1

Provisioning services

Preliminary findings carried out by the World Resource Institute determined that overall;
both in the global and sub-global assessment provisioning services have greater data
availability (e.g. FAO) and number of indicators in comparison to regulating and cultural
services (Christian 2009). These are services directly linked to human well-being (e.g.
food) and are locally, nationally and globally important. Bulk indicators include crop
production, capture fisheries, livestock production, wild foods, aquiculture among others
(Table 9). Primary indicators for food provision include fodder for livestock, grain
production or productivity in landscapes. Secondary indicators for food provision include
agricultural production measured in hectares of land, livestock numbers or vegetation
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suitability for fodder production and grain yield (e.g. tons of maize). Data for these
indicators can be obtained from national statistics or global datasets (e.g. FAO).
Water provision is measured through secondary indicators that include surface or ground
water availability. In many cases surface water runoff is used as a proxy. Much of this
information can be obtained through the use of hydrological models (see Table 5).

Provisioning services

Primary indicator

Proxies

Food Production

Total production
(kg/ha)

Area of crop plantations

Livestock

The total area of
grassland suitable
for grazing/density
of grazing livestock
(ton ha-1 year-1)

Water

Total amount
(m3/ha)

Fibre/fuel

Total biomass
(tonnes/ha)

Wood for construction

Round wood
production (m3/y)

Wild harvested food

Stock of species
(biomass, abund)

Medicinal resources

N of species; Total
biomass (kg/ha)

Per capita use of water, $
water purification

Gross profit of
industries/related sectors

Number of people using
natural medicines

Table 9 - Overall top indicators for provisioning services (information source: include assessments and other
studies).

We can generally attribute a market price to most provisioning services, such as timber,
crop and livestock production, making them easily quantifiable.

3.2.2

Regulating and maintenance services

Generally, there are a lower number of indicators for regulating services as they are not
directly consumed and physically perceived by people. Primary indicators include carbon
storage and sequestration. Secondary indicators include above and belowground
biomass, dead organic matter, nutrient retention, soil characteristics (water infiltration)
and land cover among others. There still remains a lack of indicators for regulating
services, which include; disease regulation, pest regulation, erosion and soil quality
regulation and pollination. Table 2 summarizes the top indicators for regulating services.
Supporting services according to the conceptual framework of CICES are categorized
under regulating and maintenance services. A total of 5 primary indicators have been
identified relating to species and habitat diversity with fewer secondary indicators. The
identification of indicators for services such as the life cycle maintenance and
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maintenance of genetic diversity, are still under development and have till now received
little attention. However, progress is being made (see section 3.4).
Regulating and
maintenance services
Climate regulation

Moderation of extreme
events

Water purification

Primary
indicator
Net CO2 flux
out of
Atmosphere
Number of
natural
disasters;
height and
duration of
flood peak
Removal of
nutrients
(kg/ha);

Proxies
Sequestered carbon
(tonnes/ha/y)
Km of coast w/intact
veget.; loss of property
due to flooding; area of
protective forest
water quality (downstream
values)

Pollination

% of pollinated
flowers

Abundance of wild
pollinators; Habitat present

Erosion control

Area of forest in
vulnerable
zones

Total amount of soil
retained (ton ha-1 year-1)

Table 10 - Overall top indicators for regulating and maintenance service (information source: include
assessments and other studies).

3.2.3

Cultural services

Cultural services are non-material benefits, which include recreation, spiritual and
aesthetic value. Of course the flow of many of these benefits are dependent on the
accessibility to humans. For example, those ecosystems holding aesthetic value but are
inaccessible to humans due to distance will not provide a flow of ecosystem services.
Identifying an indicator that accurately represents these challenges and is spatially
represented is fundamental in measuring the flow and capacity of ecosystems to
generate human benefits.
Primary indicators varied among studies, from accommodation suitability and summer
cottages, deer hunting and fishing to natural areas and forest area for recreational
purposes (Naidoo et al. 2011). Secondary indicators can include but are not limited to
distance to resource such as a scenic site, water bodies or forest as well as visitor
numbers and accessibility to natural areas. Visitor information can be obtained from
national statistics or from park inventories.
Overall, we determined that the most common indicators for cultural services include
recreation and ecotourism, which can be directly measured through a number count of
visitors (Table 3). Other methods include the income generated from nature-based
tourism. Although these indicators are relatively easily to quantify some indicators for
aesthetic and spiritual services are still in early stages of development and existing ones
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are difficult to quantify and compare between countries. For example, spiritual services
could potentially be quantified by tallying the number of people who place high value on
the place they were born and the number of sites and species that are fundamental to
the performance of rituals and maintaining the relation with ancestors. Much of the
indicators for cultural services are subjective and identifying indicators requires some
understanding of the social-ecological dynamics, which is not an easy task. To our
knowledge we are still missing a global assessment on cultural services. The information
collected for cultural indicators are generally carried out at the local and national scale
through a periodic regional survey, with little consistency between countries (Eagles
2002).
Cultural services
Recreation

Primary indicator
Abundance/quality of
recreation sites

Educational/Scientific

Area of sites with
educational /scientific
value

Cultural

Abundance and score of
objects/sites/landscapes

Proxies
Number of visitors;
visitors opinion,
income from
ecotourism
Number of school
visits, number of
papers/research
initiatives

Table 11 - Overall top indicators for cultural services (information source: include assessments and other
studies).

3.2.4

Data sources

Below we have listed the different data sets used in the sub-global assessments (data
sets used for in the global assessment are listed directly in Table 4).
Provisioning services: FAO, global and regional fish datasets from FISHSTAT and UBC
Fisheries Centre, Sea Around Us Project 2006 and government databases and
institutions.
Regulating and maintenance services: literature reviews, national statistics (e.g.
statistical datasets on land-use change and satellite image), remote sensing data
(MODIS), NASA, and government ministries of forestry, water management, natural
resources management, land and agriculture, field measurements and expert
assessments and regional institutes.
Cultural services: WTTC (World Travel and Tourism Council), interviews with local
experts, protected area managers, data from local authorities and protected areas,
literature review, field counts, reports of the hunting control service, literature review
and national statistics from forestry and environment and tourism ministries.
The European Commission´s Joint Research Centre (JRC) has been collecting a wide
variety of spatial data for years as part of its task to monitor and model the environment.
They have recently incorporated ecosystem services in their modeling activities, as many
services cannot be directly measured from the environment. JRC´s Reference Data and
Service Initiative (RDSI) portal (http://rdsi-portal.jrc.it) has been recently established to
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collect data from scientific units working on environmental and sustainability topics. Also
the Ecosystem Service Indicators Database (ESID) (www.esindicators.org), created by
the World Resource Institute, make ecosystem service metrics and indicators readily
available for use in policy dialogs and decisions, in ecosystem assessments and in natural
resource management decisions. It is an online searchable database where users can find
and contribute indicators; it provides a description of the indicator and how it could be
applied. At the moment the database includes a total of 700 indicators from more than
20 sources (mostly indicators from global MA and sub-global assessments). The
ecosystem service indicators framework used for ESID incorporates elements from the
MA ecosystem services conceptual framework (MA 2005) and Driving Force-PressureState-Impact-Response Framework (DPSIR). The creation of this database facilitates the
exchange of information, through the divulgation of ecosystem service metrics and
indicators used in policy decisions and assessments. Nonetheless, some indicators are
still lacking metrics and/or are in early stages of development.
Nº of
indicators

Top indicators

Data units

Global
Data

Metric tons

FAO

Metric tons/Metric
tons/currency

FAO

number of
people/Percent/Metric
tons

FAO

only representing the top
indicators=high to medium
indicators of data availability & to
convey information

PROVISIONING

Food
Crops

4

crop production

Livestock

3

Capture fisheries

7

Aquaculture

2

Fish production from aquaculture,
total aquaculture production

Metric tons, percent of
total fish
production/metric tons

FAO

Wild foods

1

Number of wild species used for
human food

Number of species

FAO

Timber

6

Employment in forest sector, forest
biomass production, wood pulp
production

Fibers

4

Biomass Fuel

4

Freshwater

5

Genetic Resources

3

livestock production, livestock
products production, vlaue of
livestock products production
Employment in the marine products
sector,fish products as a percent of
total animal protein in peoples diet,
total fish catch

Biological raw
materials

Employment in fibers production,
fibers production, value of fibers
production
Charcoal production, fuelwood
production
Population served by renewable
water resource, renewable water
supply, renewable water supply
accessbile to humans
Investment into natural products
prospecting, number of species that
have been the subject of major
investment or have become a
commercial product

Number of
people/Cubic
meters,tons/cubic
meters,tons
Number of
people/Metric
tons/currency
cubic meters/cubic
meters
Number of
people/Cubic
kilometers/cubic
kilometers
currency/number of
species

FAO

FAO
FAO

FAO

none
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2

Number of organisms from which
drugs have been derived, value of
pharmaceutical products developed
in natural systems

Number/currency

None

2

Flux in atmospheric gases,
atmospheric cleansing

Tetagrams carbon,
nitorgen per year/no
units

IPCC

Global climate regulation

7

Carbon accumulation, carbon
uptake, carbon sequestration
capacity

Teragrams, metric
tons/Teragrams,
metric
tons/Megagrasm per
hectare, metric tons

IPCC

Regional and local
climate regulation

4

no units

none

Water regulation

2

no units

None

Erosion regulation

0

3

Amount of waste processed by
ecosystems, capacity of ecosystem
to process waste

volume, mass of waste
processed/volume,
mass of waste
potentially processed

None

Disease regulation

3

Disease vector predator
populations, estimated changes in
disease burden as a result of
changing ecosystems, population
increase in disease vectors
mosquitoes following ecosystem
conversion

Number/Number of
disease
cases/Mosquito
population

None

Soil quality regulation

0

Pest regulation

0

Pollination

0

7

Flood attenuation
potential;residence time of water in
rivers, reservoirs and soils, soil
capacity to transfer groundwater

Days required for
water falling as
precipitation to pass
through system/no
units noted

None

Aesthetic

4

Comparative value of real estate
near cleaner water bodies or
nature, number of nature/rural
visitors

Currency/Number of
people

None

Spiritual

0

Biochemicals, natural
medicines, and
pharmaceuticals
REGULATING
Air quality regulation
Climate regulation

Water purification and
waste treatment

Natural hazard
regulation

Cloud formation,
evapotranspiration
Soil water infiltration, soil water
storage

CULTURAL

Nature and /or rural tourism
Number of
employment, number of
5
people/Number of
recreational anglers and hunters,
people/Currency
spending on nature tourism
Table 12 - Ecosystem service indicators in the MA Global assessment (Layke 2009).
Recreation &
ecotourism

3.3

None

Ecosystem services models

Although, there are several studies that have mapped ecosystem services, there are still
many gaps in spatially mapping services. Under target 2 (action 5) of the EU Biodiversity
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Strategy to 2020 all EU member states are to map and assess the state of Europe´s
ecosystems and their services by 2014 and to assess the economic value by 2020. As a
result it was established an European working group to provide an analytical framework
for ecosystem assessment and address the main gaps, the working group on Mapping
and Assessment of Ecosystems and their Services (MAES).
Table 5 provides a summary of the most used models in measuring ecosystem services.
The table outlines the characteristics of each model and its advantages and
disadvantages.
Models

Objectives

Model components

Assess the
impact of
management
and climate on
water supplies
and non-point
source
pollution in
watersheds
and large river
basins
Map and value
the goods and
services from
nature

Weather, hydrology,
erosion/sedimentation,
plant growth, nutrients,
pesticides, agricultural
management, stream
routing, pond/reservoir
routing, bacteria
transport routines and
urban routines

ARIES
(Artificial
Intelligence
for Ecosystem
Services)

Ecosystem
service
assessment
and valuation,
facilitating
environmental
decision
making

MOHID
(Marine and
Environmental
Technology
Research
Center at IST)

-three
dimensional
water
modeling
systemStudy
the water
cycle

SWAT (Soil
and Water
Assessment
Tool) (Arnold
& Fohrer
2005)

InVEST
(Natural
Capital
Project)

Data
Availability
Not
available at
the global
scale

Disadvantages/Advantages

-depends on the model
you wish to run
-all models need a land
use/cover map

-depending
on the
model run

-modeling platform and
not a collection of
models
-uses ecological process
models or Bayesian
models
(models-carbon
sequestration and
storage, flood
regulation, coastal flood
regulation, aesthetic
views & proximity,
freshwater supply,
sediment regulation,
subsistence fisheries
and recreation)
-different tools (MOHID
Water, MOHID Land,
MOHID Soil)

-underlying
data
depends on
the model
selected

Assess trade-offs associated
with alternative choices and
identify priority areas of
conservation
-little data input
-do not have to model all
environmental services
-develop scenarios
-results can be expressed in
biophysical or economic terms
-spatial resolution (local,
regional or global scale)
-open source
-maps service flow from
ecosystems to humans
-integrated model
-quantifies ES demand (
-accounts for spatial dynamics
of ES
-maps actual provision, use
and low of ES considering sink
regions which decrease or
transform the service

●Marine
models
●Terrestrial &
Freshwater
models

-extensive
input data
and time
consuming

Complex models

-possibility to run
simultaneous applications
-easily adaptable
-used in any dimension
-relatively complex models
-outputs are only biophysical
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WebGIS(
Hotspot Areas
for
Biodiversity
and
Ecosystem
Services)

-identify areas
of high
conservation
value for
biodiversity
and ecosystem
services

-open
access
database
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-free access to biodiversity
and ecosystem service data
-provides technical support to
landowners and associations
who are working to obtain FSC
and are required to identify
High Conservation Value
Forests (HCVF)

Table 13 - Examples of ecosystem service models.

Mapping the biophysical provision of ecosystem services at continental, sub global or
global scale is mainly constrained due to lack of data availability. Being able to spatially
assess ecosystem services can bring together biophysical estimates of services and an
economic and monetary valuation. The JRC report elaborated by Maes et al. (2011) is an
assessment of mapping ecosystem services throughout Europe based on present
knowledge of models and pan-European datasets (remote sensing, data and results from
environmental models). The report outlines the methodology, key resources and a set of
indicators necessary to carry this out. Note that not all services can be modeled (e.g.
medicinal, ornamental and genetic resources, pest regulation and cultural services).
However, indicators are currently under development.
Table 6 summarizes the spatially explicit indicators used for the EU assessment of
ecosystem services as well as the models used (Maes et al. 2011). Nonetheless, the
assessment is still deficient on the number of indicators for both regulating and cultural
services.
PROVISIONING
Timber

Timber stock (ha/m3)

Demand

Model

Limitations

average dry matter
productivity in forests
(m3year-1)

JRC forest inventory created
by the AFOLU action to
acquire regional statistics of
the total area (ha), the
standing stock volume (m3
per statistical area per year)
and the stock increment (m3
ha-1 year-1). ESCIFEN
database

EFISCEN forest
inventory data are not
harmonized, spatial
resolution only at the
regional scale, no
distinction between
managed and
unmanaged forests

CLC agricultural land cover
classes

-indicator for annual
flow currently being
developed (CAPRI
model) (Common
Agricultural Policy
Regional Impact, Britz
and Witzke 2008),

FAO maps of grazing
livestock crossed with CLC
classes pastures, srub and
herbaceous vegetation

-A European
harmonized map of
grasslands is not
available
-the CORINE dataset
which maps pasture
and natural grasslands
tends to
underestimate the
total area of available

Crops

Total area of cropland
(há)

Realized crop production (ton
ha-1 year-1)

Livestock

The total area of
grasslands suitable for
grazers
The density of grazing
livestock

Total livestock production
derived from grazing on
(unimproved) grassland (ton
ha-1 year-1)
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grasslands

Water provision
Total area of inland
water bodies and inland
wetlands (ha)

Total annual renewable
freshwater supply (m3 year-1)
by surface waters

catchment database
HydroEurope, spatial location
of freshwater ecosystems
derived from the CLC
database

Total amount of water stored,
m3 year-1,total number of
floods mitigated

MAPPE model (Pistocchi et al.
2008; Pistocchi et al. 2010)

Total amount of pollutants
removed annually (ton ha-1
year-1), total amount of water
purified

GREEN (Geospatial
Regression Equation for
European Nutrient
losses)(Grizzetti, 2006) used
to derive two indicators
-catchment database
covering all Europe was
developed, based on the Arc
Hydro model

-determine if good
indicator of
purification processes
-GREEN model ignores
biodiversity
-ignore ecosystems
which act as sinks of
nitrogen
-alternative
approaches needed

Carbon fixation (gC m-2 year1)

carbon storage data taken
from the CDIAC website,
data on net ecosystem
productivity are available in
the Geosucces database,
hosted by VITO (Belgium), CFix model (carbon fluxes)

old sources (data)

Total number of storms
mitigated

map area of coastal wetlands
and dunes used as proxy
(use CLC2000 data)

does not differentiate
between types of
coastal systems

EMEP air quality model based
on the parameters of MAPPE
(Pistocchi 2008)

-only considered
ecosystems close to
sources of pollution
-concept of critical
loads (can be
expressed as
secondary indicator
which would be the
capacity of
ecosystems to process
air pollutants derived
from deposition)
-biogenic emissions
from ecosystems not
considered but can be
estimated using
GLOBEIS model

-limitations using
CORINE dataset

Genetic, medicinal and
ornamental resources
(spatial indicators were
not used and still to be
defined)
REGULATING
Water quantity
regulation
Soil infiltration capacity
(mm)

Nitrogen retention (%)

Climate regulation
Carbon storage (ton)
Annually accumulated
net ecosystem
productivity
Storm protection
Total area of coastal
wetlands (ha)
Air quality regulation

Deposition velocity of
air pollutants on leaves
(m year-1)
Leaf area index
Critical loads

Erosion control

Total amount of pollutants
removed via dry deposition on
leaves (ton ha-1 year-1)
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vulnerable zones

Total amount of soil retained
(ton ha-1 year-1)

ESDAC (data source from
JRC)
MESALES model
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-indicator to measure
the flow of the system
is still missing
PESERA model is a soil
erosion model which
operates at the
European scale
(further work) still
need na indicator of
the flow of soil erosion
prevention

Pollination

Distance to crops (km)
Crop dependency (%)
Pollinator abundance
(nests per km2)

Crop dependency × Annual
production (ton year-1)

-spatial distribution of crops,
dependency of crops on
pollination to each crop,for
each cropland distance to
nearest ecosystem was
calculated using CLC 2000
maps,
-visitation probability
calculated using Ricketts et
al. (2008)
-each crop land use pixel, the
crop dependency and
visitation probability were
multiplied and this value was
subsequently assigned to the
nearest ecosystems
-the sum of these
contributions was finally
considered as the pollination
potential or the capacity of
natural ecosystem to provide
pollination services

-only takes into
consideration the
potential of pollination
from natural
ecosystems, panEuropean data on
pollinator densities
-assumes that
pollinator populations
are abundantly
present and equally
distributed over all
types of natural
ecosystems

Increased yield of crops
attributable to soil quality (ton
year-1)

-JRC’s European soil data
centre (used the soil carbon
content map)
-CLC 2000 map

soil data at the global
scale available at FAO,
limitations soil quality
cannot be expressed
in biophysical units

Soil quality regulation
Soil quality indicator
Soil organic carbon (%)
CULTURAL
Recreational
Recreation Opportunity
Spectrum (ROS) model
scenic beauty and
Recreation potential ×
(Joyce and Sutton, 2009)
Number of visitors
culture are not
Accessibility
ROS model is built on RPI
addressed
and accessibility jointly with
TeleAtlas Road network
Table 14 - Indicators used for the mapping and assessment of ecosystems services at the EU scale (Maes et al.
2011).
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Carbon storage

Recreation

Figure 3 - Mapping of the following indicators at the EU scale; timber, carbon storage and recreation.

Figure 9 is a representation of some of the indicators used to represent the various
ecosystem services. Total indicators used are listed in Table. 6. Figure 10 illustrates the
spatial distribution of ecosystem services using the above indicators listed in Table. 6.
Although we are still facing many challenges ahead, these results indicate that JRC data
could be useful in the mapping and modeling of ecosystem services.
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Regulating

Provisioning

Cultural

Figure 4 - Spatial distribution of provisioning, regulating and cultural services at the EU scale.

Some advances have been made and a recent assessment of the provision of ecosystem
services at the EU scale revealed that the highest total supply of ecosystem service is
associated with areas with dense forest cover, mainly mountain and regions rich in
wetlands (Maes et al. 2012c). On the other hand, the lowest supply of ecosystem
services was directly correlated to areas of intensive agriculture and livestock production.
Overall, the assessment concluded that the northern part of the European continent and
less exploited mountain areas hold high levels of ecosystem services and biodiversity.
One of the global challenges we face today is how to prioritize and manage ecosystem
services across diverse and multi-functional landscapes under land use change. Being
able to quantify and map these changes is useful for prioritization and problem
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identification, contributing to the planning and management of biodiversity and implicitly
their ecosystem services (Naidoo et al., 2008). Models such as InVEST and others have
allowed us to identify how multiple ecosystem services interact and change according to
different land management, allowing us to look into the future by creating potential
scenarios (Nelson et al., 2009).
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Introduction
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The Life Cycle Assessment (LCA) is a method for assessing the ecological impact of a
product or a process across its entire life (Rebitzer et al. 2004). The two most important
stages in LCA are the Life Cycle Inventory (LCI) and the Life Cycle Impact Assessment
(LCIA). LCI consists on a survey of all the flows from and to nature required in the
production of a certain product. These include inputs of water, energy, and raw
materials, and releases to air, land, and water. After the inventory it is necessary to
determine the impacts associated with each flow, this is the LCIA. Here, the aim is to
aggregate the releases of pollutants and the extractions of resources. The ecological
impact per unit amount of additional ‘release’ represents the relative importance of the
stressor to an impact category. The ecological impact per unit amount of release or
extraction (anthropogenic intervention) represents the relative importance of that
intervention to a specific ecosystem. This conversion factor is referred to as the
characterisation factor (CF) for the pollutant and ecosystem considered (Equation 1).
Sj 

 CF
i

j , x ,i

 M x ,i

x

(1)

where Sj is the impact score for ecosystem j (e.g. in species loss.year); CFj,x,i is the CF
for ecosystem j of intervention x in compartment i (e.g. in species loss.year.kg-1
emission to urban air); and Mx,i is the intervention x in compartment i (e.g. in kg
emission to urban air).
Both fate and effects of an environmental intervention are taken into account in the
calculation of the CF:
CF j , x,i  F j , x,i  E j , x

(2)

where Fj,x,i is the fate factor for ecosystem j of intervention x in compartment i (e.g.
day.m-3); and Ej,x is the effect factor for ecosystem j of intervention x (e.g species
loss.m3.kg-1).
The CFs presented below represent the state-of-the-art currently used in LCIA for
terrestrial and freshwater ecosystems. Figure 5 shows the categories of environmental
flows covered. Although all CFs represent damage to biodiversity at an endpoint level
there are two differences between the methods presented here:
1.
The unit of the CFs can differ. The CFs represent either a relative species loss, i.e.
(i) Potentially Disappeared Fraction (PDF) of species over area (m 2) over time (year) or
(ii) absolute species loss over time (species·year). A CF in PDF∙m 2∙day/kg emission may
be converted into an absolute measure of species loss by multiplying the CF with average
species density (number of species/m 2) of that ecosystem.
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2.
The model approach to assess the effect on (relative) species richness can differ.
The standard in LCIA modeling is to assess marginal changes (i.e. the influence of raising
the background concentration/pressure on species loss by a minimal amount). If the
background concentration is not known, a linear approach can be followed as a simplified
alternative, i.e. linearity between the concentration that affects 50% of the species and
the zero-effect concentration is assumed. A third approach is using an average effect
factor. In this case the modeling depends on the background concentration, but rather
than taking the derivative of the curve at that point, the average effect decrease per unit
of concentration decrease towards zero-effect is used (See Figure 6 for a visualization of
the three approaches). As in a Multi-Regional Environmental Extended Input-Output
modeling framework, the environmental flows are generally not marginal, we prefer to
use the average approach as far as possible.

Land
Use
Ozone forming
emissions
Acidifying
Emissions
Greenhouse gas
emissions

Terrestrial
ecosystems

Freshwater
ecosystems

Water
use
Eutrophying
emissions
Toxic
emissions
Figure 5 - Groups of environmental flows that are covered in terms of impacts on terrestrial
ecosystems and aquatic ecosystems.

Potentially Disappeared Fraction (-)
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Marginal EF = 0.02 L/mg

Average EF = 0.08 L/mg

[Phosphorus] mg/L

Figure 4: Logistic species sensitivity distribution for the impact of total phosphorus
Figure
6 - Derivation
of effect factors
(EF) followingdiversity.
a linear approach,
marginal
approach
concentrations
on freshwater
macroinvertebrate
Derivation
of effect
factorsand an
average
approach,
for the and
impact
total approach
phosphorus
concentrations
on freshwater
(EF) following
the marginal
the of
average
is shown
for a working
point of 10macroinvertebrate
diversity with a logistic response curve PDF = 1/(1+4.07∙Cp -1.11) and working point of
mg/L [14, 32].
10 mg/l (Huijbregts et al., 2011).

4.2

Greenhouse gas emissions

The cause-and-effect chain that links a greenhouse gas (GHG) emission to ecosystem
damage is shown in Figure 15. An emission of a greenhouse gas (GHG) leads to an
increase in cumulative radiative forcing which in turn leads to a change in global mean
temperature (De Schryver et al., 2009). The first step corresponds to the change in a
GHG concentration of the air due to a change in emissions (Forster et al., 2007), the
second step describes the change in radiative forcing due to a change in the
concentration (Forster et al., 2007), and the third step represents the change in the
global-mean temperature due to the change in radiative forcing (Eickhout et al., 2004). A
time horizon of 100 years was taken as a default, following Forster et al. (2007).
The change in global mean temperature is expected to lead to an altered distribution of
terrestrial biomes. Using this change in biome distribution the potential disappeared
fraction of species (PDF) per unit of degree Celcius increase over the terrestrial
ecosystem area (m2) is predicted for terrestrial species. Animals (birds, frogs, reptiles
and mammals) as well as plants and insects (butterflies) were included. Data was
available for Australia, Mexico, South Africa, Brazil and Europe (Thomas et al., 2004). A
(weighted) average effect factor (terrestrial PDF∙m2/°C) was calculated from this data.
The terrestrial ecosystem effect factor is 0.06 PDF/°C when dispersal is assumed and all
species are taken into account, subsequently multiplied with the total surface of
(semi)natural terrestrial areas of the world, 10.8∙107 km2 (De Schryver et al., 2009). The
CF has the unit terrestrial potentially disappeared fraction of species (PDF)∙m 2·yr/kg GHG
emission.
Hanafiah et al. (2011) derived marginal effect factors for freshwater ecosystems related
to global mean temperature increase. The change in PDF of fish species caused by a
change in water discharge was based on a fish species-discharge relationship
representative for river systems below 42° latitude, as proposed by Xenopolous et al.
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(2005). The change in water discharge due to an increase in global mean temperature
was derived from results of the WateGap model (Alcamo et al., 2003). See Hanafiah et
al. (2011) for more details. The CF is presented in units of freshwater PDF∙m 3∙yr/kg GHG
emission.

GHG
emission

Increase in
GHG
concentration

Increase in
radiative
forcing

Change in
biome
distribution

Loss of
terrestrial
species
richness

Change in
river
discharge

Loss of
freshwater
fish species
richness

Increase in
global mean
temperature

Figure 7 - Cause-and-effect chain from greenhouse gas emissions to loss of species in terrestrial
and freshwater ecosystems.

4.3

Photochemical ozone formation

The cause-and-effect chain that links an ozone precursor emission to terrestrial
ecosystem damage is shown in Figure 8. For the ecological impacts of emissions causing
photochemical ozone formation, Nitrogen oxides (NOx) and Non Methane Volatile
Organics Carbons (NMVOC), no method was recommended by the JRC (2010). Recently,
Van Goethem et al. (2013a) derived CFs that relate emissions causing ozone formation to
ecological damage to grassland plant species and trees for 56 global emitting regions
separately. The CF consists of a fate factor, quantifying the relationship between the
emission of precursor substances and ozone exposure, and an effect factor, quantifying
the relationship between ozone exposure and the damage to natural vegetation. Ozone
exposure is expressed as the sum of the differences between the hourly mean ozone
concentration and 40 ppb during daylight hours over the relevant growing season (AOT40
in ppm h). FFs were determined with the EMEP atmospheric chemical transport model,
which simulates emissions, atmospheric transport, chemical transformation, and removal
from air of NOx and NMVOCs and estimates ground level ozone concentrations (Tarrasón,
2009). EFs were derived via the following steps. First, species-specific AOT40 exposurebiomass response functions, as reported by Van Goethem et al. (2013b), were used to
derive EC50 values for trees and grassland species. The species-specific EC50 equals the
AOT40 at which there is a 50% reduction in biomass compared to a situation with no
ozone over-exposure. In a second step, the EC50-values were used to derive a Species
Sensitivity Distribution (SSD) for respectively forest and natural grassland species. An
SSD represents a cumulative stressor-response distribution based on single-species
sensitivity data. A linear effect factor was calculated for 56 different regions using the
TM5-FASST model. The linear effect factor is defined as the slope between the zero effect
concentration (40 ppb) and the concentration at which 50% of the plant species
experiences an adverse effect. The Global Land Cover 2000 (GLC2000) database was
used to calculate the area occupied by each natural vegetation type (Bartholomé and
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Belward, 2005). See Van Goethem et al. (2013a) and the LC-IMPACT report (2013) for
more details. Region-specific CFs are given for NMVOC and NOx emissions in the unit
terrestrial PDF∙m2∙yr/kg emission.

NOx or
NMVOC
emission

Increase in
Photochemical
oxidation of
VOCs

Increase in
ozone
concentration

Loss of
grassland
plant and
tree
species

Figure 8 - Cause-and-effect chain for NOx and NMVOC emissions causing loss of terrestrial plant
species richness via atmospheric ozone formation.

4.4

Acidification

The cause-and-effect chain that links an acidifying emission to terrestrial ecosystem
damage is shown in Figure 9. The CFs for terrestrial acidification, developed by Roy et al.
(submitted), are defined as a change in the fraction of vascular plant species loss due to
an average change in the emission of an acidifying substance (NOx, SO2 or NH3).
Atmospheric fate, soil exposure, and plant species effect modeling were evaluated
separately (Roy et al. 2012a, b; Azevedo et al. 2013a). Regionalization is important for
this impact category because large differences in both fate and effect occur depending on
the emitting and receiving region respectively. Country-specific CFs are reported on a
global scale for respectively NOx, SO2 or NH3 emissions. The atmospheric fate factor
(aFF) describes the source-receptor relationship of an acidifying pollutant, i.e. the
atmospheric impact pathway from the emission location to the corresponding deposition
location. The soil fate factor (sFF) evaluates the ability of the soil at the location of
deposition to withstand acidic deposition due to buffer reactions. The H+ concentration in
pore water was chosen as soil acidity indicator as most data on species occurrence was
available together with soil pH data. The effect factor assesses the (relative) plant
species loss caused by changes in H+. The effect factor was based on empirical plant
species occurrence data for different biomes (Azevedo et al., 2013a). Within each biome
the minimum pH value at which a specific species can occur was derived. By doing this
for hundreds of species a species sensitivity distribution for soil acidification was obtained
for each biome. Average effect factors were derived from these species sensitivity
distributions. The ratio of the current PDF and corresponding H+-concentration
(PDF/[H+]) equals the average effect factor. See Roy et al. (submitted) for more details.
Country-specific CFs are given for NOx, SO2 and NH3 emissions in the unit terrestrial
PDF∙m2∙yr/kg emission.

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

NOx, NH3 or
SO2
emission

Increase in
Atmospheric
deposition

Increase in
porewater H+
concentration

Page 38 of 46

Loss of
terrestrial
plant species
richness

Figure 9 - Cause-and-effect chain for acidifying emissions causing loss of terrestrial plant species
richness.

4.5

Fresh water eutrophication

The cause-and-effect chain that links a eutrophying emission to freshwater ecosystem
damage is shown in Figure 10. Azevedo et al. (2013c) derived CFs for phosphorus
emissions to freshwater. For emissions to agricultural soils, the CFs can be multiplied
with 0.1, as typically 10% of all P flows from agricultural soil to surface waters
(Bouwman et al., 2009). The FFs were obtained with the method developed by Helmes et
al. (2012). The fate model of P is described by calculating the removal rates of P due to
water advection, P retention, and water use. The effect factor was based on empirical
species occurrence data in respectively lakes and rivers for different climate zones (cold,
temperate, tropical, xeric) in the world. Within each climate region and water type the
maximum P concentration at which a specific species can occur was derived. By doing
this for hundreds of species a species sensitivity distribution for freshwater eutrophication
was obtained for heterotrophs and autotrophs separately, for each climate region/water
type combination (Azevedo et al. 2013b). A linear effect factor was derived from these
species sensitivity distributions (0.5/∆P) due to lack of information on ambient Pconcentrations on a global scale. Country-specific CFs, representing the loss of
freshwater species, are given for phosphorus emissions to freshwaters and soils in
PDF·m3·yr/kg emission.

P-emission
to water or
soil

Increase in P
freshwater
concentration

Loss of
freshwater
species

Figure 10 - Cause-and-effect chain for eutrophying emissions causing loss of freshwater species
richness.

4.6

Fresh water ecotoxicity

The cause-and-effect chain that links a toxic emission to freshwater ecosystem damage
is shown in Figure 11. Rosenbaum et al. (2008) developed the USEtox model to provide
CFs for 3000+ chemicals emitted to air, water and soil, causing freshwater ecotoxicity.
The fate factor is chemical specific and is calculated with a multimedia fate model. The
effect factors are derived from lab-experiments were freshwater species are exposed to
different concentrations of a specific chemical. The concentration at which 50% of the

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 39 of 46

individuals of a given species experience an effect (usually a non-lethal effect such as
growth reduction) is called the EC50. Using the EC50s for a number of species, preferably
from several different taxa, a species sensitivity distribution can be obtained. The linear
effect factor is then defined as the slope of a linear curve between the concentration at
which 0 percent of the species is affected and the concentration of which 50% (HC50) of
the species experiences an effect (0.5/∆C). In this way the CF in PDF·m 3·yr/kg emission
can be calculated.

Chemical
emission to
air, water or
soil

Increase in
dissolved
freshwater
concentration

Loss of
freshwater
species

Figure 11 - Cause-and-effect chain for toxic emissions causing loss of freshwater species richness.

4.7

Land use

The cause-and-effect chain that links land use to terrestrial ecosystem damage is shown
in Figure 12. De Baan et al. (2013a) were one of the first to study the impact of land use
around the globe. They derived CFs for local land use impacts based on relative changes
in observed species richness between a natural reference (Sref) and a specific land use
type (SLU). Local CFs were provided for vascular plants, mosses, arthropods, other
invertebrates, birds, and other vertebrates. The types of land use covered were
secondary vegetation, managed forest, pasture/meadow, annual crops, permanent crops,
agroforestry, and artificial areas.
While previous work only accounted for local impacts of land use, De Baan et al. (2013b)
present a method to quantify global species extinctions in relation to land use, based on
species-area relationships. The number of species lost (Slost) due to land use in a region
is calculated using the equation:
n

A 
Slost ,g  Sorg ,g  Snew,g  Sorg ,g  Sorg ,g   new 
A 
 org 

z  pi i
i

where the number of species (Snew) depends on the fraction of habitat lost (Anew / Aorg),
the scale factor z, the relative share p of each land use type i from the total converted
area, and the sensitivity σ of a species group to the specific land use type. Here the
sensitivity σ is equal to the local CF of that specific land use type from De Baan et al.
(2013a). The numbers of species lost are translated into regional CFs for occupation,
transformation, and permanent impacts of agriculture, pasture, urban, and managed
forest (De Baan et al. 2013b). They were specified for mammals, birds, plants,
amphibians, and reptiles and cover a total of 733 ecoregions. CFs for non-endemic
species of land occupation are given in the unit terrestrial species loss/m2 land use. CFs
for non-endemic species of land transformation are given in the unit terrestrial species
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loss.yr/m2 land transformation. CFs for endemic species of land transformation are given
in the unit terrestrial species loss.yr/m2 land transformation.

Reduction of
habitat size
Land use
Changes in
habitat quality

Loss in
terrestrial
species
richness

Figure 12 - Cause-and-effect chain for land use causing loss of terrestrial species richness.

4.8

Water use

The cause-and-effect chain that links water use to terrestrial and freshwater ecosystem
damage is shown in Figure 13. A multitude of LCA methods has been set up for the
assessment of the impact of groundwater and surface water use on different aquatic
ecosystems. Pfister et al. (2009) developed a method for assessing the environmental
impacts of freshwater consumption on terrestrial vascular plants. They modeled water
stress (i.e. ratio of total annual freshwater withdrawals to hydrological availability) for
over 10 000 individual watershed around the world. The fraction of net primary
production (NPP) limited by water availability, as available in global spatially explicit
data, was used as a proxy for PDF (Pfister et al. 2009). CFs (in PDF.m 2·yr·m-3) were
reported per watershed and per country.
Hanafiah et al. (2011) derived marginal CFs for the impact of water consumption on
freshwater fish species in riverine systems. Their model assumes a positive correlation
between the number of freshwater fish species and average river discharges at the
mouth of river basins, based on Xenopolous et al. (2005). CFs were calculated for 214
river basins that represented a wide geographical distribution of rivers around the various
continents. They are expressed in PDF·m3·year per m3 water extracted (Hanafiah et al.
2011).
The impact of water consumption on wetland biodiversity was studied by Verones et al.
(2013). They derived CFs for waterbirds, non-residential birds and water-dependent
mammals based on marginal wetland area change. The CF are provided in species
equivalents loss.year per m3 water extracted. Distinction is made between surface waterfed and groundwater-fed wetlands. However, only wetlands of international importance
(as designated under the Ramsar Convention) are included.
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Figure 13 - Cause-and-effect chain for water use causing loss of biodiversity.
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