*

D3.2Deriving a minimum set of key ecosystem condition indicators

SELINA

AND SUSTAINABLE DECISIONS
ABOUT NATURAL CAPITAL

per ecosystem type

First version 30/05/2025
Revised version 28/10/2025

SCIENCE FOR EVIDENCE-BASED

*

Lead Authorsisabel Nicholson Thomas, Xavier Lecomte, Adrienne-R&gamey, Philip

Roche

Contributing Authors:Mihai C Adamescu, Francesca Alba, Ivaylo Ananiev, Fatima Arrogante Funes,

al NX2 . 1tTFys 9YAt

& .lylZ 5F@AR

N2y >

Cortinovis, Balint Czucz, Helena Duchkova, Davide Geneletti, Nicolas Grondard;uépaieGJarumi

YIEG2 | dzSNII =

{dz& | Yy VI

WS N}y 6 SNHX

al NIAVYE

YAG6AODZX

CAf AL

L Z

Sabine Lange, Meri Lappalainen, Zhi Yi Vanessa Lim, Alon Lotan, Mark Mansoldo, Ulla Mértberg, Stoyan
Nedkov, Chiarad®retta, Paulo Pereira, Luis Pinto, Miguel Angelo Raposo Inacio, Adrian Regos, Paula

Rendén, Daniela Ribeiro, Graciela M. Rusch, Anda Ruskule, FernandeMgatitasJoana Seguin,
Mateja Smid, Vanya StoychevBhomas Strasser, Eszter Tanacs, Sara Vallecillo, Miguel Villoslada,

%2 dzZY A RSax

S5A2F Yyl +dzZ SGAGT / KNRAG2a
Funded by
the European Union
{9[ Lb! NBOSA@PSa FdzyRAy3a FTNRY

programme under grant agreement No 101060415. Views and opinions expressed are however

iKS

Ls2Vy L

9 dzNR2 LIS | vy

those of the author(s) only and do not necessarily reflect those of the Eurdgeimm or the
European Commission. Neither the EU nor the EC can be held responsible for them.

g A SNI C

YA 2



Prepared under contract from the European Commission
Grant agreement No. 101060415
EU Horizon 2020 Research and Innovation Actions

Project acronym: SELINA

Project fulltitle: Science for Evidenekased and sustainablLe declsions about NAtL
capital

Project duration: 01.07.2022%; 30.06.2027 (60 months)

Project coordinator: Prof Dr Benjamin Burkhard, Gottfried Wilhelm Leibniz University
Hannover

Call: HORIZONL62021-BIODIVO1

Deliverable title: Deriving a minimum set of key ecosystem condition indicators
ecosystem type

Deliverablen®: D3.2

WP responsible WP3

Nature of the deliverable: Report

Dissemination level: Public
Leadbeneficiary: INRAE/ETH
Citation: Nicholson Thomas, |. Lecomte, X., @Régamey, A., Roche P.

(2025).SELINA D3.2. Deriving a minimum set of key ecosystem
condition indicators per ecosystem type.

Due date of deliverable: Month 36
Actualsubmission date: Month 36

Deliverable status:

Version  Status Date Author(s) Reviewer
1.0 Draft 30/05/2025  Isabel Nicholson Thomas (ETHZ), Xaviel Paula Rendén,
Lecomte (INRAE), Adrienne GR¢gamey Fernando Santos
(ETHZ), Philip Roche (INRAE) Martin (URJC)
1.1 Draft 11/06/2025 Isabel Nicholson Thomas (ETH), Xavier David Barton
17/06/2025  Lecomte (INRAE), Adrienne GF&gamey (NINA)
(ETHZ), Philip Roche (INRAE) Benjamin
Burkhard (LUH)
2.0 Final 30/06/2025  Isabel Nicholson Thom#ETHZ), Xavier  Marc Metzger,

Lecomte (INRAE), Adrienne GF&¢gamey Neville Crossman
(ETHZ), Philip Roche (INRAE)
2.1 Revised  28/10/2025 Isabel Nicholson Thomas (ETHZ), Xaviel
Lecomte (INRAE), Adrienne GF&gamey
(ETHZ), Philip Roche (INRAE)

Thecontent of this deliverable does not necessarily reflect the official opinions of the
European Commission or other institutions of the European Union.




I o (= = Tt J PP 5
2. SUIMIMAIY . .ttt ettt e e e e e e e et e e e me et e et et e et e e e e et e e et e e ame e et e e ean e eeannaee 6
3. List Of @bDreViatioNsS.........cooveiiiiiii e e e 8
4. KEY AEFINITIONS.......iiiie e e e e e e e e e e e e e e e e e e e e e e e amsennannnae 11
eSO 1 0T (3 Tox 1 o o F RS RPPPSUR 13
5.1. Introduction to SEEBA and Its Conceptual Foundation............ccccoocvvvveeeeeniniiiieennenn. 13
5.2. The SEERA Ecosystem Condition asSeSSMENL...........coooeiiiiiiicciiirirvee e eeeees 15
5.3. The Conditio#Pressure Dilemma: Toward Separate Assessment Framewarks......... 17
5.4. Deriving a minimum set of EC INAICALOIS............viiviiiiiiiicce e ee e 24
6. REVIEW Of INICALOIS .. ...t er e e e e e e e e e e e 25
6.1. Review of ecosystem condition INAICALOLS ..........ceieiiiiiiiiiieiie e 25
6.1.1. Aims and objectives Of the rEVIEW........uuuriiiiiiiiiiiieeeceeeee e, 25
6.1.2. Methods and data for the reVIEW........cccuuuiiiiiiiiiieeee e 25
6.1.2.1. Key working concepts for the reVIBW............oooiiiiiiiiiii e 25
6.1.2.2. Identification of relevant [terature.......... ... 26
6.1.2.3. Screening and data eXtraCtiOn.............cevviiriiiiuiiiiiie i e e e e e e e e e ee e 27
6.1.3. RESUILS Of the FEVIBMI......eiiiii ittt e e e e e e 28
6.1.3.1. Context and applications of spatially explicit EC indicators............ccceeeeeeeeviveeennns 28

6.1.3.2. Alignment of spatially explicit indicator applications with comprehensive assessment of
U 31
6.1.3.3. Main types of data used to operationalize spatially explicit EC indicatars............ 34

6.1.3.4. Most common EC indicators operationalized in the literature and datasets used for their
(o 122V 71 (o] o1 1 T= o | USSR 37
B.1.4. SYNINESIS... ..o ——— 40
6.1.4.1. LiMitations Of the FEVIEWL........uuiiiiiee e e e 41
6.2, ECOSYSIEIM PrESSUIE......uutiiiiiiiiiiee ittt e e e e e e e e e e e e e e e e s e nn e e reeeees 42
6.2.1. Pressure consideration and the SEBAramework..........cccccooviiiieiieeeiiiiiiiennn 42

6.2.2. Operationalizing the separation of pressure and condition indicators within the SEEA
AN =T T2 U URRUURRR 42
6.3. Evaluation of Ecosystem Condition Indicators by Ecosystem.Types.........ccccvvvvveeeeee. 45
B.3.1. MELNOUS..... .o e e e e e e e e e e et e e e e e e aaeeeeaaraea 45
6.3.2. AQIOBCOSYSIBIMIS. .. . i iieeitii i e et eetie et ettt s e e et et eeeeeeta e e e eata e eaeessa s eeeeesnnaeeensnnnaaaees a7
LOTC JC T o] =) 1~ TP PUPUPPPPPPPPPIRt 54
6.3.4. Urban ECOSYSIEIMIS....cccii ittt e e e inrreeee e 62
LSRG TR T Y= 1 = T L= 68
6.3.6. Heathand Shrubland................iiiiiiiiec e 78
L T € = =1 F= T o L3S 84
6.3.8.RIVEIS AN0 LAKES.......coviiiiiiiiiii ettt e e e e e e e e ee et s e e e e e eeeeeens 89
6.3.9. Marine and coastal ECOSYSIEIMLS.........uuuuuiiiiiiieeiiieiie et e e e e e e e e e e e e e e e e e e e e e 94
6.3.10. Common features of diSCusSion across ecoSyStemM.tyPesS.......ccceveevueeennnnes 105

7. Evaluation of Ecosystem Pressure Indicators: The Human Pressure Index for terrestrial
[T 0 1SV (=] 1 1 PP 109



0 T 0 (=« 109

7.2. Developing the Human Pressure IndexX (HPD.........oooiiiiii e 109
7.3 RESUILS ...ttt e e e e et r e e e e e e e e e e e e b e e s 112
T4, PEISPECIIVES. ...cci ittt ettt e e e e e e e e e e e e e e e e s e e e aeeas 117
7.5. Limitations, uncertainties and recommMeNdations...........covvveeiiiiiiieieiii e 120
7.6. HPI testing and developmeENt..........ooiu i e e 121
8. Alignment of D3.2 Ecosystem Condition Framework with Global Biodiversity and
Ecosystem Service FrameWOLIKS..........cc.oiiiiiieiiiee ettt 122
yomed ! f AdYyYSyd 6AGK D9h . hbQa..9aaSy.0ALI22 . A2RA D
8.2. Alignment with Essential Ecosystem Service Variables (EESVS)............cccccceeeenne 123
8.3. Contribution to the Nature Positive INItatiVe...............eeeiieiiiiiiie e 124
9. General D3.2 CONCIUSIAN. ..........ooiiiiiiiie e e e 125
10. Final RECOMMENUALIONS. .......uuviiiiiiiiiiiiiiiiinna e e e e e e e e e e eeeeeeaaaeeeeeeeemarssasarsanannnnnnnnn 127
11. ACKNOWIEAQEMENLS......cvviiiiii e e e emr e e e e e e e e e e b e e eeeaeas 128
D2 (Y (=T =T Lot 129
RS Y 0] 1o (T PR PRPPPTT 148
AANINIEX Lt e e e et e e e e e e e ettt as 148
AANINIEX 2. ettt e e et e e e e e ettt e e e e n e e e e e et e enerr b e aeas 149
A X 3.ttt e e et e e e e e e ettt e e e R a e e e et et e e eerrrran e e aeas 151
AANINEX Ao e e e e et e et e e e e e e e e e ettt as 157
A NIIEX St e et et e et e e e e e et e e e et e r e as 187
F N 1= PP 208




1. Preface

The importance of biodiversity, natural capital and healthy ecosystems and the services they
supply has increasingly been acknowledged in diverse policy initiatives (e.g., the EU nature
restoration and amending Regulation from 2024, EU Biodiversity Sieat@@®20 and 2030,
LYGSNH2OSNYYSyGalrt tflGF2NY 2y . A2RAOSNEAGE
Capital and Ecosystem Services Accounting (EBEANtergovernmental Panel on Climate
Change (IPCC) and Convention on Biological Diversity (CBD)).

¢KS 9! 1 2NAT 2y wSaSI NOK | yR Lbasé@and siustamable! O A 2
declsions about NAtur@ I LA G f ¢ o6{ 9[ Lb! 0 FAYa (2 LINRPOARS
that can be harnessed by different stakeholder groups to support transformative change in

the EU, to halt biodiversity decline, to support ecosystem restoration and to secure the
sustainabé supply and use of essential Ecosystem Services (ES) in the EU by 2030.

SELINA builds upon the Mapping and Assessment of Ecosystems and their Services (MAES)
initiative that has provided the conceptual, methodological, data and knowledge base for
comprehensive assessments on different spatial scales, including tvedeUassesment

(Maes et al. 2020a) and assessments in EU member states. Knowledge and data for different
ecosystem types are increasingly available.

tKS 2@0SNIff 202SOGAGS 2F 22N] tFO113S 62t 0c

YIFLIWAY3I YR FaaSaavySyide Aa (2Y

0 Develop and evaluate methodologies to map and assess the condition of terrestrial and
aguatic ecosystems to assist the EU in implementing the System of Environmental
Economic Ecosystem Accounting (SEEA), defining legally binding restoration targets
in the EU Biodiversity Strategy (BDS) and integrating the Ecosystem Condition (EC) in
public and private decisiemaking processes.

0 Advance the sustainability of the EU economy and human-edtlg through the
definition of minimum requirements for ecosystems to reach or maintain high ecological
integrity and good EC.

5SSt AGSNI 6fS 50®dPH A5SNRADGS | YAYyAYdzy aSid 2% 1S
GeL)S¢ LINBaSyida RSOGFIAfa 2y (GKS RS@St2LIVYSy
indicators, drawing on a comprehensive review of all available data sourcesnaingdiepth

survey of Ecosystem Type (ET) expientslved in WP3.



2. Summary

Work Package 3 of SELINA aims to develop and test a methodology for mapping and assessing
0KS O2yRAGAZ2Y 2F GSNNBAGNAFE YR Fljdz2t A0 SO
SO2aeaidSY O2yRAGA2Y AYRAOI 2NAR LIS Nvailtde? a & a (0 S
approaches for developing spatially explicit Ecosystem Condition (EC) indicators, with the aim

of providing a proposal for minimum, operationalizable EC indicators. Deliverable D3.2
presents several activities carried out in this pursuit witie task.

First, we present the results of a literature review focused on applications of spatially explicit
EC indicators in recent published work, with the objective of identifying indicators that are
operationalizable and repeatable across multiple contexts,isgras potential candidates for

the selection of minimum indicator sets. In our review, we found biases in the types of
ecosystem characteristics covered by indicators, and we identified gaps in research on
underrepresented ecosystem types. While the datairces used to develop metrics vary by
ecosystem, remote sensing emerged as a predominant tool for producing spatially explicit and
continuous indicators. This reflects both its accessibility and its potential for standardized
monitoring. Our findings uretscore the essential role of spatially explicit data in assessing
ecosystem condition, yet also highlight persistent challenges in capturing complex ecosystem
attributes comprehensively.

Secondly, we advance the SHEA Ecosystem Condition Typology (ECT) framework by
developing an approach to separate ecosystem condition and pressure indicators. The MAES
framework, which provides an essential foundational guidance for ecosystem assessment,
distinguishes between pressure indicators as "measured in units per unit time" (flows) and
condition indicators as "point in time measurements" (stocks). However, our approach
advocates for a different classification criterion based on causality anchargfier than
temporal characteristics. Human impact variables are often measured as static amounts but
create ongoing pressure, while natural flow measurements capture rates of change but
actually reflect the ecosystem's fundamental state. Under our apginowhich builds on the
existing SEEBA framework, the Ecosystem Condition Index exclusively comprises variables
that characterize ecosystem attributes and internal processes, while the Ecosystem Pressure
Index encompasses variables of anthropogenidmagting as external drivers of change. This
adjustment addresses the conceptual ambiguity that can arise when anthropogenic pressure
variables are classified as condition indicators under the MAES framework. While maintaining
full compatibility with MAESdata collection methodologies and acknowledging the
framework's pragmatic flexibility and stakeholeeriented design as indispensable
contributions, our refinement provides enhanced conceptual rigor for distinguishing between
condition and pressure indators.

Drawing on the results of the literature for examples of commardgd metrics, the
framework proposed was populated to produce longlists of potential indicators. The relative
strengths and weaknesses of these indicators were evaluated in consultationexpert

groups representing the ecosystem types targeted by WP3 é&gsystems, Forests, Urban,
Wetlands, Heath and shrublands, Grasslands, Rivers and Lakes, and Marine and coastal).
Continued refinement with the expert groupsabled the development of a minimum set of




indicators, for both condition and pressure per ecosystem typ&'e provide discussion on
the suitability and limitations of these indicators for representing ecosystem condition and
pressure.

Finally, we show the possibilities offered by the use of spatially explicit data at European level
by creating a dedicated ecosystem pressure index, Hioenan Pressure IndexHPI) (see
Chapter 6). Our proposition entails developing an index that exclusively measures
anthropogenic drivers affecting ecosystems, using a minimum set of indicators. This index
could advance our ability to quantify and visualize the potential imp&buman activities on
terrestrial ecosystems and will allow understanding of ttwmplex interactions between
human activities and ecosystem condition.
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AOT40

BC

BD

BDS

DPSIR

CAP

CBD

CIA

CLC

EASIN

EBBA

EBVs

EC

ECT

EEA

EFI

EFT

EIA

EMEP

EMODnet

EQS

List of abbreviations

Abiotic Characteristics

Accumulated Ozone exposure over a Threshold of 40 ppb

Biotic Characteristics
Bird Directive

EU Biodiversity Strategy
DriverPressureStatelmpactResponse (framework)
Common Agricultural Policy

Convention on Biological Diversity

Cumulative Impact Assessment

CORINE Land Cover

European Alien Species Information Network
EuropearBreeding Bird Atlas

Essential Biodiversity Variables

Ecosystem Condition

Ecosystem Condition Typology

European Environment Agency

European Forest Institute

Ecosystem Functional Type

Environmental ImpacAssessment

European Monitoring and Evaluation Programme
European Marine Observation and Data Network

Environmental Quality Standards




EO

ESA

ES

ESDAC

ET

EU

EVI

FAO

GEE

GFCM

HD

HANPP

HELCOM

HPI

IAS

ICCAT

ICES

IPBES

IPCC

IUCN

JRC

LC

LST

LiDAR

Earth Observation

European Space Agency

Ecosystem Services

European Soil Dat@entre

Ecosystem Type

European Union

Enhanced Vegetation Index

Food and Agriculture Organization

Google Earth Engine

General Fisheries Commission for the Mediterranean

Habitat Directive

HumanAppropriation of Net Primary Production

Helsinki Commission (Baltic Marine Environment Protection Commis
Human Pressure Index

Invasive Alien Species

International Commission for the Conservation of Atlantic Tunas
International Council for the Exploration of the Sea
Intergovernmental Platform on Biodiversity and Ecosystem Services
Intergovernmental Panel on Climate Change

International Union for Conservation of Nature

Joint Researc@entre

Landscape Characteristics

Land Surface Temperature

Light Detection and Ranging
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LST
LULC
MSFD
MAES
MS
NDBSI
NDII
NDMI
NDV/I
NPP
MedQSR
OECD
PM
PRISMA
PSR
RSEI
SAR
SEEA
SEEAA
SEA
SDGSAT
soc

SSB

SWO

Land Surface Temperature

Land Use/Land Cover

Marine Strategy Framework Directive

Mapping and Assessment of Ecosystemsthed Services
Member State

Normalised Difference Bare Soil Index

Normalized Difference Infrared Index

Normalised Difference Moisture Index

Normalised Difference Vegetation Index

Net Primary Productivity

Mediterranean Quality Status Report

Organisation for Economic @peration and Development
Particulate Matter

Preferred Reporting Items for Systematic reviews and Metalyses
PressureStateResponse (framework)

RemoteSensing Ecological Index

Synthetic Aperture Radar

System of Environmental Economic Accounting

System of Environmental Economic AccountiBgosystem Accounting
Strategic Environmental Assessment
Sustainabldevelopment Goals Satellite

Soil Organic Carbon

Spawning stock biomass

Surface Water Occurrence
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UN United Nations

UNCLOS United Nations Convention on the Law Of the Sea
WEI+ Water Exploitation Index plus

WFD Water FrameworlDirective

WISE Water Information System for Europe

SWI Soil Wetness Index

WWF World Wildlife Fund

WWPI Water and Wetness Probability Index

4. Key definitions

Ancillary data Measurements of ecosystem characteristics that do not meet the cri
for inclusion as ecosystem condition variables or indicators, and therefore ar
recommended for use in condition accounts. However, these data can support ecos
asset delineion and ecosystem service flow modelling. (based on Keith et al., 2020)

Anthropogenic ecosystemsEcosystems influenced predominantly by human activ
where a stable natural ecological state is unobtainable and future socioecol
interventions are required to maintain a new stable state (SEEAlossary).

Ecosystem accountingdrganizing biophysical information about ecosystems, meas
ecosystem services, tracking changes in ecosystem extent and condition, valuing ec
services and assets and linking this information to measures of economic and
activity (SEEEA 12).

Ecosystem assetsContiguous spaces of a specific ecosystem type characterizec
distinct set of biotic and abiotic components and their interactions (SEklossary).

Ecosystem characteristicsSystem properties of an ecosystem and its major abiotic
biotic components (water, soil, topography, vegetation, biomass, habitat and species
examples of those characteristics including vegetation type, water quality and soi
(SEEAA glosary).

Ecosystem conditionQuality of an ecosystem measured in terms of its abiotic and |
characteristics (SEHRA glossary).

Ecosystem degradatianDecrease in the value of an ecosystem asset over an acco!
period that is associated with a decline in the condition of an ecosystem asset durir

11



accounting period (SEEA glossary).

Ecosystem function Flow of energy and materials through the biotic and abi
components of an ecosystem. It includes many processes such as biomass pro
trophic transfer through plants and animals, nutrient cycling, water dynamics and
transfer (IPBES glossarfecosystem function underpins the capacity of an ecosyste
deliver ecosystem services (Hainésung and Potschin, 2010).

Ecosystem health Status and potential of an ecosystem to maintain its organizat
structure, vigor of function, and resilience under stress, and to continuously provide ¢
ecosystem services for present and future generations (based on Lu et al, 2015).

Ecosystem integrity 902 aeéadsSyQa OF LI OAGe (G2 Yl
structure, functioning and setirganization over time within a natural range of variabi
(Pimentel and Edwards, 2000).

Ecosystem pressureCumulative effect of external stressors of anthropogenic or
AyOf dzZRAY 3 I NIOAFAOALFET FSIFGdzZNBa 2NJ adzo:
structure, processes, @omposition beyond its natural range of variability

Ecosystem qualityCondition of an ecosystem relative to a reference state. The refel
state can be a past, present, or potential future situation/condition of an ecosystem (!
et al., 2018).

Ecosystem resilienceCapacity of an ecosystem to absorb disturbances or stress wi
undergoing a fundamental shift in structure, function, or identity, and to recove
essential characteristics and processes after a disturbance (MEA, 2005).

Ecosystem service€ontributions of ecosystems to the benefits that are used in econ
and other human activity (SEfEA glossary).

Indicators Ecosystem condition indicators are rescaled versions of ecosystem cor
variables (SEEA EA Glossary).

Natural characteristics Ecological characteristics and processes, whether occt
spontaneously or supported within humanodified systems, that sustain the structu
composition, and functioning of an ecosystem within its current environmental and
use context.

Natural ecosystemsEcosystems influenced predominantly by natural ecological proc
characterized by a stable ecological state maintaining ecosystem integrity; ecos
condition ranges within its natural variability (SHEA glossary).

Reference conditionCondition against which past, present and future ecosystem conc
is compared in order to measure relative change over time (E2Eglossary).

Reference level Value of a variable at the reference condition, against which
meaningful to compare past, present or future measured values of the variable-g3%
glossary).

12




Seminatural ecosystem Ecosystem with most of its processes and biodiversity in
though altered by human activity in strength or abundance relative to the natural
(IPBES glossary).

Variable Ecosystem condition variables are quantitative metrics describing indiy
characteristics of an ecosystem asset (SEEA EA Glossary).

13



5. Introduction

Why a minimum set?

A minimum set of ecosystem condition indicators represents a pragmatic compromise
between scientific comprehensiveness and operational feasibility, designed to capture
essential ecosystem characteristics while remaining implementable across diverse sontext
with existing resources and data infrastructure. In our work, we imposed an additional
constraint by focusing exclusively on variables currently available in spatially explicit formats
with coverage across Europe, further distinguishing our minimum ®h ftheoretical
optimum approaches. This core set prioritizes indicators that are applicable, readily
measurable with current technologies, and sufficiently sensitive to detect major changes in
ecosystem condition, accepting that some ecologically impartaumt datapoor, locally
measured, or methodologically complex parameters must be excluded.

In contrast, a comprehensive set of indicators would provide coverage of all relevant
ecosystem characteristics, incorporating specialized metrics for specific ecosystem subtypes,
high-resolution temporal and spatial data, fielhsed measurements, and engeng
indicators that may currently lack standardized protocols, spatial coverage, or widespread
monitoring capacity. While a minimum set necessarily involves tadfie potentially missing

subtle ecosystem degradation signals or locally important ecesydeatures, it ensures
consistent, comparable assessments across large scales and diverse management contexts
through harmonized spatial datasets. The initial implementation focuses on establishing a
robust baseline of core indicators derived from exigtiEuropearwide spatial data
infrastructure.

It is important to note that a minimum set of indicators may, depending on the context, not
NBELINBaASYyld (KS W2LIAYFEQ aSied LYRSSR:E GKS Lz
call for a set of indicators tailored to specific ecosystemtyples ora local policy context ,

which may better reflect the full complexity of ecological processes and interactions.
Developing such nuanced approaches would however require further research, stakeholder
input, and improved data availability over time.

5.1. Introduction to SEEAA and Its Conceptual Foundation

The System of Environmental Economic Accountirf§cosystem Accounting (SEEA),
complementary to the SEEA Central Framework, is a comprehensive spatially explicit
framework developed by the United Nations to integrate environmental and economic data
(UNet al., 2024). It was adopted by the United Nations Statistical Commission in March 2021,
as an international statistical standard for ecosystem accounting and is intended to align with
the concepts and principles of national accounting (System of Natkewdunts). The SEEA

EA aims to provide a standardized approach for organizing biophysical information on
ecosystems and measuring the contributions of ecosystems to the economy and human well
being (i.e., Ecosystem Services (ES)). The-BkEdnsists dive key interlinked accounts:

(1) ecosystem extent (i.e., spatial distribution and extent), (2) ecosystem condition (EC) (i.e.,

14




guality or health assessment), (3) biophysical ecosystem services accounts (i.e., flow and use),
as well as (4) monetary ecosystem services and (5) asset accounts (Fig. 1). ThA S&ds/a
spatial dimension in its accounting method, recognizing that lleaefits received from
ecosystems rely on their location and their dimensions in the landscape relative to the
beneficiaries. Environmental accounts are intended to be regularly updated to create
consistent and comparable time series data on both the bygical and monetary aspects of
ecosystem assets.

STOCK ACCOUNTS ~ FLOW ACCOUNTS

(& change in stocks)

Ecosystem

Ecosystem

service
(flow & use)

condition

Ecosystem

asset account
(stocks &

Ecosystem

service
(flow & use)

Physical
accounts

Monetary
accounts

change in stock)

Figure 1: Ecosystem accounts of the SEBAand their interconnections (UN et al., 2021).

The SEEEA supports a comprehensive set of strategic objectives designed to enhance
evidencebased policymaking, crogs®untry comparability, and lontprm sustainability
planning. These objectives include:

Harmonized measurement and reporting
Establish standardized methodologies for compiling and disseminating
environmentaleconomic data, ensuring consistency and comparability across
countries and regions.

Integrated decisioamaking
Enable the incorporation of environmental information into national accounts and
economic planning processes, fostering policy coherence between economic
development and environmental conservation objectives.

Policy monitoring and evaluation
Provide a statistical foundation for assessing the effectiveness of environmental
policies and programs, facilitating tinseries analyses and loitgrm monitoring of
ecosystem conditions.

Alignment with international frameworks
Support the implementation of global and regional environmental commitments,
including the Sustainable Development Goals (UN DESA, 2020), the Kivhonitngal

Global Biodiversity Framework (CBD, 2022), and European Union initiatives such as the
Biodiversiy Strategy for 2030 (European Commission, 2020), the Soil Strategy for 2050

15



(European Commission, 2021), and the Nature Restoration and Amending Regulation
(European Union, 2024).

Capacity building and institutional strengthening
Promote training, knowledge transfer, and resource allocation to build technical and
institutional capacity for the effective adoption and maintenance of SE&Aractices.

5.2. TheSEEAEA Ecosystem Condition assessment

The EC account, a central component of the SIEAAevaluates the health, quality, and overall

status of ecosystems. EC is defined in the SE&Aathe @uality of an ecosystem measured

in terms of its abiotic andbiotic characteristics.Condition is assessed with respect to an
SO2aeaitsSyQa O2YLRaAGA2Y S &a0NH2OGdzNE | yR Fdzy O
integrity of the ecosystem, and support its capacity to supply ecosystem services on an ongoing
basis. Measures of ecosystenmdiion may reflect multiple values and may be undertaken

across a range of temporal and spatial scales6 ! b SG T f ®X HAHNO® ¢KAA
comprehensive understanding of the current conditistate of ecosystems, whichk €ssential

for managing and conserving them effectively. The notion of EC plays a vital role in the
requirements outlined in the EU Habitats Directive, the Marine Strategy Framework Directive
(MSFD), the Water Framework Directive (WFD) and the Birdgiérashich require Member

States to evaluate the conservation status of habitats and species on a regular basis.
Moreover, besides providing policymakers with the information needed to allow informed
decisions, EC assessment may also help identifyingnpaké¢hreats to ecosystem health and

function, allowing for early intervention and prevention.

Czucz et al. (2021a) proposed a hierarchical ecosystem condition typology (ECT) for organizing
data on condition characteristics, containing three major groups (abiotic, biotic and
landscapdevel characteristics) and six classes nested within these g{daide 1). The ECT

was designed to be universal and each characteristic is described by different metrics (i.e.,
variables and indicators). These characteristics and metrics should be selected according to
specific criteria (Czucz et al., 2021b) (seeisnch.3) and the selection of metrics should
generally focus on those that play a role in ecosystem processes, contributing to overall
ecosystem functioning, and considering their risk of change (Mace, 2019). It is worth noting
that the SEEAA typology iflexible enough to host pressure indicators when no suitable state
variables are available (see sections 5.3 and 6.2 for pressure accounting detail) and the
relationship between pressure and state variables is well understood.

Table 1: SEEBA Ecosystem Condition Typology for ecosystem accounting with examples of
variables that can be used (sources: UN et al., 2024).

Group Class Description
A: Abiotic Al: Physical state  Physical descriptors of the abiotic components
ecosystem characteristics the ecosystem(e.g. soil structure, wal
characteristics availability)

A2: Chemical state Chemical composition of abiotic ecosyst
characteristics compartments (e.g. soil nutrient levels, wa

16




Group Class Description

quality, air pollutant concentrations)

B: Biotic B1: Compositional Composition / diversity of ecologiceabmmunities
ecosystem state characteristics at a given location and time (e.g. presenci
characteristics abundance of key species, diversity of relev

species groups)

B2. Structural state Aggregate properties (e.g. mass, density) of

characteristics whole ecosystem or its main biot@omponents
(e.g. total biomass, canopy coverage, chlorop
content, annual maximum NDVI)

B3. Functional state Summary statistics (e.g. frequency, intensity) of

characteristics biological, chemical and physical interactic
between the mainecosystem compartments (e.
primary productivity, community age, disturban
frequency)

C: Landscape C1: Landscape and Metrics describing mosaics of ecosystem type
level seascape coarse (landscape, seascape) spatial scales
characteristics characteristics landscape diversity, connectivity, fragmentation

In the SEEEA framework, defining a reference level is essential for assessing ecosystem
condition. It provides a benchmark against which current ecosystem states can be compared,
helping to determine whether an ecosystem is degraded, stable, or improving. The reference
level may reflect a natural or historical state, a minimally disturbed condition, or a scientifically
informed typical state, depending on the context and purpos¢hef assessment (see D3.3
G5STAYAGAZ2Y 2F NBFSNBYyOS O2yRAGAZYA GKI
information). Importantly, reference levels differ from policy targets. While reference levels
serve as neutral, sciendmsed baselines to measichange, policy targets are normative
goals set by governments or institutions to define desired future conditions. These targets
may align with, exceed, or fall short of reference levels, depending on what is deemed socially,
economically, or politicall feasible. By comparing current conditions to a reference level,
analysts can objectively evaluate ecosystem trends, inform policy design, and clearly
communicate the state of ecosystems to decisioakers and the public.

Additionally, EC is closely linked to the ability of ecosystems to perform essential functions,
i.e., natural processes such as nutrient cycling, primary production (e.g., photosynthesis) and
decomposition. These functions underpin the overall health asilience of ecosystems and
occur independently of human needs, maintaining the internal dynamics of nature. In
contrast, ecosystem services are the benefits that humans derive from these functions, such
as clean water, fertile soils, and crop pollinatidhile ecosystem functions describe how
ecosystems operate internally, ESs translate these operations into contributions to human
well-being. Thus, changes in ecosystem condition can have significant implications for the
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provision of ES. In situations where direct measurements of ecosystem services are limited or
costly, indicators based on ecosystem condition and function can serve as effective proxies
for estimating service supply. For instance, Hein et al. (2016) dingexdl how condition
indicators like standing biomass and net primary production (NPP), which reflect core
ecosystem functions, can be used to estimate an ecosystem's capacity to sustainably provide
services such as carbon sequestration or timber harves8igilarly, Andersson et al. (2021)
demonstrated how the condition and spatial arrangement of grb&re infrastructure (GBI)

in cities (e.g., parks, trees or wetland) can proxy for regulating and cultural services like local
temperature regulation, recraional opportunities, and stormwater management. These
examples demonstrate that understanding and tracking ecosystem functions through
condition indicators is not only ecologically meaningful but also practically useful for informing
policy and planningecisions around ecosystem service management.

5.3. The ConditionPressure Dilemma: Toward Separate Assessment Frameworks

We propose herghat separating ecosystem condition and pressure indicators represent a
necessary development from the current SEERQ approach, which permits integration of
pressure metrics within the Ecosystem Condition Typology when condition variables are
unavailable.This integration, while pragmatic, creates conceptual ambiguity by classifying
anthropogenic stressors as aspects of ecosystem condition, thereby confusing external drivers
with intrinsic ecosystem properties. Such classification obsctlrescausal relationships
between human activities and ecological outcomes, potentially misdirecting policy
interventions.

It is worth noting that, in the SEEA!  3f 23al NBEX (KS {Qunddaticedl NR I 6
metrics describing individual characteristics of an ecosystem gskek f S G A Y RA Ol G 2 NE
arescaled version of ecosystem condition varialeomparison to a reference level. In this

5St AGSNIO6fST ¢S FLIWX & GKS GSNXY GAyRescled 2 NE 0o
variables, recognising that selecting condition indicators and defining reference levels are

often treated as distincsteps.

The distinction between ecosystem condition (state) and pressure indicators has been subject
to ongoing scientific debate. The MAES (Mapping and Assessment of Ecosystems and their
Services) framework (Maes et al., 2018) has adopted a pragmatic approace pressure
indicators are "measured in units per unit time" while environmental quality indicators use
"point in time measurements"” (i.e., stock). However, this temporal distinction alone proves
insufficient for certain indicators. For example, accumudagtellutants or impervious surfaces

still represent anthropogenic pressures despite being measured as stocks. Our framework
therefore shifts from a primarily temporal classification to one based on causality and origin,
where anthropogenic influences arermsistently classified as pressures regardless of their
measurement type. This adjustment addresses the conceptual ambiguity that arises when
external stressors are integrated within ecosystem condition assessments.

By establishing a distinction between Ecosystem Condition and Ecosystem Pressure, we
develop a framework that maintains conceptual integrity, in which ecosystem condition
exclusively reflects the fundamental natural characteristics of ecosystems, defindguhse
ecological features and processes that support functioning in the prevailing environmental
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and landuse context, while ecosystem pressure specifically captures anthropogenic
influences driving ecosystem changdis framing allows for assessing ecosystem condition
even in anthropogenic landscapes, by focusing on functional integrity rather than pristine
status, although the latter can still be used for the reference leMals separation enhances
analytical clarity, enables more direct examination of caefect relationships, improves
policy targeting, and facilitates clearer communicatiorstakeholders about the distinction
between ecosystem condition and the forces affecting them. Ultimately, this approach
strengthens the SEERA's utility for sustainable ecosystem management by differentiating
between what ecosystems are (condition) and avhhumans do to them (pressure).
Additionally, this separation may facilitate the use of condition indicators as proxies for ES,
allowing for more efficient monitoring and assessment of the capacity of ecosystems to
deliver benefits to people.

While the MAES framework provides valuable guidance, our approach refines its classification
system for three key reasons:

1. Conceptual clarity: MAES allows pressure indicators within condition accounts when
state data is unavailable. This pragmatic compromise, while understandaibiéates
drivers with outcomes and obscures causal relationships essential for policy targeting.

2. Analytical precision: By strictly separating anthropogenic influences (pressures) from
ecosystem properties (conditions), we enable clearer caffext analysis, more
accurate ecosystem trajectory modelling and facilitation of using EC indicators to
proxies for overall ecosystem functioning and ES bundles.

3. Policy alignment: The SEEA framework requires accounts that directly support
decisionmaking. Separating pressure from condition allows policymakers to target
specific pressures while monitoring resulting ecosystem condition changes, improving
intervention effectiveness.

Our definitions maintain compatibility with MAES data collection efforts while improving the
conceptual rigor necessary for ecosystem accounting applications.

A Duatindex Framework: Separating Ecosystem Condition and Pressure

Our proposed approach creates two separate indices that reflect fundamentally different
aspects oenvironmental assessment:

1. Ecosystem Condition Indexexclusively comprising indicators that:
Play significant roles in ecosystem processes
Contribute to overall ecosystem functioning
Reflect the natural biotic and abiotic characteristics of ecosystems
2. Ecosystem Pressure Indexxclusively comprising indicators that:
" Express stock or flow of anthropogenic origin
Act as external drivers of change in ecosystem condition
Represent forces acting upon, rather than properties of, ecosystems
Thisseparation introduces causality as a primary classification criterion:

Metrics describing inherent ecosystem properties and processes are classified as
ecosystem condition indicators, regardless of whether they represent stocks or flows
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Metrics representing humaimduced stressors are classified as pressure indicators,
whether measured as accumulated stocks or ongoing flows

This approach resolves a key conceptual tension in ecosystem accounting. Anthropogenic
stock indicators like nitrogen accumulation or impervious surface coverage, while stationary
in nature, fundamentally represent external pressures rather than intrirgiosystem
characteristics. By creating separate indices, we avoid the semantic confusion that occurs
when pressure indicators are labelled as "condition".

Operational Definitions for Separate Condition and Pressure Indices

To reflect this understanding, we propose the following definitions:

Ecosystem Condition

Within the SEEAA framework, EC represents a crucial tool for evaluating ecosystem health

and functionality. Our proposed approach focuses exclusively on natural ecosystem
OKIF NI OGSNRAGAOCAZT FEAIYAYI gAlK thé quslity BfSF A Yy A G A
ecosystem measured in terms of its abiotic and biotic characterist@sndition is assessed

GAGK NBaLISOG G2 +y SO2aeaidsSyQa O2YLRaAlA2y>
the ecosystem integrity of the ecosystérd 0 ! b S (iConditioth hdicatorsiemadmpass

here both stock and flow variables, provided they reflect internal ecosystem attributes or
dynamics of natural origin, including properties that emerge from interactions among natural
processes, even within humanodified bndscapes (but see Box 1).

This refined EC assessment can serve a dual purpose in environmental governance: offering
essential baseline ecological information to inform pclievelopment and enabling early
identification of emerging threats to ecosystem health and function. Thercagmgh is
consistent with several EU directives, including the Habitats Directive, Birds Directive, WFD,
and MSFD, all of which require regular evaluation of conservation status.

Ecosystem Condition Indicatavill be then defined as any state metric, whether stock or flow,

2F YyFGddzNF £ 2NARAIAY GKFG OKIFNIOGSNRaSa GKS SO2
vegetation configuration) or internal ecological processes (e.g. net primary productivity,
nutrient cycling), and contributes to assessing its health, integrity, and resilience with respect

to pre-defined reference or target conditions.

EcosystenPressure
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Ecosystem pressure refers to the cumulative effect of external stressors of anthropogenic
origin that affect, or risk altering, an ecosystem's structure, processes, or composition beyond
its natural range of variability.

The term "anthropogenic" encompasses all huniatuced pressures, which can be
categorized into two types: (HBrtificial elements humanmade or engineered features and
substances such as synthetic pollutants and impervious sunfaaed (2) pressures involving
naturatorigin elements modified by human activities, such as {asel change or altered
hydrological flows. This stinction is important because not all anthropogenic pressures
involve artificial components. Critically, the presence of artificnents does not preclude
ecological function. Many ecosystems, particularly urban ecosystems and agroecosystems,
incorporate artificial components while maintaining their ecological processes (Maes, 2020b).

Ecosystem pressure can be measured using Btibktype indicators(e.g., accumulated
pollutants, impervious surface cover) that represent the current state of pressure
accumulation, andflow-type indicators (e.g., emission rates, langse conversion rates,
extraction intensity) that capture ongoing pressure dynamics.

The systematic measurement of such pressures developed alongside industrial expansion,
with formal indicator frameworks emerging in the 1970s and 1980s. International
organizations played a leading role in structuring pressure assessments, notably tkineugh
OECD's PressuftatewSalLl2yaS o6t {w0 FNIQYSH62N] O6h9/ 5%
comprehensive DrivePressureStatelmpactResponse (DPSIR) model (EEA, 1999), both of
which established causal links between human activities and environmental outcomes.
Moreover, the DPSIR framework helps conceptualise the negative impacts of human activities
and resource uses, including externalities (i.e., unintended negative effects on ecosystems and
society), on ES and human weding. It enhances the capacity to deteggradation early, in

line with the precautionary principle and allows policymakers to trace the effectiveness of
regulations and policies, supporting adaptive management (see Box 2). The EU's first report
on environmental pressure indicators (European m@assion, 1999) introduced a
classification system that, when combined with state indicators, enables a comprehensive
assessment of diverse ecosystem types (Maes et al., 2018).

Ecosystem Pressure Indicatavill be then defined as any state metric (stock or flow) of
anthropogenic origin that acts as an external driver of change in the condition of ecosystems.
Examples include rates of emissions or land cover change (flows), and concentrations of
pollutants, mperviousness, or pesticide residues (stocks).
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Box 1: Anthropogenic Ecosystems.

Special Considerations for Anthropogenic Ecosystems

Urban, agricultural, forestry or other heavily modified ecosystem types present unique
challenges for the condition-pressure dichotomy. In these systems:

e The baseline "natural" state is often undefined or irrelevant.

¢ Human modifications may constitute the system's fundamental structure.

e Certain anthropogenic elements (e.g., green infrastructure, crop diversity) can
enhance specific ecosystem functions.

For these ecosystems, we propose that:

e Condition indicators could focus on ecosystem services supply capacity rather than
naturalness.

e Pressure indicators emphasize unsustainable practices or pollution rather than all
human influences.

e Reference conditions should reflect "sustainable managed states" rather than pristine
conditions that do not exist. The reference conditions could also be defined at the
socio-ecological level by considering participatory consensus approaches to define
reference levels.

Example: In urban ecosystems, tree canopy coverage would be a condition indicator
(contributing to temperature regulation and air quality), while particulate matter
concentrations remain a pressure indicator (degrading ecosystem and human health).

Application to Sustainable Use and Management

These considerations are essential for supporting the sustainable use and management of
anthropogenic ecosystems. By focusing on maintaining or enhancing their capacity to deliver
key ecosystem services while minimizing harmful pressures, policy and management
strategies can promote long-term ecological functionality, human well-being, and resilience.
Recognizing that human influence is inherent to these systems allows for more realistic and
actionable sustainability goals, tailored to specific land uses and societal needs.

Assessing environmental pressures is frequently seen asda&ect approach for evaluating
ecosystem condition, but its representation is not formally included within the S2EAhe
current framework operates on the assumption that comprehensive condition data would
render pressure indicators unnecessary forc@amting purposes. In practice, pressure
indicators, initially considered ancillary data (Czucz et al., 2021a), are often included in
condition accounts as proxies when suitable state indicators are unavailable, despite
potentially violating methodologicatriteria (CzlUcz et al., 2021b). This integration, while
pragmatic, creates conceptual challenges by combining external anthropogenic drivers with
intrinsic ecosystem properties, which can obscure causal relationships between human

activities and ecologit¢@utcomes.
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Existing classification approaches, such as MAES, have addressed this through temporal
criteria (flows vs. stocks), though this can lead to classification challenges for anthropogenic
stocks such as accumulated pollutants or impervious surfaces. Inclpisgure indicators
requires justifying pressurstate relationships (Bland et al., 2018) and acknowledges that
pressure indicators are sometimes easier to measure, as human activities often generate
more comprehensive databases than complex ecosystenestdiowever, the inclusion of
pressure in the ECT may limit opportunities for assessing direct relationships between
pressures and ecosystem states, potentially affecting integration into deeisaking
processes for sustainable ecosystem management.

Defining and classifying pressure indicators

Burkhard et al. (2018) and Czucz et al. (2021b) have defined human pressupescasses

or activities exerted by society that negatively affect the condition of ecosystdinsse
pressures manifest through physical, chemical, or biological stressors that induce quantifiable
changes in biological systems (Coté et al., 2016).

This conceptualization aligns with multiple international classification systems, including the
Living Planet Index (WWF, 2018), IPBES assessments (IPBES, 2019), and the IUCN Threats
Classification Scheme (IUCN, 2020). The Convention on Biological Diresgnizes five

principal pressures leading to ecosystem degradation:

Landuse change (including intensification)
Climate change

Exploitation of species

Pollution

Invasive alien species

arwpdE

We will use an adapted version of the Czucz et al. (2021b) ECT framework to assess the
Ecosystem pressure indicators (see Section 6.2).
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Box 2. The DPSIR Framework

From Cause to Action: Leveraging the DPSIR Framework for Smarter Environmental Policy

Overview

The DPSIR framework (Drivers—Pressures—State—Impact—Response) provides a clear, structured method
for understanding and managing the interactions between society and the environment. It is widely
used in environmental assessment and policy development at national and EU levels.

- react I'C'E|Llil e 3
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Why It Matters

Effective environmental policy requires a systemic view of how human activities influence ecosystems.
The DPSIR framework allows for the conceptualization of the negative impacts of human activities and
resource uses, including externalities (i.e., unintended negative effects on ecosystems and society), by
linking drivers to human well-being. By conceptualising these causal chains, it helps identify not only the
sources of degradation but also appropriate societal responses to mitigate and manage those impacts.

Key Components
e Drivers: Underlying social, economic, and demographic trends (e.g., urbanization, agriculture).
e Pressures: Direct effects on the environment (e.g., pollution, fragmentation).
e State: Current conditions of ecosystems (i.e., biophysical structures, processes and functions).
e Impacts: Consequences for ecosystems services, human well-being and economy.
e Responses: Policy measures and societal actions (e.g., regulations, restoration projects,
awareness campaigns).

Policy implications
e DPSIR helps monitoring and managing how environmental changes impact the flow of
ecosystem services to society. This requires policies that address not just ecological status, but
the human benefits derived from nature (Miiller and Burkhard, 2012).
e DPSIR helps identifying where interventions will be most effective, supports integrated
environmental management and planning, and improves communication between scientists,
stakeholders, and decision-makers.

Recommendation

Integrate the DPSIR framework into policy assessments and planning processes to enhance the
effectiveness, coherence, and accountability of environmental strategies. Policy should shift focus to
preventive actions, such as green infrastructure, sustainable land use, and agro-ecological practices,
rather than relying on costly downstream solutions like water treatment or habitat restoration.
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5.4. Deriving a minimum set of EC indicators

A concise and wetlefined set of indicators would allow for a standardized and consistent
monitoring of ecosystem health across different regions and ecosystem types. Besides
ensuring that all critical aspects of EC epasidered (i.e., biological, physical, and functional
characteristics), standardized indicators may allow for a better understanding of EC
worldwide. This would empower international reporting and collaboration on environmental
issues and guarantee transgency and accountability. This consistency is indeed crucial for
comparing data over time and space, enabling better tracking of changes and trends in EC.
Defining a minimum set may also allow efficient resource allocation to monitor and manage
ecosystemsby focusing on a core set of indicators to avoid redundancy and ensure that the
most relevant aspects of ecosystem health are addressed.

¢tKAd RStAOSNIO6fS 50dH G5SNRAGS | YAYAYdzy asi
SO2aeaiSy GeLlS¢ LINBaSyiaa RSGlIAfa 2y K2g GK
indicators (following the SEERA recommendations and our proposed reform, see above) was
carried out. This process draws on a comprehensive review of available data sources and an
in-depth survey of the partners involved in each WP3 Ecosystem Type (ET) expert groups. It
highlights the key data gaps required to fulfil a minimum set of indrsaémd the potential

for a common set of indicators across terrestrial ecosystems. Section 6.1 of this report
describes a systematic review performed to identify indicators and spatially explicit dataset
types used in the scientific literature in the immate period preceding the SELINA project.

Section 6.2 presents the methodological approach for operationalizing the separation of
pressure and condition indicators within the SHEX framework. Building on these two
chapters, Section 6.3 takes the londdistf indicators derived from the previous sections and
elaborates on the development of minimum sets of indicators per ecosystem type. In line with

the structure of WP3, we provide results for 8 Ecosystem Type groups (Agroecosystems,
Forests, Urban ecosysns, Wetlands, Heatrand Shrublands, Grasslands, Rivers and Lakes,

and Marine and Coastal ecosystems. In addition to potential minimum indicator sets, each
Ecosystem Type section (Sections 6.3.2 to 6.3.9) provides detailed information on:

Specific data gaps for that ecosystem type

Priority variables requiring enhanced monitoring
Existing data sources and their limitations
Recommendations for filling critical information needs

Finally, Section 7 aims to illustrate how an ecosystem pressure witiexHuman Pressure
Index (HPI) on terrestrial ecosystems could be developed, based on a minimum set of
indicators, with the ultimate aim of understanding how human activities afftéadiversity,
ecosystem functions and ultimately ES.
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6. Review of Indicators

6.1. Review of ecosystem condition indicators

6.1.1. Aims and objectives of the review

To support Deliverabls o ®H Q& | AY G2 RS@St2L) asSia 27
consistent EC monitoring, a systematic literature review was carried out to identify key
spatially explicit indicators and dataset types used to assess ecosystem condition. We
examined the commhensiveness of spatial data applications in describing essential
ecosystem characteristics. The results help to identify those indicators that are
operationalizable and repeatable across multiple contexts, serving as potential candidates for
the selectionof minimum indicator sets developed later in this report. Furthermore, the
reviewed literature items will be included in the SELINA EASE database developed in Task 6.6.

The review responded to two main research questions:

() What is the state of the art of spatially explicit EC assessment in the recent scientific
literature?

(i) What are the main indicators being applied for the assessment of EC in different ecosystem
types, and what types of data are used for their development?

6.1.2. Methods and data for the review
6.1.2.1. Key working concepts for the review

The review focused on scientific articles in which indicators were applied in a spatially explicit
assessment of EC. For our analysis, we defined spatially explicit assessments as having
continuous coverage across the studied area and being specifie@ a¢vkl of basic spatial

units (grid/pixel values), small ecosystem assets, or accounting areas. Throughout the review,
we accepted a variety of different synonyms and related concepts as being equivalent to EC,
including ecosystem and ecologistéte, health, integrity, quality, andfunction Considering

thatnonNB & OF t SR @F NAF 6t Sa FNBE FTNBljdzsSyidfe NBFSNN

our review we applied the term broadly to include battscaled and nomescaled variables.
During the review, we distinguished between individual EC indicators, describing a single
characteristic, and composite EC indices (composite indicators formed from the aggregation

of multiple individual EC indicatorat T2 NXY 'y W2 SNI NOKAY3AQ |jdz yi

Indicators were classified according to the ECT classes during the review. However, a
significant number of the indicators applied in the literature fall outside the scope of these
classes. We therefore applied an expanded set of indicator classes, asedopy Czlcz et

al. (2021a), to identify the use of auxiliary information on pressures, stable environmental
characteristics and ecosystem services which, whilst often used as proxies for condition, do
not reflect the key characteristics of ecosystemshivitthe context of theECTThe details of

0KSaS FTRRAGAZ2YI T OflFlaasSas NBFSNNBR G2 Fa (K
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review focuses on assessment of the recent literature, the dichotomy of condition and
pressure indicators was interpreted as per Czucz et al., 20214, i.e. indicators of pressure were

Of FaaAFTASR a Iy 9/ ¢b Ofl daasz hgertionisBashatzf t WL
imposed on the results.

6.1.2.2. Identification of relevant literature

To ensure transparency and minimise bias in literature selection, we took into account the
recommendations of the Preferred Reporting Items for Systematic reviews andAhetigses
(PRISMA) statement (Moher et al., 2009), which provides guidance for Hgesstof
identification, screening and inclusion of relevant items for systematic literature reviews. Fig.

2 details these steps up to retrieval of data from the final selection of studies. To identify
relevant items, we first developed a search query tibeffia central literature corpus
RSOSE2LISR gAGKAY {9VdBND RKEFak8F&b 02 { 0I5 SR
Scopus and Web of Science (WoS) online citation databases on research topics covering
ecosystem condition, ecosystem services and ecosystecounting. As the SELINA project
focuses on the most recent developments in these areas to reflect the revision of the SEEA,
the literature identified was limited to items published from 2018 to 2022. The full details of
the development of this databasand the search strategies used are described in Seguin et
al. (2025).

We filtered the initial 108,064 publications included in the database using a search strategy
F2NYSR 2F F2dzNJ 9y It A&aK 1S@& GSNXYAY A0 adyzye
WKIF oAU 1QYX QSY@ANRYYSY(iQs opegdcedrding@otie MAESI Yy R
GeLkRftf23e8 oalSa Si IftdX HAMOOUOLT AAO0 adyz2yeévya
Wa Gl dSkadl §dzaQx WKSHfGKQX Wyl Gdz2NI f ySaaQuT A
QO NAI 0f SQSYRIA@SaaS8YaQAYRAOFGAY I aLI GALF € &
SELX AOAGQT WYl LT waLk Al RAAGGNAROdzGA2Y QX
NBfl 0A2yaKALIQOU® CdzZtf RSGFIAf&Aa 2F (GKS &SI NOK
synonyms of condition considered in this work, are included in Supplementary Material. From

the resulting 10,224 publications, we excluded 4,369 duplicate records. We excluded an
additional 64 records which either referred to retractions, book chaptensl 1,164 studies

which were published in journals targeting disciplines such as health science and medicine,
mechanical and electrical engineering, and sociology, because of a low probability these
papers were related to ecosystem condition. We manuatkesned the 4,627 remaining
publications to exclude those that did not include a map (1,583 publications), as a proxy for

use of spatial data. We excluded 127 records for which no full text was available.

We screened the titles and abstracts of 2,917 publications to determine whether they met the
inclusion criterion of being an application of lB@icators. For this stage, we implemented an
automated approach using the generative Al modelgt, the details of which are provided

in Nicholson Thomas et al. (2024). This resulted in 853 papers being assessed for eligibility
based on the full textwhich were randomly assigned to 18 reviewers. The team of reviewers
was made up of WP3 members and other SELINA Consortium partners.
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Identification of studies via databases

Records in database developed
in Seguin et al.,(2025)
(n = 108,064)
=
(=]
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€ | |Records identified with search (r‘;lef%‘i‘;ms and book chapters excluded
strategy (n =10,224) Records from disciplines outside
ecosystem scope excluded (n = 1,164)
A R .
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Records included in analysis
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Data extraction 1

Figure 2: Identification of relevant literature for systematic review, adapted from the
PRISMA statement (adapted frofage et al. (2021 CC BY 4.0).

6.1.2.3. Screening and data extraction

Screening for eligibility and subsequent data collection were carried out using an online
guestionnaire developed specifically for the review. Reviewers were first asked to indicate
whether the study met the criteria for inclusion in the review based omssessment of the

full text. The criteria for inclusion were as follows:

Screening criterion 1: The publication is a scientific article written in English and
published from 201&022.

Screening criterion 2: The publication contains at least one metric that is spatially
explicit, based on quantitative data, linked to a specific ecosystem type and used by
the authors to characterise the condition of the ecosystem studied.
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Upon affirmative answers to both screening questions, reviewers were guided to respond to
a series of questions in three sections. The questions collected details of the study and its
context, the indicators used to quantify EC, and the datasets usedatbr iedicator. Data for
publications covering marine and coastal ecosystems were collected but not analysed within
the scope of this review. Instead, these data were considered separately as qualitative input
for the development of Section 6.3.8, refledithe extensive coverage of these ecosystems
under the MSFD and their distinct management priorities.

To ensure consistency and objectivity in the process, the questionnaire template was
developed collaboratively in Google sheets with most of the reviewers, and questions were
given predefined response options where possible and appropriate. Additionaligwers
received a guidance manual to clarify potential responses and were offered weekly help
sessions during the data collection period to ensure a clear understanding of the review
criteria and a high consistency in data collection. Reviewers wereueaged to avoid
interpretation of what constitutes an appropriate indicator of EC during the review process
beyond the accepted synonyms. For quality control, an initial pilot review was carried out on
a sample of publications to identify potential issuasd collect feedback to adjust the
guestionnaire as necessary and correct differences in understanding. Additionally, 2 papers
were assigned to 2 reviewers to provide a qualitative estimate of reviewer consistency,
helping to identify points where guidanceight need to be updated.

Data from the papers were compiled into a single database, which was then processed,
cleaned and analysed in R Statistical Software (v4.2.2; R Core Team, 2021), using the Tidyverse
package (Wickham et al., 2019) with additional visualisations created tistngackages

UpsetR (Conway et al., 2017) and ggsankey (Sjoberg 2021).

6.1.3. Results of the review

6.1.3.1. Context and applications of spatially explicit EC indicators

Information was retrieved from 302 papers covering terrestrial and freshwater ecosystems
including forests, urban ecosystems, rivers and lakes, agroecosystems, heathlands and/or
grasslands, and wetlands. The details of these papers are available at
https://doi.org/10.5281/zenodo.1509685%Research on EC shows disparity in geographical
coverage, reflecting known English language publication biases. A large number of studies
assess ecosystems in China (number of papejs=(87), the United States of America fn

38) and India (n= 28) (Fig. 3). There was a lower representation of studies in African, as well
as Central and South American countries, and studies addressing the Europega#E) ¢n

global scale (= 7).
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Figure 3: Number of reviewed publications per country. Note that 15 continental, EU, and
global studies do not appear on the map. Countries with no studies included in the review
are shown in grey.

Fig. 4 shows that there is also a clear bias in the type of ecosystems in which sp=pitidiy

EC indicators have been applied. 63 studies (21%) focused on the condition of forests.
hiKSNBAASS podp addzRASE ljdzZ yGATASR GKS O2yRAGA
20%). 56 studies addressed rivers and lakes (18%), and 48 urbgsteows (16%). There was

a much lower representation of wetlandsp(n 16), heathlands and/or grasslands €16),

and agroecosystems (i 16), which accounted for around 5% of reviewed literature each.
Studies applied indicators across the full rangpaiential spatial scales from patch to global
scale, but were less likely to apply spatially explicit indicators to a geographic extent at the
national scale or larger g 28 national scale studies). The primary motivation for using EC
indicators was the mapping and assessment of condition directly @01). 87 studies used
indicators for the planning or evaluation of conservation and restoration measures. Some
studies also used EC indicators in the mapping or assessment gf=E&jn
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Figure 4: Ecosystem type and spatial scale covered by reviewed publications.

Information for a total of 1,694 indicators were retrieved across all studies including 121
composite EC indices. There was a low level of reporting on the reliability of indicator
applications (Fig. 5) with some validation or grotngthing of indicatorvalues carried out for
20% of indicators. Uncertainty of indicator values was considered for only 16% of indicators,
with 10% of indicators accompanied by a quantitative assessment of uncertainty. A small
proportion of studies provided qualitative statemisnon the uncertainty of indicator values.

Uncertainty considered Validation

1000

Number of indicators
(4]
(=)
o

No Yes (quantitative) Yes (qualitative) No Yes
Response

Figure 5: Responses for a) validation of indicator values and, b) consideration of
uncertainty across individual indicators recorded.



The indicators were in the majority of cases presented as values per basic spatial unit (pixel or
grid cells) with a tendency towards a spatial resolution less than 500 m x 500 m (number of
indicators (f) = 465). In general, studies quantified EC at a single point in time, with 121
publications (n= 502) recording values at multiple points in time. The spatial resolution and
temporal recurrence of underlying data were, however, in general not specified. In the
majority of the cases where spatial resolutivas retrieved during the review, this was in
reference to remote sensing data products with a spatial resolution of 10 m x 10 m to 30 m x
30 m.

6.1.3.2. Alignment of spatially explicit indicator applications with
comprehensive assessment of EC

The approaches to indicator applications identified by the review are indicative of the
multiple perspectives from which the quantification of ecosystem condition has been
quantified within the scientific literature. Indeed, whilst only 40 studies platieeir
assessment within the context of a previously published EC conceptual framework, those that
did align their indicator selection with a variety of different frameworks, including the MAES
framework, the WFD, and Ecological Integrity metrics. Indrcsgtection varied significantly

by spatial and theoretical context, with high diversity in indicators; based on name we
identified 1,033 of the total 1,694 indicators as unique, of which 154 appeared in multiple
studies. Most indicators (83%) were not coaned to reference levels or reference conditions,
essentially remaining unscaled variables. In the event that reference levels or conditions were
used, and sufficiently described for reviewers to classify the approach, the reference was
mostly set throughan expertbased approach (& 80), a simple datdriven approach (=

50), or using a natural reference condition£r0).

Our data highlights a prevalence of indicators of structural, physical, and chemical state
characteristics, with limited examples of indicators of landscape, and compositional state and
functional state characteristics (Fig. 6a). Not including composilieators, studies used an
average of 5.5 EC indicators (with a range from 1 to 43) but employed a restricted scope in
terms of the ecosystem characteristics that these indicators represented. Indeed, none of the
reviewed literature items addressed all tBeindicator classes of the ECT (physical, chemical,
compositional, structural, and functional state, and landscape characteristics). Instead, where
multiple classes of indicators were used to quantify ecosystem condition, the most common
combinations wereghe use of indicators of structural state with indicators of physical state or
stable environmental characteristics such as temperature and precipitation (Fig. 6b). Notable
differences in the ecosystem characteristics covered can be observed across the mai
ecosystem types recorded (Fig. 6¢), with a bias towards indicators of structural state applied
in forest ecosystems and chemical state in rivers and lakes. Urban ecosystems showed a
variety of approaches, with some studies relying on physical or straicitate indicators, and
others largely based on landscape characteristics.
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Figure 6: a) Coverage of ECT classes acrossladators, b) Most frequent intersections of

ECT classes in the form of-oacurrence in studies, across all publications (more than 20

studies), c¢) Indicators per publication for Forest, Urban, and Rivers and lakes, coloured by
ECT class. Each radiadirepresents a publication.

The use of approaches outside the current framework was widespread in the literature
reviewed, with 583 indicators (37%) recorded that do not align with the descriptions of the
ECT classes (Fig. 7). These metrics primarily quantified stable environrhangateristics (n

= 176) or represented the range of diverse pressures acting on ecosystembs4(f) such as

land use intensity or the application of pesticides and fertilisers. Studies also used pre
aggregated indicators including soil or water quadlityices, or indicators of ecosystem extent

and ecosystem services to quantify EC. Indicators falling outside the ECT classes were rarely
employed exclusively to describe EC and were generally combined with ECT indicators. For
example, Fernandez et al. (P®) used indicators of pressures of road density and landscape
development intensity to support metrics of imperviousness and fragmentation of wetlands.
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6.1.3.3. Main types of data used to operationalize spatially explicit EC
indicators

The use of remote sensing data products was prevalent in the studies reviewed, appearing in
172 publications. Satellite imagery, including the use of-k@mgn multispectral imagery from
Landsat, Sentinel as well as minor usage of hyperspectral data, hsasast frequently
applied dataset subtype (& 357). In particular, the use of vegetation indices derived from
satellite imagery was widespread across ecosystem types (e.g. Abdollahnejad and
Panagiotidis, 2020; Firozjaei et al., 2020; Kayet et al., 20&9al., 2021; Roshani et al., 2023).
The use of variables derived from this type of data may include some redundancy, with 66%
of studies using lorterm multispectral imagery calculating multiple indicators from the same
data source (e.g. set of Larador Sentinel images). For example, in the study of Chen et al.
(2019), in which structural and functional variables of canopy closure, stand density, forest
age, stand volume and soil fertility were derived from Landsat imagery to describe EC, it was
noted that the spatial variation was primarily driven by a subset of the indicators used to
describe functional state characteristics. We found few examples of studies using key
continental and global processed datasets, such as various MODIS processetbdatasp

and CORINE Land Cover(84 and 19 respectively) despite their accessibility, high temporal
availability and spatibemporal resolution.

Remote sensing data was used in all ecosystem types to derive indicators of all characteristics
but was less frequently used to calculate indicators of compositional state characteristics, with
the few instances recorded restricted to indicators of tre@@ps composition (e.g. Riedler

and Lang (2018)). More frequently, indicators of compositional state relied on the use of direct
measurement data interpolated from point locations to produce spatially explicit values as
defined by the inclusion criteria {@ Pompeu (2020)). In other cases, the calculation of
functional metrics required support from complementary data types to provide a
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comprehensive assessment. For example, Zeleny et al. (2021) focused primarily on applying
functional indicators, such as net primary productivity and metabolic respiration, derived from
satellite imagery to assess EC in the context of agroecosystems @stisfdHowever, their
approach required the use of secondary spatial datasets including agricultural census data of
harvest values to show functional indicators of biomass production.

The widespread adoption of remote sensing data has significantly advanced the ability to
produce highresolution estimates of EC in forest ecosystems by leveraging multiple structural
variables for assessment (e.g. Riedler and Lang (2018), Virkkal&2624l), Lopez Serrano et

al. (2021)), see Fig. 8. To a lesser extent, we also observed the use of active remote sensing
techniques including radar and Light Detection and Ranging (LIDAR) to derive metrics of forest
structural state.
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s |
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(Field Measurements and Inventories ~
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Biodiversity index | [ Soil sampling \7
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Figure 8: Sankey diagram showing the data types and subtypes used in developing the
different classes of indicators used in EC studies in forests. Full size in Annex 3.

River and lake ecosystems were assessed primarily using chemical state metrics, as these
studies tended to equate EC with water quality. These indicators relied heavily on
measurement and field data to produce EC estimates at the local and large ecosygsstem

scale (Fig. 9). With a focus on water quality, consideration of the landscape characteristics of
freshwater ecosystems was more common in publications which also assessed other
SO2aeadsSy GeLlSa Fft2y3aARS NR O JiNErembty sensing 1 S &
data was also applied to estimate many of these water quality indicators, such as chlorophyll

a concentration, total nitrogen/phosphorus and Secchi depth (reflecting water clarity), the
use of longterm multispectral images was commgntombined with irsitu measurements

to strengthen the validity of indicator values (e.g. Markogianni et al., 2022).
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Figure 9: Sankey diagram showing the data types and subtypes used in developing the
different classes of indicators used in EC studies in rivers and lakes. Full size in Annex 3.

Studies of urban ecosystems, however, were more likely to use indicators of landscape
characteristics respectively, with publications assuming the urban ecosystem to be a mosaic
of green space and other uses (Fig. 10). The use of remote sensing datatpredaagain
observed for all types of indicators. However, compared with other ecosystem types, a higher
proportion of indicators were based on land use or land cover datasets. For example,
Soltanifard and Jafari (2019) assessed the ecological qualithah green space in Iran using
indicators of landscape composition and configuration. For urban ecosystems, we also
observed use of socieconomic datasets and indicator values derived from expert opinion.
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Figure 10: Sankey diagram showing the d&ypes and subtypes used in developing the
different classes of indicators used in EC studies in urban ecosystems. Full size in Annex 3.

In studies of agroecosystems, a variety of data types were used to develop indicators primarily
of physical state, such as metrics referring to soil structure and erodibility. Studies of wetlands
also focused on physical state characteristics, relying inost remote sensing data or Land
Use/Land Cover (LULC) datasets to develop indicators such as imperviousness. Studies on
heathlands and/or grasslands followed the general trends observed in the whole dataset, with
remote sensing data frequently used towdop indicators of the most commonly applied ECT
classes.

6.1.3.4. Most common EC indicators operationalized in the literature and
datasets used for their development

There was a high variety in the unique indicators used across ecosystem types, with only 1
indicator (Normalised Difference Vegetation Ind@¥DV)) appearing across all ecosystem
types surveyed. Fig. 11 summarises the main indicators identified in the literature by
ecosystem type, focusing on those used in more than two studies. Amongst agroecosystems,
wetlands, and heathlands and/or grasslandse threviously stated low coverage in the
reviewed literature and high variety of individual indicators applest! to only one indicator

from agroecosystems being included in Fig. 11. Within studies on forests, urban ecosystems
and rivers and lakes, lortgrm multispectral imagery is the dataset subtype most frequently
used for repeated indicators, and is employtedierive indicators such a¢DV) biomass and
ChlorophyHa. This dataset type is often combined with other remote sensing data products,
field measurements, and processed Earth Observation (EO) data. In forest ecosystems,
structural state indicatorske NDV| aboveground biomassandforest heightare prevalent.
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These indicators are typically derived from lelegm multispectral images, LIDAR, and field

data. In rivers and lakes, chemical state indicators, sucGhdsrophyHa and Secchi depth
dominate and are mainly derived from multispectral imagery but with many cases also
incorporating field data. The use of fine spatial resolution (< 500 m x 500 m) is consistent
across all ecosystems, and most records include multitemporal assessmerdska@hanges

over time. However, those indicators that also use actem@ote sensing methods, such as
Synthetic Aperture Radar (SAR) and LIiDAR, are less likely to have indicator values assessed at
multiple points in time within the same study.

Urban ecosystems presented a greater diversity of indicators and dataset types. NDVI, Land
Surface Temperature (LST), Wetness (referring to moisture content in both vegetation and
soil as derived from spectral reflectance patterns), and Normalised DifferBare Soil Index
(NDBSI) were commonly used, reflecting the inclusion of studies primarily assessing
ecosystems in China, in which these spectral indices were applied in the context of ecosystem
health assessment using the Remote Sensing Ecological(R8€&X) (e.g. Shi & Li (2021), Sun

et al. (2022), Xiong et al.(2022)). In terms of datasets, in addition to multispectral imagery,
there was significant use of soes@onomic datasets, LULC maps, and national census data.
These datasets were applied to nseme pressures, such as population and household
density, which are specific to urban environments. In some contexts, LULC data was directly
used in the form of the coverage or extent of specific classes (see Land Use/ Land Cover (LULC)
in Fig. 10). Despmtthe prevalence of landscape indicators used in urban settings, the most
frequently observed landscape indicator, contagion (reflecting the degree of aggregation of
landscape elements), was only applied in 3 different studies of urban ecosystems. [Ehts ref

the high variety of individual landscape metrics applied.
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Figure 11: Summary of main indicators (>2 instances) identified in the literature by
ecosystem type.
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6.1.4. Synthesis

The systematic literature review carried outTiask 3.2 provides key insights for the process
of developing minimum sets of ecosystem condition indicators.

RQ1: What is the state of the art of spatially explicit EC assessment in the scientific
literature?

We identified an imbalance in terms of the characteristics of EC being assessed in the scientific
literature. Notably, there was a low frequency of applications of spatially explicit indicators of
compositional and functional state characteristics. In casi, Maes et al. (2020b) did not
identify such deficits in their review, which focused on natideakl assessments and placed
lessdemanding requirements on the use of spatially explicit data. The absence of similar gaps
in their findings suggests thdhe biases observed in coverage of the ECT classes are likely
driven by limitations in data availability and usability rather than a lack of recognition of their
instrumental relevance. This also points to the relative complexity in defining and measuring
meaningful compositional and functional indicators compared to other elements of the ECT.
Efforts have been made to collate globally available datasets on biodiversity, but inconsistent
update frequencies and gaps in taxonomic and geographical coveraganrarbarrier to
widespread usage (Stephenson and Stengel, 2020). The imbalance in operationalized EC
indicator classes limits the capacity to characterise the full range of dimensions relevant for
exploring relationships with ES provision. These limiteti@onstrain the evidence base
available to decisioimakers, particularly where spatially nuanced information is needed to
prioritise actions or assess traadfs. Addressing these gaps is a pressing priority for
improving our understanding of ecosystempeaity to provide services and for advancing
more accurate and polieselevant ecosystem service accounts.

There is significant potential for such gaps to be filled, including for example developments in
processexplicit models which are facilitating increasingly realistic estimation of
spatiotemporal species diversity (Pilowsky et al., 2022). In addition weldging reliable
datasets that are spatially explicit and encompass diverse ecosystem characteristics,
understanding the uptake and validity of these datasets when used should be improved. The
development of a minimum set of EC indicators therefore ndedglace emphasis on the
data and methodological gaps and potential solutions to ensure indicator proposals are
operationalizable. Furthermore, the limited use of reference levels observed in this review
highlights a key gap in the applicability of indarat as indices and for accounting purposes
and strengthens the need for the methods being developed under SELINA Deliverable D3.3.

RQ2: What are the main indicators being applied for the assessment of EC in different
ecosystem types, and what types of data are used for their development?

In forest ecosystems, key indicators include structural state metrics suttD&4 above
ground biomassand forest height Rivers and lakes rely on chemical state indicators like
chlorophyHa and Secchi depthUrban ecosystems use a broader mix includWi®y] Land
Surface Temperatur@. S}, and NDBSI A series of indicators were identified in multiple
publications and provide inspiration for the longlists of EC indicators on the basis of inferred
transferability across contexts.
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However, across the literature reviewed, a high variability in datasets and indicators was
observed across ecosystem assessments, adding complexity to the definition of universal
minimum indicators. We observe that ecosystem types have been assessedrdlifewith
distinct focuses reflecting the environmental attributes deemed more or less essential for a
well-functioning ecosystem. This underscores the need for ecosyspuific sets of
indicators while maintaining comparability across studies. Whadedardisation would aid
compatibility, an overly rigid approach risks overlooking critical local ecosyspewific
nuances and reducing legitimacy of indicators towards stakeholders. Additionally, the limited
coverage of agroecosystems, wetlands, heattkand grasslands limits the insight that can

be carried forward from the review for these ecosystem types.

We find remote sensing, particularly multispectral imagery from Landsat and Sentinel satellite
missions, central to EC indicator development due to its accessibility, and scalability and wide
applicability of indicators derived from this data across ecesygypes. Drawing inspiration

from the concepts used to identify candidate variables Esisential Biodiversity Variables
(EBVs) (Pereira et al., 2013; Reddy et al., 2021), remote sensing has the potential to provide a
consistently updated data source foronitoring of EC. However, some ecosystem types, rely
more heavily on other data sources, reflecting their unique assessment needs and the diverse
ecosystem subtypes they encompass. Our findings highlight the broad usability of remote
sensing indicators kile underlining the importance of integrating additional datasets for
contextspecific assessments. While remote sensing offers significant advantages, its
limitations, such as potential gaps in fiseale validation, necessitate complementary field
basedmeasurements. Field data provide critical contextual insights and validation, enhancing
the accuracy and reliability of an ecosystem condition assessment based on remote sensing
derived indicators. Approaches that take into account the benefits of meltyghes of data

can result in robust, accessible sets of indicators that balance global applicability with local
relevance.

6.1.4.1. Limitations of the review

Despite the contributions of the review to understanding of the use of EC indicators, there are
several limitations to the approach taken. Firstly, the study aimed to cover a broad
understanding of ecosystem condition. However, the variety of contextshinhapotentially
relevant indicators are used may mean that relevant spatially explicit indicators for ecosystem
condition may have been overlooked. As with most systematic literature reviews, the ability
to identify relevant trends is inherently shaped bye disciplinary focus and the specific
terminology employed, which may limit the scope of insights captured. In particular, the
search strategy was not designed to capture studies focusing on partial ecosystem
characteristics without the goal of compremgve ecosystem assessment. Additionally, the
review was limited to English language published literature, excluding grey literature, and
covered a short timeframe. This restricted scope provides only a snapshot of the potential for
EC assessment and mayt fully reflect the diversity of available approaches adapted to local
jurisdictions. Newly published research rarely focuses on already established monitoring
methods, which may lead to the ovegpresentation of certain newer data types (e.g. remote
sersing) and the underepresentation of some otherwise relevant and widely used data and
databases. This is an important consideration for the later stages of the work described in this
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report (Section 6.3), as it highlights the need to give expert groups the opportunity to suggest
additional indicators that may not have been identified.

Challenges related to indicator evaluation also emerged during our analysis. The study focused

on commonly used indicators, assuming these to be representative of usability and
transferability across contexts. However, this does not amount to a full assesf their

relevance for evaluating ecosystem conditions or of factors influencing their application
beyond data availability. We note also that, whilst the extension of indicator classification to
include the ECT+ classes allows for some indicatiogl@fance to ecosystem characteristics,

the relevance of some of these indicators, deemed important by individual authors, could still

0S [dzSaiA2ySRd 5Aad0AyAdziaKAYy3I WAYRAGDARMzZ £ Q
approaches observed in tHeerature, such as treating maximum and minimum values of a

metric as multiple or one single indicator. Similarly, distinguishing and classifying individual
datasets posed challenges in some reviewed studies, as reflected in the high proportion of
dataset OF G SA2NAT SR Fa d20KSNE® ! RRAGAZ2YLFffex v
which may have different spatial or temporal coverage, potentially limiting a comprehensive
understanding of dataset characteristics.

6.2. Ecosystem Pressure

6.2.1. Pressure consideration and the SEERAframework

Building on the conceptual framework outlined previously in Chapter 4, this section details
the methodological approach for operationalizing the separation of pressure and condition
indicators within the SEEBA framework. While the theoretical justificati for this
separation has been established, implementing it requires a systematic approach to indicator
classification and validation. The development of a consistent framework for operationalizing
pressure concepts enables identification of appropriatdidators and establishment of
guantitative relationships between pressure and ecosystem condition. This separation
provides opportunities for identifying data gaps and addressing the urgency to revert trends
leading to species loss and disruption of fundantal ecological processes (IPBES 2019).

6.2.2. Operationalizing the separation of pressure and condition indicators
within the SEEAA framework

We developed a comprehensive typology of pressure indicators consistent with theEREEA
ecosystem condition indicators framework through a literature review (e.g., Vallecillo et al.
(2022); Maes et al. (2020a)). Our methodology structured qualitative datgpressure,
derived from biophysical accounts, to create a spatiaflged framework categorizing
pressures into three primary groups: abiotic, biotic, and landscape. For each group, we
defined indicator classes, categories and -sakegories enabling pper identification of
potential metrics. We then assessed stdtegories for which metrics were readily available

at European level to identify data gaps. To validate both ecosystem pressure and condition
indicator typologies, we conducted a survey witthie SELINA WP3 group, asking participants
to validate these typologies through specific questions about indicator classification. This
validation process was informed by discussions during Session 8 {Bre#k: Selection of
data, indicators and method® conduct EC assessment & Definition of reference levels in
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different ecosystem types) at the SELINA workshop #4 in Trondheim, NorwaQ (Lihe

2024). Through this consultation process, the development of the pressure typology was
endorsed, though participants noted that exact relationships between pressure and
ecosystem condition require further investigation. Natural pressures such as climate
variability and natural events (e.g., wildfire, flooding) were excluded from the typology, as

they are not direct anthropogenic drivers and can be captured through conditidicators

(e.g., vegetation productivity). Tables 2 and 3 present the final general typology for pressure
and condition indicators applicable to respective ecosystem assessments. These typologies
serve general purposes and may require modification farine ecosystems where certain
categories lack relevance (e.g., imperviousness, erosion in pressure; water availability in
state). The primary modification to the original SEHER ecosystem condition typology
involves decomposing the landscape group intacural and compositional components.

Our gap analysis and literature review identified significant data limitations for biotic
components in both pressure and condition indicators, highlighting priority areas for future

research (see Section 6.3).
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category potential spatially explicit indicators are currently available at European level. Air,

water and soil qualities should be expressed based on a rankimgedefrom the chemical
abiotic pressures.

Indicators
Group Class Category Subcategory availability
Abiotic ACI1¢ Physical Water Availability Available
characteristics condition Soil / sediment Nature / State Available
AC2¢ Chemical Air Quality Available
condition Water Quality Available
Soil / sediment Quality Available
Biotic BC1¢ Compositional Species Taxonomic Data gap/
characteristics condition diversity diversity Available
(depending on
ecosystem)
Functional Data gap
diversity
BC2¢ Structural Vegetation Cover Available
condition cover
BC3¢ Functional Productivity Productivity  Available
condition
Landscape LC1¢ Structural Connectivity Patches Computation
characteristics condition connectivity
LC2¢ Compositional Species Beta diversity Data gap
condition diversity
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category potential spatially explicit indicators are curremailable at European level.

Indicators
Group Class Category Subcategory availability
Abiotic AP1¢ Physical Water Water use Available
pressures - pressure Soll Imperviousness Available
Erosion Available
AP2¢ Chemical Air pollution Pollutants Available
pressure Water pollution  Pollutants Available
Soil / Sediments Pollutants Available
pollution
Biotic BP1¢ Compositional Species Pathogens and Data gap
pressures pressure diseases
Invasive Alien Available
Species (IAS)
Landscape LPI1¢ Physical Land/Seause Disturbance Computation
pressures pressure intensity
LP2¢ Structural Fragmentation =~ Mesh density Available
pressure

Based on these typologies, we proposed an overall picture of an ecosystem quality assessment
with all potential relationships between pressure and condition indicators (Fig. 12). This can
be assessed through overall sutalicators of environmental, biologal and landscape
qualities against a reference level, leading to an index of ecosystem condition, ranging from
very poor to excellent quality score. Climate change and human drivers (e.g., population
growth, urbanisation and industrialisation) are consel as ancillary data (i.e., indirect
drivers of change) that may affect pressure and the overall ecosystem quality, and so are not
included in the condition or pressure assessment.
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Figure 12: Overall picture of an ecosystem condition assessment. Due to data gaps on
biodiversity indicators, the biological condition of an ecosystem appears the most limited
assessment despite its crucial relevance.

6.3. Evaluation of Ecosystem Condition Indicators by Ecosystem Types

6.3.1. Methods

To provide evidence supporting the selection of a minimum set of indicators, by assessing the
relevance and relative strength of the previously proposed indicator frameworks for
evaluating EC, a survey was completed by expert groups formed within SELB\fAr\Watch
ecosystem type. The objective was to ensure that the indicators align with different ecosystem
types, verifying that they are both meaningful and applicable across varied ecosystem
contexts. The survey also provided an opportunity to identifgsimig indicators that may be

both relevant and operationalizable, but were not initially included in the framework. The
results contribute to the knowledge generation processes aiming to derive minimum sets of
indicators, by highlighting which spatialtyplicit indicators are deemed to most effectively
capture ecosystem condition and ecosystem pressure across the EU.

Three londists of indicators were developed based on the framework with minor specific
adjustments for terrestrial, urban, and marine ecosystem types. These were supplemented
with key indicators that appeared multiple times in the reviewed literaturepteng in seven
ecosystemspecific indicator lists for the ecosystem types addressed by WP3 (Urban, Forest,
Agroecosystems, Heathnd Shrublands, Grasslands, Wetlands, Rivers and Lakes, Marine, and
Coastal). Questions were developed using the selectibaria for EC indicators established

in Czlcz et al. (2021b) (Table 4). The survey began by asking whether the proposed indicator
was a good measure of EC for the respective ecosystem type, followed by a series of questions
rated on a fivepoint scale wiah were then aggregated by criteria. Respondents were then
asked whether they were aware of available spatiahyplicit data sources at the European
scale, requiring a yes/no response with the option to specify sources. Participants also ranked
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each indicator's relative importance within its class on a scalect0.1For all questions,
respondents could provide qualitative comments. While expert groups had flexibility in
structuring their discussions, each group was required to submit a singfesolkidated
response.

Table 4: Criteria for indicator selection and questions developed to assess these criteria.

Criteria Question

Intrinsic relevance | think that this is a good indicator of ecosystem condition
Framework conformity  The proposed class is appropriate
Framework conformity  The proposed category is appropriate

This indicator could also vecorded under other
Framework conformity classes/categories in the framework

This indicator meaningfully represents a characteristic of
Validity ecosystem in question

There are other indicators in the provided list which
Parsimony represent the same characteristic

There are other indicators which could more accurately
Validity/(Parsimony) represent the same characteristic

There are documented quantitative links between this
Instrumental relevance indicator and some ecosystem services

It isclear if an increase in this indicator is favourable or

Directional meaning unfavourable

The directional meaning of this indicator would change fc
Directional meaning different ecosystem subypes

The directional meaning of this indicator would change fc
Directional meaning applications at different spatial scales

The relevance of this indicator would change for different
Intrinsic relevance ecosystem sulypes

The relevance of this indicator would change for applicati
Intrinsic relevance at different spatial scales
Sensitivity to human The values of this indicator are responsive to changes in
influence pressure or management
Simplicity This indicator is easy to calculate
Simplicity This indicator is easy to understand
Reliability The values of thigdicator are subject to errors

| am aware of potential datasets that could be used to
Availability calculate this indicator at the European scale

Please rank this indicator for its importance within its EC
General assessment class (110)
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The indicator shortlists produced from this evaluation were then refined through an iterative
process in consultation with the expert groups. Feedback from these consultations informed
the selection, adjustment, and consolidation of indicators to deriveimmiim indicator sets
tailored to each ecosystem type.

The following sections present the minimum sets of ecosystem condition and pressure
indicators per ecosystem type. Because beta diversity was identified as a missing indicator for
all ecosystem types, this category (LC2: landscape characteri€iazaposional condition)

has been removed from the following tables. Specific comments on additional data gaps have
been made in the sections below.

6.3.2. Agroecosystems

Definition of the ecosystem type

Agroecosystems, as defined by the MAES (Maes et al., 2018, 2020a) framework, are classified
into cropland and grassland ecosystems, which together make up nearly 48% of the EU's
terrestrial ecosystems (i.e., 36.4% cropland and 11.4% grassland). Croplamaspass
cultivated and land temporarily left fallow, as well as horticultural and domestic areas, while
grasslands include natural and managed gia@sinated landscapes such as meadows and
pastures. Seranatural features, like field margins, hedges, gragips, lines of trees, ponds,
terraces, patches of uncultivated land, are essential components, providing important
ecological functions and ecosystem services such as habitat connectivity, pollination, and pest
regulation. Agroecosystems host some bketmost speciesich habitats in the EU, with
around 50% of European species depending on agricultural habitats. Agrobiodiversity,
including genetic resources for food and agriculture, is vital for resilience against climatic and
economic crises, ensurifigod security. As heavily humanodified systems, agroecosystems

lack a natural reference level; instead, their health is gauged by their ability to support
biodiversity, maintain abiotic resources, and deliver ecosystem services. Sustainable
management igrucial for preserving their longrm functionality and resilience. EU policies,
especially the Common Agricultural Policy (CAP), along with the Habitats and Birds Directives,
Natura 2000, and water and climate regulations, play a pivotal role in shagiogcosystem
sustainability by integrating environmental priorities into agricultural practices.

Agroecosystems face major pressures such as habitat conversion from soil sealing to shifts in
farming intensity, alongside climate change, which affects crop yields, growth patterns, and
distribution. Pollution from nitrogen, phosphorus, and pesticide uUsads to nutrient
enrichment, while overexploitation involves unsustainable water use and disruptions in
ecosystem energy flows, as indicated by the HANPP metric (i.e., Human Appropriation of Net
Primary Production; Krausmann et al., 2012). Additional aress include invasive alien
species (IAS), soil erosion, and the loss of soil organic matter.

Evaluation of the ecosystem condition indicator ldisd

For agroecosystems, the evaluation was carried out for a total of 18 condition indicators and
17 pressure indicators, for which the results are included in Annex 4.
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Agroecosystem condition

The expert group identified several additional indicators specific for agroecosystems not
included in the shortlist, and incorporated them into the assessment, inclusiaiigmoisture
deficit, Species richness (specifically regarding key species groups such as farmlaaadirds)
Share of cover cropSoil erodibilitywas proposed as a replacement foil erosionOutside

of the initially proposed categorie§ensity of seranatural areas and Fragmentationwere
additionally suggested as indicators of landpe structure. No relevant indicators of water
quality were identified for agroecosystemkivestock densityvas suggested to be more
reflective of ecosystem services and therefore removed from the selection.

Among the 17 remaining condition indicators, 14 had data reported as available. Indicators
such asSoil Organic Carbof®OC), C:N ratio, Density of semiural areas,and Taxonomic
diversitywere rated highly for importance, validity, and instrumental relevance. Scores for
simplicity were generally high, with many indicators considered both easy to understand and
calculate. Sensitivity to human influence varied: indicators #c# moisture deficiand
Species richnesscored high, whileTaxonomic diversi and Soil packing densityeceived
lower scoresNDVIwas rated lower across importance, parsimony, and simplicity. Parsimony
and reliability were more mixed. Indicators suchS8Cand C:N ratiowere viewed as both
distinctive and reliable, while others, includispil erodibilityand Net Primary Productign
showed greater overlap with other indicators or lower reliability.

Agroecosystem pressure

It was recommended by the expert group that water pollution pressures should be removed
from the framework for agroecosystems and only be applied exceptionally in cases where
reliable onfield data is available, and that air pollution should also not besmered as it
represented an external pressure acting on the ecosystem. Of the 11 pressure remaining
indicators evaluated, 9 had data reported as availaBl@limperviousnesd-ertilizer surplus
Pesticide residuesand Disturbance intensityeceived hgher scores for importance and
validity.

Scores for directional meaning and sensitivity varied. Indicators suEbrébzer surpluand
Pesticide residuewere rated as interpretable and responsive to pressures, wHienan
population and Fragmentation pressureeceived lower scores for clarity and reliability.
Several pressure indicators showed moderate scores across most criteria but did not rank
highly for overall importance due to perceived redundancy or weaker connections to
ecosystem services.

Potential minimum indicators
Tables 5 and 6 show the potential minimum indicators for describing agroecosystem
condition and pressure, respectively.

49



Table 5: Potential minimum condition indicators for agroecosystems (see Annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition.

Class Category Variable Resolu Unit Year Source
tion
AC1 Soilwater index 1 km % 2015- EU Copernicus
availability present Land Monitoring
Service
Bulk density 100m Mg/m® 2018 EU JRC ESDAC
AC2 na
na
Soil Organic Carbon 500 m g/kg 2014 JRC ESDAC
(SOC)*
BC1 Farmland bird 10 km n°/10 2013- EEA
diversity* km 2018
Bumblebee diversity 10 km n°/10 1991- Polce et al., 201¢
km 2012
Crop diversity* 10 m n 2022 EU JRC
BC2 Vegetation Share of cover crops 100m % 2016 EU JRC ESDAC
Small Woody 5mto m/m? 2017- EU Copernicus
Features* 100 m 2019 Land Monitoring
Service
BC3 Productivity Soil biomass 1 km Unitless 2016 EU JRC ESDAC
productivity
Net Primary 300m g.C/m?3 2023- Copernicus
Production d present
LC Connectivity Density ofsemi 10m % 2018 EU Copernicus
natural areas 2021 Land Monitoring

Service
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Table 6: Potential minimum set of pressure indicators for Agroecosystems (see annex 5 for

details). * = Indicators in the EWide methodology to map and assemsosystem condition.

Class Category Variable Resolud Unit Year Source
tion
AP1 Water use  Water Exploitation River % 2019 EEA
Index plus (WEI+) sub-
basins
Soll Imperviousness 10m % 2018 EU Copernicus
Land
Monitoring
Service
AP2 Air pollution Accumulated 2 km >3RI 2018 EEA
Ozone over
Threshold of 40
ppb (AOT40)*
Water na
pollution
Soill N & P surplus 1 km kg/haly 2009 EEA
pollution  peavy metals*  1km  g/haly 2009  EU JRC ESDAC
BP1 Species Pressure by IAS* 10 km Unitless 2022 Polce et al.,
2023
CP1 Landuse na
CP2 Fragmentati Mesh density 100 m n°/1000 2009- EEA
on km? 2019
Discussion

Agroecosystems cover a significant share of European land and are central to discussions on
ecosystem condition. As highly managed ecosystems, their assessment involves distinct

challenges when identifying a minimum, yet meaningful, set of EC indical@expert group
stressed that this selection was only an initial attempt at anwidé applicable set of
agroecosystem condition indicators. Many indicators had to be set aside due to lack of
consistent data. The group also acknowledged that one size noayfinall regions.

Agroecosystems in Europe are diverse and the importance of certain condition aspects can

vary. A minimal set inherently risks overlooking some regioecific condition issues. The
agreed strategy was to focus the minimum set on broaellgvant indicators (e.g. soil organic

carbon is universally relevant; sematural habitat cover is broadly applicable) and allow for
additional indicators at regional level to complement the core set. As data availability

improves, the optimal indicatoiset may shift. Thus, a forwatdoking perspective is

maintained: the minimum set should be revisited periodically.

One foundational challenge was the strict classification of indicators as either ecosystem

GO2YRAGAZ2YE 2NJ GLINSA&dzNBE ®
quality of the ecosystem, whereas pressure indicators describe externahtbropogenic
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influences. In practice, however, this boundary can blur. Certain phenomena are considered
pressure only if they reach a certain level, which muddles definitions. The group noted that
the measurement units of a metric often hint at its role: indicators swad as rates or fluxes

(per unit time or area per year) frequently signify pressures or flows, whereas metrics
measured as quantities or concentrations (stock at a given time) tend to indicate condition.
The expert group agreed that, wherever possibletual condition variables should be
prioritized instead of direct pressure metrics, aligning with SEEAuidance (UN et al., 2024).

In SELINA, ecosystem condition is understood more strictly as the ecological state of the
system, whereas the JRC approautorporates a broader set of variables, including aspects
related to management practices. For example, within SELINA, soil nutrient concentrations
(e.g., total nitrogen) are considered indicators of ecosystem condition, while nutrient flows,
such as anumal nutrient balances or surpluses, are classified as pressures. Notably, the
AYRAOFG2NJ dazAat G241 f yAGNRIASYE gl a dz GAYL G
selection process, despite its alignment with this conceptual framework.

A specific debate emerged around pressures emanating from agroecosystems (e.g., nutrient
runoff leading to water eutrophication, pesticide drift affecting adjacent habitats) versus
pressures impacting agroecosystems. Another point of discussion relatant smd water
pollution (Table 6, AP2Chemical pressure). Here, the boundary issues were highlighted. Air
and groundwater extend beyond agroecosystem limits.

An interesting dimension of the discussion was how indicators are framed in terms of naming

and calculation, and the implicit normative judgements that come with that. Some ecosystem
condition indicators can be calculated and expressed in multiple wagseXpert group gave
SEFYLX SaY C2NJ AyaidlyOSs aslGSNIoltlyOSée Aa |
GKSY oFaSR 2y GKS &lYS AyLlzi RFEGF® {AYAf L NI
interpretation. The group leaned toward vahneutral cdculation and naming to maintain
objectivity, recommending thresholds or reference levels for determining condition quality.

| 26 SOSNE &a2YS FINRSO2aeaiSYy SELISNIA& | NBdZSR i
would reduce effort needed with regard farther calculations and/or interpretation.

Soil erosion proved to be a nuanced case. On the one hand, actual soil erosion rate (e.g. tonnes
of soil lost per hectare per year) is a process of degradation often driven by external forces
(rainfall, wind) and land management (tillage, vegetation cov@r) the other hand, severe
ongoing erosion clearly signals a worsening condition of the soil. The expert group
distinguished between soil erodibility and erosion as a process. Soil erodibility (often
represented by the factor in the Universal Soil LoEguation) is an inherent property of the

soil ¢ essentially a condition indicator reflecting how prone the soil is to erosion based on its
texture, organic matter, structure, etc. It does not measure erosion happening, but the
vulnerability or resilience fothe soil. In contrast, soil erosion (e.g. in the form of modelled
annual soil loss) involves the interaction of soil condition, landscape, climate (rainfall
SNRPAAGAGROE YR YIyYylF3aSYSyid ol LINBaadiNSE O2YLx
raisedconcerns because it conflates these factors. The group therefore suggested replacing
soil erosion in the core set with soil erodibility. Indeed, prior agroecosystem assessments have
adopted this approach: for example, Steinh&fiopp and Burkhard (20183 soil erodibility
(K-factor) as a condition metric.
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When considering heavy metals as a pressure indicator, it is important to recognize that some
heavy metals occur naturally in soils due to underlying geological conditions. Therefore,
distinguishing between natural background levels and anthropogenic sniguéssential to
accurately interpret their presence as a pressure on ecosystem condition. Moreover, the
forthcoming EU Soil Monitoring Law identifies exceedances of critical heatal
concentrations or inputs as core sbialth metrics because of threimplications for soill
biodiversity, ecosystem services, and food security(Panagos et al., 2025). Embedding a heavy
metal exceedance indicator in our agroecosystem indicator set therefore ensures coherence
with the monitoring obligations that EU Memberats are expected to begin implementing
when this law comes into force.

Landscape structure indicators, such as habitat fragmentation or connectivity, are common in
ecosystem condition assessments. However, the expert group noted that fragmentation has
a different flavour in agroecosystems compared to forests or other nahahitats. In many
ecosystems, fragmentation (the breaking up of habitat into smaller, isolated patches) has
inherently negative effects for ecosystem condition, as it usually signifies habitat loss and
isolation affecting wildlife. Classic fragmentationtnes (e.g. patch size, edge density) often
interpret a more fragmented landscape as one of poorer condition for biodiversity. In
agroecosystems, by contrast, the land is primarily under production and not habitat in the
traditional senseq yet within farmand landscapes, having many sematural patches
AYiSNB2@Sy OlFy |O0Gdatte 6S 0SYSFAOALIE ® Ly
(with fields broken up by hedgerows, woodlots, grass margins, etc.) might even increase
landscape connectivity fovildlife and boost ecosystem service provision (like pollination and
biological pest control), relative to a vast homogeneous expanse of cultivation. The group
therefore stressed that traditional fragmentation metrics must be interpreted carefully for
agoecosystems. The agroecosystem group highlighted that indicators should rather
emphasize connectivity and heterogeneity. For instance, the density ofrs&tonial areas is
well-supported in landscape ecological literature as a key agroecosystem conaliétsic
(Tscharntke et al., 2005; 2012).

The use of biomas®lated indicators such alDVIor Net Primary ProductivityNPB in
agroecosystems requires caution. While these metrics are often used to assess ecosystem
functioning or productivity, their interpretation as condition indicators in managed systems is
problematic. HighNDVIor NPPvalues may reflect intensive cultivation, high fertilizer input,

or shortterm biomass gains, but not necessarily ecological sustainability, good functionality,
or a good condition.

The treatment of invasive species provoked debate on whether it signifies a condition or a
pressure. Invasive alien species can drastically alter ecosystem condition by outcompeting
native flora and fauna, so their presence and abundance can be viewedpesxya for
ecosystem degradation (i.e. a condition indicator, where high abundance of IAS implies poorer
condition). However, invasions are dynamic processes, so one might classify rates of new
invasions or spread as a pressure on the ecosystem. Theatewias taken to include this
indicator in the pressures table in line with the framework developed in Section 6.2.

Atmospheric nitrogen deposition was not included under the chemical pressure class AP2
air pollution, as it is already integrated into the calculation of the nitrogen balance indicator
(surplus/deficit), which is prioritized in this framework. Accordin g UROSTAT and EEA
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methodologies, nitrogen balance accounts for all relevant inputs, including atmospheric
deposition, biological fixation, and direct applications via fertilizers and manure (see
EUROSTAT, EEA: (EEA, 2018). Since the nitrogen balance provides a more esivgkete

of nutrient pressures, including both indicators would result in double counting. Therefore,
the nitrogen balance is prioritized as the primary indicator of nutrestated pressure, and

the Eutrophication risKN deposition exceedancshouldonly be used as a substitute when

no nitrogen balance data are available.

Limitations and constraints of the minimum indicator set

Agroforestry represents a distinct and complex lars# system that combines elements of
both forestry and agriculture. As such, it was not the primary focus of the current assessment,
but clearly warrants dedicated attention in future work to ensure itsque structural,
functional, and compositional characteristics are adequately reflected in ecosystem condition
indicators.

It was highlighted that several agroecosystem indicators are season sensitive. For example,
soil water content or vegetation cover might need to be interpreted in relation to the growing
season. Annual averages may obscure critical seasonal lows (e.gesutroughts). Thus,
indicators should be defined with appropriate temporal resolution, focusing on ecologically
significant periods.

Comparison with the EMiide methodology to map and assess ecosystem condition

¢KS INRdzL) RA&a0dzaaSR GKS SEFYLXS 2F (KS ww/ Qa
NBEOSYld 62NJ] o6t NI OOKAYA S Ff® HanHpLI HKAOK
approach. The comprehensive approach offers maximum information and flgx{ifie can

derive various indices or focus on particular issues as needed), whereas a minimum set forces
prioritization but may enhance consistency.

Data gaps and recommendations

Several relevant data gaps, especially related to the biodiversity assessment, have been
identified in the current framework due to the lack of largeale monitoring and spatially
explicit data, although these data are essential to fully assess agroeswmsy®ndition.
Addressing these data gaps will enhance our understanding of ecosystem health and
dynamics, enabling more effective environmental management and conservation strategies.
These include:
BC3: Soil biodiversity indicators sucleaghworms and dung beetles are essential for
assessing soil health and functionality
BCL1: The retained condition indicators for this category include bumble bee species as
pollinators, but this may be limited by regional differences in diversity. Additionally,
the available data source is outdated and may not reflect current bumble bee
populations. Other pollinator groups, especially wild bees and hoverflies, play an
important role in pollination ecosystem service supply. However, monitoring data at
EU scale is lacking. The European Pollinator species monitoring scheme (EuPoMS),
Potts et &, 2024 could provide valuable data to fill this gap in the future. Additionally,
the abundance and diversity of butterflies is an important indicator of grassland health
and biodiversity. However, data is not available for the EU.
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BP1: Monitoring pests and diseases is essential for understanding their impact on
ecosystem condition and resilience.

CP1: Whilst a general indicator of lange intensity was rejected due to overlap with
other pressure variables, tillage and machinery use were identified as being interesting
variables with no current suitable datasets.

AC2: Information on pesticides is highly relevant for agroecosystems. However,
spatially explicit data on pesticides is only made available by the JRC at NUTS2 level,
which limits its use to define spatially explicit pressures acting on agroecosystems.

While data on farmland birds is available, significant challenges remain in how this data is
interpreted in the context of ecosystem condition assessments. Future research should aim
to refine the methodological approaches useduch as the example fromuHgary, where
expected species composition in agroecosystems was first defined and then compared to
actual observations. When interpreting data on pollinators, it is important to recognize that
factors such as weather conditions in the preceding year tamgly influence population
dynamics and distribution patterns. Therefore, changes in pollinator distributions should be
interpreted with caution, as they may reflect shaerm climatic variability rather than
underlying shifts in ecosystem condition.

6.3.3. Forests

Definition of the ecosystem type

There is no universally accepted definition of a forest, as highlighted by Lund (2018), who
documented over 800 distinct definitions used globally. These definitions vary significantly
depending on institutional, legal, ecological or cultural contextsh wlifferences in criteria

such as minimum area, canopy cover, tree height, and land use. This diversity reflects the
complexity of forest classification and underscores the importance of clearly stating the

definition used in any given assessment.

For the selection of forest ecosystem condition indicators, we adopt the definition provided

08 UKS !'yAGSR blridAa2z2ya C22R |YyR ! ANROdz G dzNB h
than 0.5 hectares with trees higher than 5 metres and a canopy coveoref tinan 10 percent,

or trees able to reach these thresholds in situ. It does not include land that is predominantly

dzy RSNJ | ANRKR Odzf GdzNF f 2NJ dzNbBly € FyR dzaSéod t Iyl
are included in this assessment, acknovgid their ecological and economic relevance.
However, forest ecosystem conditions are varying in relation to the naturalness of forest
types. Agroforestry systems, in contrast, are generally excluded unless they meet the
minimum canopy cover and land uesgteria defined before or by national or Hélel forest

typologies. Urban forests are also not considered in this section.

Forest ecosystems face multiple human pressures, including deforestationysenchange,

and fragmentation from agriculture and infrastructure development. Pollution (e.g., acid rain
from industrial emissions), overexploitation of resources, and cliroagnge further degrade
forest health, while invasive species, recreational overuse, and fire mismanagement disrupt
ecological balance. These pressures often act together, intensifying their impact and
threatening forest biodiversity and resilience.
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Evaluation of the ecosystem condition indicator ldisd

For forests, the evaluation was carried out for a total of 39 condition indicators and 32
pressure indicators, for which the results are included in table Annex 4.

Forest ecosystem condition

The expert group identified several additional indicators and incorporated them into the
assessment, primarily focused on indicators of structural state reflecting forest structural
complexity, such a¥ariance in forest canopy heighhd Variability of size (e.g. number of
diameter classes)More contextually specific indicators for BFrdportion of native tree
speciey and CSIMariance in forest patch sigerere also proposed for evaluation.

Among the 36 state indicators, 29 had data reported as available. A number of indicators,
including Functional diversity, Net Primary Production, Tree cover, Mean patchaside,
Variance in forest patch size@gere rated highly for both importance and validity. These were
also supported by strong scores for instrumental and intrinsic relevance. Scores for simplicity
were generally high, with many indicators considered easy to interpret and calculate.
Indicators such asForest age SOC and Tree height (averge) demonstrated strong
consistency across simplicity, reliability, and sensitivity to human influence. Several indicators
capturing vegetation structure (e.gcanopy heightVariance in canopy heighEnhanced
Vegetation Indekalso performed well across multiple criteria. Some indicators, includgiag

Area IndexNDV] and PSRIreceived lower importance and parsimony scores, suggesting
limited distinctiveness or perceived relevance. While these indicators were supported by data,
their conceptual fit apeared weaker compared to others. Sensitivity to human influence was
variable. Indicators likEorest cover densignd Connectivity indewere rated as moderately
responsive, while indicators representing static attributes, sudBaessl areascored lower in

this dimension.

Forest ecosystem pressure

The expert group proposed to exclude indicators of water pollutiditrogen depositiorand
fertilizers (NP surplusfor forest ecosystems. Of the 22 remaining pressure indicators, 12 were
associated with available data. Indicators suclsas imperviousnesSulphur dioxideHeavy
metals and Land consumptiorreceived high importance scores and were also rated
favourably in terms of validity and sensitivity. Indicators covering air pollut@rorie
Particulate matter and Nitrogen dioxidg¢ received modeately consistent scores across
validity, instrumental relevance, and reliability. In contrd3tirn severityand Increase in air
temperaturehad more mixed profiles, with lower reliability and simplicity scores despite their
importance. Simplicity and parsimony varied widdland consumptiorand Pressure by
invasive alien specigmerformed well in these areas, whereas others I8@l acidityand CO
levelsshowed lower reliability and clarity in interpretation. Among those scored, pressures
associated wittthemical inputs and structural change in the landscape were generally better
supported than biological or hydrological pressures.

Potential minimum indicators

Tables 7 and 8 show the potential minimum indicators for describing forest condition and
pressure, respectively.
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Table 7 : Potential minimum condition indicators for forests (see Annex 5 for details). * =
Indicators in the Edwide methodology to map and assess ecosystem condition.

Resolu

Class Category Variable tion Unit Year Source
ACl Water Soil water index 1 km % 2015- EU Copernicus
availability present Land
Monitoring
Service
Soll Soil erodibility 500m thah/ 2014 JRC ESDAC
condition ha.MJ.m
m
Bulk density 100m  Mg/m® 2018 JRC ESDAC
AC2 Air na
Water na
Soill SOocC* 500m  g/kg 2014 JRC ESDAC
C:N ratio 500 m Unitless 2019 JRC ESDAC

BCl1 Species Forest bird diversity 10 km n°/10 km 2013-2018 EEA

diversity
Proportion of native 1 km % 1993- 2013 De Rigo et al.,
tree species 2016
BC2 Vegetation NDVI* 1 km Unitless 1999- 2020 EU Copernicus
cover Land
Monitoring
Service
Aboveground 100 m Mg/ha 2022 Santoro et al.,
biomass* 2025
Tree cover density* 10100 % 2021 EU Copernicus
m Land
Monitoring
Service
Canopy height 30m m 2019 Popatovet al.,
2020
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Resolu

Class Category Variable tion Unit Year Source
BC3 Productivit Net primary 300m  g.C/m#d 2023- EU Copernicus
y production present Land
Monitoring
Service
Soil Biomass 1 km score 2016 JRC ESDAC
Productivity
EU Copernicus
LC Connectivit Connectlwty index o 100m % 20182021 Lanq .
y seminatural areas Monitoring
Service

Table 8 : Potential minimum pressure indicators for Forests (see Annex 5 for details). * =
Indicators in the Eiwide methodology to map and assess ecosystem condition.

Class Category Variable Resolu Unit Year Source
tion
AP1 Water use na
Soll Imperviousness 10m % 2018 EU
Copernicus
Land
Monitoring
Service
Soil loss dueto 100 m Mg/haly 2010 JRC ESDAC
harvesting and
fire

AP2  Air pollution Exceedance of point  eg/haly 2000- 2020 EMEP/EEA
critical loads  grid
for acidification

Exceedance of point  mol 2022 EMEP/EEA
critical loads  grid Neqg/haly
for

eutrophication
*

AOT40* 2 km >3RI 2018 EEA
Water na
pollution
Soil pollution  Soil acidity 10m pH 2012-2018 EU
Copernicus
Land
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Class Category Variable Resolu Unit Year Source

tion
Monitoring
Service
BP1 Species Insect and 1lkm area 1963- 2021 Forzieri et
disease affected al., 2023
disturbances (ha)
Pressure by 10 km unitless 2022 Polce et al.,
IAS* 2023

CP1 Landuse na

Disturbance Number of 30 m n® events 19852023 VianaSoto

disturbance and Senf,
events 2024
CP2 Fragmentation Mesh density 100 m n°/1000 2009-2019 EEA
km?2

Discussion

The distribution of forest condition indicators across EC categories is notably uneven.
Structural indicators, such aanopy heightindaboveground biomassare overrepresented.

The popularity of studies focusing on indicators of forest structure is largely due to their
usefulness as proxies for biodiversity (McElhinny et al. 2005). Monitoring the various
populations of organisms typically requires substaingéxpertise, financial resources, and time
investment. Forest stand structure can serve as anlyeaseasurable surrogate variable, as

well as a factor that helps explain the causes and patterns of biodiversity within a forest
ecosystem (Spies 1998, Melin et al. 2019). The availability of remote sensing data, their ease
of measurement and their quani#ble relationship with forest structure measurements has
AAIAYAFAOLIYyGEte AYONBlFaAaSR GKSANI L2 LMz F NAGe | a
Fassnacht et al. 2023).

In contrast, functional and compositional indicators, although ecologically vital, are
underrepresented, primarily because of data limitations and the complexity of their
assessment. Compositional data are available from national inventories, which anenoft
harmonised or accessible (Vidal et al. 2016). Whereas remote sensing data are suitable to
identify tree species (Schadauer et al., 2024), mixed deciduous forests represent a serious
challenge (Rueva et al. 2025). The most effective methods, ust@itpining LIDAR and
optical, especially hyperspectral data, require special expertise and resources, which still
prevent them from being used over large areas in many countries. However, so far they were
tested mainly on the local scale (Riedler et al. 2A1iké et al., 2022).

Recent advances in remote sensing have opened new avenues for assessing ecosystem
functioning. Satellitdbased approaches offer promising tools for monitoring ecosystem
functional attributes, such as productivity, seasonality, and energy balance (Petétrall,

2018). In particular, the concept of Ecosystem Functional Types (EFTSs) has gained traction as
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a means to classify ecosystems based on their functional dynamics rather than solely on
structural or compositional traits (Alcar&egura et al., 2006; Alcar8egura et al., 2009;
Cazorla et al., 2021). These approaches, often based onstmes analyis of vegetation
indices, provide a valuable framework for integrating functional diversity into conservation
and monitoring strategies.

Discussions among experts highlighted the need to ensure that each indicator class is
represented to avoid overlooking critical aspects of forest condition. It was also suggested
that weighting indicators based on ecological relevance and data reliatolitg help address

this imbalance and improve the robustness of condition assessments.

Limitations and constraints of the minimum indicator set

The concept of a minimum common set of indicators, while intended to standardise
assessments across the EU, presents several challenges. One key limitation is the risk of over
simplification, as for some purposes, such as assessing the local effectivdnfsest
management measures, the minimum set may obscure important ecological nuances,
particularly in diverse forest types.

Another challenge is the presence of overlapping indicators that measure similar aspects of
forest condition. For instance, bothDVland LAlprovide information on vegetation cover,

but they usually correlate and thus using them together may exaggerate certain
characteristics without offering additional insight. Specific purposes such as integration with
ES assessment may call for prioritisomge indicator over the other (Cimburova and Barton,
2020). Having a fixed set of indicators can be too rigid, mgakdifficult to adapt assessments

to the specific ecological conditions and data availability of different regions.

While relevant for specific policy assessments, indicators suctieadwoodor endemic
specieswere omitted due to data or methodology limitations. This further reduces the
completeness and ecological relevance of the assessment. The selection of indicators for
forests also lacks a variable of intensity of use. The ratio between available woaiuibiev

and wood extracted was raised as a potential indicator, however it was decided to not include
this indicator due to potential for confusion and double cangtof ES.

Comparison with the E\ide methodology to map and assess ecosystem condition

The EWwvide methodology to map and assess ecosystem condition (Vallecillo et al., 2022)
adopts a narrower scope in its selection of indicators, particularly within the chemical pressure
category. It places a strong emphasis on compositional indicatorshywhile important, are

often difficult to implement due to data gaps and limited spatial coverage. In contrast, the
approach used in this review advocates for a broader and more flexible framework that
integrates expert judgement and accommodates reglosecificity. Notable differences
involve the inclusion of plantation forests, whereas Vallecillo et al,. (2022) tend to focus on
more natural forest types. This review also places greater emphasis on functional indicators
and landscape metrics, recogmigitheir importance in capturing ecosystem processes and
spatial dynamics.

Data gaps and recommendations
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Several limitations affect the robustness and comparability of forest condition indicators.
Firstly, spatial resolution remains a significant challenge. Many indicators are derived from
EUwide datasets, which, while comprehensive, may not capture loc@hitity. In contrast,
nationat and municipalevel data often offer higher resolution, but suffer from a lack of
harmonisation across countries, despite ongoing efforts in Europe (ENFIN, 2024). Functional
diversity, which is essential for ecosystem lieace and ES supply, is difficult to quantify and
often lacks consistent reference levels. Meanwhile, indicators sudtiDadare widely used

due to their comparably high accessibility, despite their limited ecological specificity. The
inclusion of game species and browsing pressure, such as deer and wild boar, as indicators of
forest ecological balance and sustainability, isoalnconsistent, despite their recognised
impact on forest regeneration and structure (Zoltan et al. 2023), and on forest bisdiver
(e.g., Afonso et al 2024, Lecomte et al. 2024). This is often due to data availability issues, or
the quality of the available data (Hardalau et al. 2024), and to the modelling approaches that
may not allow reliability at small forest patch level (88¥ETWILD consortium et al. 2022).

Temporal gaps also pose a problem. Creating field data time series is resuercgve and

thus largescale datasets inevitably have a relatively low frequency of revisits. Although
remote sensing datderived indicators such as thidDVland the Normalized Difference
Infrared Index(NDII) provide valuable timgeries data with high temporal resolution, their
interpretation is difficult or even impossible without contextualising with auxiliary data (e.g.,
on age, species, site, earlier management actsjt@r local knowledge. Furthermore, many

of the more easily accessible indicators (derived from optical satellites) are only suitable for
the study of the highest canopy levels, failing to catch vertical diversity and the characteristics
of the lower canog layers. Another limitation is the lack of spatially explicit data for certain
indicators. For example, variables such as soil organic carbon are frequently modelled or
inferred, which can reduce their precision and reliability. National inventories,hwhiry be
suitable to detect such changes, are usually ptke and as such do not provide complete
coverage. Thus, for different reasons, the indicators may fail to detect subtle ecological
changes or the impacts of forest management practices. Morealiscrepancies can arise
between indicators derived from statistical models and those based on direct observation.
Some indicators rely on proxies, such as nitrogen deposition exceedance, which may not align
with observed forest conditions on the groundastly, agroforestry systems are notably
underrepresented in current datasets, despite their ecological importance in transitional
zones. Despite these limitations, there are significant opportunities to enhance forest
condition assessments through synemgi@ith ongoing EU programmes. Notably, Sentinel
data offers a powerful platform for improving spatial and temporal resolution across the EU.
With 10-meter spatial resolution and-8ay revisit cycles, Sentin2lenables consistent and
scalable monitoring offorest ecosystems (Copernicus, 2023). Sentinelith its radar
capabilities, further supports biomass estimation and structural analysis of forests (ESA,
2022). While models and fieldwork remain essential, integrating Copernicus data can
strengthen theaccuracy, coverage, and timeliness of forest condition indicators.

These limitations and opportunities together highlight the need for improved data
integration, methodological transparency, and the development of more corgersitive
indicators. As an applicability example, Box 3 shows how the use of a reduced nuimber o
indicators can be used for assessing EU forest condition.
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Box 3: Key Messages for Forests

Tracking the Pulse of Europe’s Forests: A Condition-Based Approach to Restoration

Why Forest Condition Accounts Matter

Forests cover 35% of Europe's land area and are crucial for biodiversity conservation and climate change
mitigation. Despite overall forest expansion, degradation continues to threaten the ecosystem services they
provide. The lack of a consistent EU-wide standard for assessing forest health hinders effective monitoring,
restoration, and policy enforcement. Forest condition accounts address this gap by providing a robust, repeatable,
and internationally recognized framework for measuring and tracking the ecological condition of forests.

How Forest Condition Indicators Works

Using the SEEA-EA and high-resolution spatial data, Maes et al. (2023) assessed 44 forest types (2000-2018)
across 1.96 million km?, scoring forests from 0 (degraded) to 1 (natural reference). The method includes:

# Selecting 7 variables spanning abiotic, biotic, and landscape characteristics: Vegetation water content,
Soil organic carbon, Species richness of threatened forest birds, Tree cover density, Forest productivity,
Forest connectivity and Landscape naturalness

Benchmarking conditions against primary/protected forests to derive reference level

Rescaling indicators and aggregating them into a condition index (0-1 scale)

Visualizing and reporting results in maps and accounting tables

)
[

.

7

)
[

Benefits and Limitations

# Enable cost-efficient, broad scale and consistent EU forest monitoring

# Support forest spatial planning and policy decisions

» Reference condition estimation is limited by human-altered baselines

» Data gap constrains the effectiveness of the result (i.e., risk of over-simplification)

~ Policies must support long-term monitoring because condition changes are slow
Policy Applications

# Aligns with the EU Green Deal, Biodiversity Strategy, and LULUCF* targets

> Identifies priority areas for restoration and funding (e.g., EU Forest Strategy and LIFE investments)

» Supports integration of natural capital into national accounting

» Aids territorial planning through spatially detailed insights
Recommendations

» Strengthen in situ validation with forest inventories for enhancing forest data system

Integrate forest management-sensitive indicators (e.g., deadwood, Tree species richness, Age structure)
Improve spatial data resolution, temporal update and harmonization across regions

[

= - a) Forest condition index

T Figure: Forest condition in Europe
for the year 2018. Forest condition
. varies widely across Europe, with

- | particularly healthy forests found
‘J in the eastern Alps, the
Carpathians, Scandinavia, and

- along the Black Sea coast. In

' contrast, regions such as the
Atlantic plain, the British Isles, and
"; the Iberian Peninsula exhibit a

+ more scattered forest distribution

with generally lower forest

_* conditions. Between 2000 and

; 2018, 63% of the forest area

" improved, but 37% declined,
especially in Southern and Eastern
Europe. (Maes et al. 2023).

Y

© DuraGengraphics for the administrative bourdaries

*LULUCF (Land-Use, Land Use Change and Forestry) covers carbon emissions and sequestration by forest ecosystems
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6.3.4. Urban ecosystems

Definition of the ecosystem type

Urban ecosystems can be defined as bugtland and the surrounding soeezological
technological systems where the majority of people live (Andersson et al.2021). Urban
ecosystems are therefore a mosaic of anthropogenic, natural and-satural land coers
(Vallecillo et al., 2022).

Urban ecosystems are primarily impacted by human pressures such asidanchange,
habitat loss, and pollution. Urbanization replaces natural areas with buildings and
infrastructure, leading to fragmentation and a decline in biodiversity. Air, watergnaisd

light pollution are prevalent, affecting both human and ecological health. High resource
consumption and waste generation strain local environments, while the urban heat island
effect alters local climate conditions. Urban systems are primarilygdesi to meet human
habitat needs, with green infrastructure often focused on delivering cultural and regulating
services rather than supporting biodiversity. Invasive alien species, frequently introduced
through gardens for their aesthetic and culturalual exemplify this prioritization. However,

the spread of these species, displacing native vegetation and reducing biodiversity, combined
with the limited availability of green spaces, places additional stress on urban ecosystems and
diminishes their capaty to provide essential ecosystem services (e.g., air quality and climate
regulation, pest and disease control).

Evaluation of the ecosystem condition indicator ldisd

For urban ecosystems, the evaluation was carried out for a total of 31 condition indicators and
24 pressure indicators, for which the results are included in Annex 4.

Urban ecosystem condition

The expert group identified several additional indicators for Urbeosystems that were not
already included in the shortlist, and incorporated them into the assessment, inclBdiiy
(Biochemical Oxygen Demandyee canopy coveland Share of green (and blue) space
Additionally, it was proposed to include multiple potential air quality indicators under class
AS2, includin@M2.5, PM10, N®andSQ. A total of 9 indicators received negative feedback,
with 7 marked as "Disagree" and 2 as "Strongly disagree" regarding their position as a good
indicator of urban EC.

Among the 20 remaining condition indicators, 15 had data reported as available. Indicators
such asTree canopy coverSoil imperviousnes#M2.5 and NO> were scored as most
important, and also received consistently high ratings across validity, directional meaning, and
instrumental relevance.

Simplicity scores were generally high, particularly for indicators related to vegetation cover
and air quality. Indicators such @see canopy covend Share of green and blue spagere
rated as both easy to understand and operationally feasiB@Cand NDVlalso performed
well across multiple dimensions. Sensitivity to human influence was more variable. Indicators
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such asSOCNDMI| and Connectivity indexvere viewed as responsive, while composite
metrics like Patch Cohesion Indeand Landscape Fragmentation Indeeceived more
moderate ratings across sensitivity and reliability. Indicators addressing air qurRNtyQ(
PM2.5 SQ, andNQ) were consistently rated highly for validity and instrumental relevance,
reflecting both their interpretability and their documented links to urban environmental

conditions.

Urban ecosystem pressure

Among the 21 remaining pressure indicators, 10 had data reported as avafairieal rate
of net soil sealing, Noise pollution leyeasid Light pollution levelsvere identified as highly
important and performed well across simplicity, directional meaning, and relevance criteria.

¢KS 3INRdzLI NI y1 SR W{2Af

an indicator of state.

AYLISNIDA2dzaySaaQ KAIKE

Air pollutant indicators €Q NG, PMx Ozone and SQ) received moderately high ratings
across most criteria, though their importance scores varied. Ratings for validity, instrumental
relevance, and simplicity were generally consistent across this group. Indicators related to
waste, water extraction, and scenchemical inputs were deemed not suitable for assessing
urban ecosystem condition. Wateelated indicators were not discussed by the expert group
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urban ecosystems were particularly focused on atmospheric and physical pressures.

Potential minimum indicators

Tables 9 and 11 show the potential minimum indicators for describing urban ecosystem
condition and pressure, respectively.

Table 9 Potential minimum condition indicators for Urban ecosystems (see annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition

Class Category Variable Resold Unit  Year Source
tion
ACl  Wateravailability Data gap
Soil condition Data gap
AC2  Air na
Water na
Soil Data gap
BC1  Species diversity Data gap
BC2  Vegetation cover Tree cover 10-100 % 2021 EU Copernicus
density* m Land Monitoring
Service
Natural elements Share ofgreen 10m % 2021 EU Copernicus
(and blue) Land Monitoring
space* Service
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Class Category Variable Resold Unit  Year Source
tion
BC3  Productivity Net primary 300m g.C/m 2023- EU Copernicus
production 2/d prese Land Monitoring
nt Service
LC Connectivity Connectivity 100m % 2018 EU Copernicus
index ofsemt 2021 Land Monitoring

natural areas

Service

Table 10 Potential minimum pressure indicators for Urban ecosystems (see Annex 5 for
details). * = Indicators in the Ewide methodology to map and assess ecosystem condition

Class Category Variable Resolu Unit Year Source
tion
AP1 Water use na
Soill Imperviousness I0m % 2018 EU
Copernicus
Land
Monitoring
Service
AP2  Air pollution Annual average 1 km ug.ne 2022 EEA
concentration of
PM2.5
Water na
pollution

Soil pollution  Data gap

BP1 Species Pressure by IAS* 10 km unitless 2022 Polce et al.,
2023
CP1 Landuse Light pollution levels 10 nW/icm?/ 2021- SDGSAT
40m Sr present
CP2 Fragmentation Mesh density 100 m n°/2000 2009- EEA
km2 2019
Discussion

Air quality indicators and imperviousness, whilst deemed important byetkgert
group, are not included in the minimum set of condition indicators, as they were
deemed to be pressures under the definitions proposed in Section 5.3.

A clear definition of the boundary of the assessment is a precondition for any
application, since many indicators are meaningful only when applied at a specific
spatial scale (single sematural patch within the urban matrix vs. neighbourhood vs.
entire aty). While the resolution specified in the tables above always refer to a
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hypothetical raster map, the variables can also be calculated on different spatial units,
which can be more meaningful than a grid, depending on the purpose of the
assessment.

Because of data gaps (expanded upon below) the minimum set of condition indicators
is rather limited to indicators related to vegetation.

Limitations and constraints of the minimum indicator set

The use of a single metric to describe landscape characteristics such as connectivity in
urban ecosystems is limited, since landscape metrics only capture a very specific
aspect of the green network. Combining several metrics is always a good practice.
PM2.5was selected by the urban ET group as the most important air quality parameter
in urban areas due to its direct link to human health. Other indicators linked to more
direct impacts on vegetation could have also been considered, sus®a40but they

are not commonly monitored in urban areas.

NPPis a relevant variable linked to several functions and to the supply of ecosystem
services by urban ecosystems. However, it requires careful interpretation to duly
consider the limitations of the most common methods used to calculate it as well as
the human inputs involved and their potential negative impacts.

Comparison with the EMide methodology to map and assess ecosystem condition

Only some of the variables listed in the-izidle methodology are present in the minimum set
described in Tables 9 and 10 above. This is partly due to data gaps, already acknowledged in
the JRC report, especially related to ssidilcarbon stockndheavy metals in sgilto species
composition éutochthonous woody vegetation species richness, urban bird species richness,
andwild pollinators indicatoy, and tonoise pollution exposurdll these variables have been
discussed by the urban ET group and ldek of data to measure them in a consistent way
across the EU was highlighted as a major constraint to urban condition assessments (see
subsection below).

The EUwide methodology also includes two variables related to riparian vegetation:
(semi)natural riparian land coveand riparian fragmentation Although deemed highly
informative, these were not included in the proposed set as they apply only to a subset of
European cities.

The main commonalities between the proposed set and thenitlé methodology are in two

key structural state variables focusing on vegetation tiee canopy coveestimated here as

tree cover densifyandgreen space % $ KA OK ¢S NBYlFIYSR Ayid2 daakl
space, to also highlight the contribution of water areas). Besides being simple to measure and
to understand, and having a clear directionality, these two variables are of great policy
relevance as they arat the basis of the targets set iArticle 8 of the Nature Restoration
Regulation. The urban ET group also discussed the upe@hiness (max annual ND¥§ a
suitable variable for urban areas. Despite acknowledging its usefulness, especially in data
scarce contexts, the two proposed variables based on a detailed mapping of green/blue
elements and vegetation now available in the Copernicus datasets wergidesed more
precise and of easier interpretation.

Analogous considerations were done on two other variables based on remote sensing data
included in the Elvide methodologyNDMIlandplant evapotranspirationBoth variables can
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be used to describe vegetation physiological status and functionality, but their interpretation

is not easy, especially if taken alone without additional information on the state of vegetation
and soil (e.g., canopy cover and vegetation type). Settingpglesreference level for such
variables considering the climatic variability across European urban areas was also considered
impractical.

Similar issues with interpretation were raised regarding variables that combine physical
conditions of urban areas with population, for exampheperviousness per inhabitarmtr

green space per inhabitanf correct interpretation of changes in such variables, especially in
urban areas characterized by a shrinking population, was considered potentially challenging
by the members of the urban ET group. Besides these limitations, the variable included in the
EUwide methodologywaste generated per inhabitanvas criticised because the impacts
generated by urban metabolism affect areas larger than human settlements, often involving
telecoupling effects that would be too simplistic to attribute only to urban are&is.

L2 t £ dzi | vy O a Gndprésgute Byinvasivelalle speciastead, were regarded by the
group as highly important variables to measure urban conditions and were both included in
the proposed set.

Finally, landscape characteristics captured by variables suokegsity and fragmentation of

the green networkvere considered key to understanding the condition of urban ecosystems.
Several alternative landscape metrics were discussed, with the limitations already highlighted
above. However, the variable proposed in the-Eide methodologypatch richness or
Shannon Diversity Index of land cover types criticized as its values depend too much on
the land cover classification adopted and changes in the value of such variable are hardly
interpretable. According to the urban ET group, other landscape metrics, ddcois the
connectivity and fragmentation of green and blue patches, are more suitable to describe
relevant characteristics of urban areas. These indicators assess spatial patterns across the
urban landscape, reflecting the ability of cities to support bredsity and human weleing.
Improved connectivity enhances habitat quality for species and access to nature for people,
linking EC to the delivery of ES (e.g., climate and flood regulation, recreation and mental well
being) in a meaningful way, espetyain densely built environments where multifunctional
green infrastructure is essential.

Data gaps and recommendations

Generally, discussions with the expert group highlighted that many indicators used for other
ecosystem types are highly relevant for urban ecosystems, but that the data tends to be less
available for urban areas or to have a resolution unsuitable to captlevant properties of

urban areas. For example, while urban areas have a key role in the global carbon cycle, the
distribution and magnitude of soil organic carbon stocks in urban areas is insufficiently
described (Guo et al., 2024). Similarly, avadabiaps at European level based on the
interpolation of the LUCAS database (see e.g. Panagos et al. 2024 on soil bulk density) do not
cover urban areas due to the limited number of soil samples. Ongoing efforts to improve
monitoring activities, e.g. in theontext of the Soil Monitoring and Resilience Directive, aim

at strengthening existing initiatives and enhancing standardized data collection across the EU
and will provide valuable datasets to monitor urban EC in the future.

BC1: As is common across all ecosystem types, taxonomic diversity is highly relevant,
but limited by data gaps. Pollinators, native bird species, native vascular plants, and
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specific arthropod groups (e.g. butterflies, beetles, bees) are among the key species
groups that are often monitored in urban areas, for example in the cities that apply
the Singapore Index to monitor biodiversity. No data source of urban areas at EU leve
can currently be identified, but ongoing initiatives will produce relevant data in the
future. Among them is the EU Pollinators Monitoring Scheme that will also focus on
urban habitats, for which guidelines have been developed by the Safeguard project
(Tremblay and Underwood 2023). Citizen science initiatives are also more widespread
in cities than in other ecosystem types, and can be leveraged as a source of data to
feed and complement modelling approaches.

BP1: Density of street dogs and feral cats was raised as an important indicator of
speciesrelated pressures on urban ecosystems in certain settlement areas and their
surroundings, but the relevance of such indicator depends on the context and no
consistert monitoring of this is currently in place at the EU level.

CP2: Alongside light pollution levels, noise pollution is a priority area for future
research. However this currently lacks sufficient and spatially explicit data. As part of
the reporting under the Environmental Noise Directive 2002/49/EC, some Member
Staes provide, besides the mandatory indicators, also maps of noise pollution levels
in urban areas (see EEA, 2024b). However, not all cities in the EU are targeted by the
Directive.

An alternative approach to help fill data gaps and inconsistencies for assessing urban areas
could be the use of performance indicators used in green point systems. These indicators are
valuable policy tools for assessing urban sustainability, livegbiibd resilience, by
integrating environmental, social, economic criteria, and ecosystem services (Cortinovis and
Geneletti 2020), however the expert group chose not to include them as condition indicators.
These indicators are typically composite indi¢kat combine various green area types,
weighted according to their contributions to biodiversity and ecosystem services. Collectively
known as Green Area Indicators (GAISs), these systems assign scores to urban features at the
city, neighborhood, or buildplevel. They support sustainability assessments, guide planning
decisions, benchmark progress, and inform both policy and investment. Developed to meet
specific local policy priorities in different European cities (e.g., Ring et al. 2021; Stange et al.
2022), GAls cover a broad range of performance dimensions: environmental (e.g., air quality),
social (e.g., access to green spaces), technological (e.g., smart infrastructure), resilience (e.g.,
flood mitigation), and spatial planning (e.g., mixgse zoniny While not suited for condition
accounting due to their composite nature, these systems play a critical role in supporting
urban climate goals, green infrastructure strategies, and eviddérased policymaking. Their
potential could be further enhancedytestablishing a harmonized framework across Europe,
including a core set of common indicators, to enable consistent mapping and comparison of
urban areas.
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6.3.5. Wetlands

Definition of the ecosystem type

The EU does not have a single, formal definition of "wetland" enshrined in any law. Wetlands
are complex ecosystems that interact strongly with adjacent terrestrial and aquatic
ecosystems. Although usually they are defined based on the presence of watktha
geological/ geomorphic, hydrological, hydrbemical and biotic characteristics (Fitoka et al
2017). They often encompass transitional zones and spatially and temporally dynamic areas,
so the exact placement of the wetland boundary is difficulttfen, they have been defined

with different criteria (e.g. vegetation composition, hydromorphological properties, etc),
which has posed challenges to agree on harmonized typologies (Vehmaa et al. 2024). Also,
international definitions of wetlands (Ram3$jpencompass various ecosystem types, including
fresh water bodies and marine systems, that are classified as separate types in European
ecosystem typologies (Maes et al. 2013). Therefore, in Europe, wetland ecosystem
management is partially addressed byffelient legislative instruments (EU Biodiversity
Strategy and Nature Directives, Climate Strategy, WFD, Flood Directive, MSFD). Though
actions under the different EU legislations have some synergetic effects on wetland
management and conservation, they mgtheless lack objectives explicitly targeting the
whole wetland ecosystem integrity (Biodiversity Information System for Europe (BISE) (n.d.)).

The MAES typology (Maes et al. 2013), defines two broad types of wetlands, based primarily

on water salinity: 1. Inland wetlands: The class includes natural or modified mires, bogs and

fens, as well as peat extraction sites. 2. Marine inlets and transitaters: ecosystems on

the landwater interface under the influence of tides with salinity higher than 0.5%. They
include coastal wetlands, lagoons, estuaries and other transitional waters, fjords and sea lochs

as well as embayments (Snethlage 2015, Kaitet al. 2017). In this section, we include the
SO2aeadsSy GeLlSa aLyftryR ¢gSGflyRageg FyR G/ 21 af
coastal wetlands, coastal grasslands, and seashore meadows (Vehmaa et al. 2024)), which are
types within the broadeOf  8a 2F O2F adlf SO2aeadSy G(GeLSsz A
gSuflyRaég gAGKAY (GKS 9! SO2aeaidSy GeLRftz23e
O2@OSNBR AYy {SOGA2Y cdPodyd 2y AawADBSNAR FyR [ I
inlets,t yaAGA2y f g G0SNBRX FyR O2Fadlf SoO2aeaidsSy:
FYyR /2Faidlf 902aeaitsSvya¢ o

European inland wetland types are very diverse, including riparian and swamp forests, wet
grasslands and heathlands and open mires (Carré et al. 2021). Coastal marshes are highly
heterogeneous as well (Vehmaa et al. 2024). However, they share three cofeatares: 1.
Presence of water, at the soil surface or within the root zone. 2. Soil conditions that differ
from adjacent habitats. 3. Biota adapted to wet conditions and the absence of flooding
intolerant species (Mitsch and Gosselink 2015 in Fitoka.e2@l7). The wetland habitats

listed in Annex | of the Habitats Directive (92/43/EC) includes some 40 wetland habitat types
(EC 2007).

1 Home page | The Convention on Wetlands, The Convention on Wetlands
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https://www.ramsar.org/

Wetlands have historically faced intense human pressures including drainage and land
conversion for agriculture and development, eutrophication and pollution from agricultural
and industrial runoff, and altered water flow due to dams, embankments and water
extraction. Janssen et al. (2016) report that the highest proportion of threatened habitats in
the EU28 has been found among Mires and bogs (85%) and Coastal habitats (45%). They are
the habitat types most affected in recent times in Europe with Kergn and recent decline

in extent of more than 30%. Peat extraction and conversion to agriculture and forestry have
been the main and continuing threats. Beyond lars® changes, shifts in hydrological
functionality by drainage and abstraction in mire waterdeeand eutrophication are also
important pressures. Climate change is becoming an increasingly important factor through
higher incidence of droughts, but also critically important for permafaegpendent mire
types (Janssen et al. 2016).

Evaluation of the ecosystem condition indicator ldisq

The evaluation was carried out for a total of 13 condition indicators and 24 pressure
indicators, for which the results are included in table Annex 4.

Wetlands ecosystem condition

Wetlands are a highly diverse group of ecosystems with particular associated biodiversity
depending on their ecological and hydrological properties. The main factors determining
wetland species composition, their physical structure and their functionlacgling regime
(length and frequency), nutrient content in water, and water salinity, the latter distinguishing
between freshwater systems and brackish/saline water systems. Given this background, the
group considered that ecosystem condition indicatorsugt reflect these specific properties,

and how they are affected by human activities.

Hence, the expert group stated that some indicators that may be meaningful to other
ecosystems were less relevant for wetlands and proposed additional indicators specific for
Wetland ecosystems and incorporated them into the assessment, incluBlogding
frequencyandHydroperiodWater salinitywas deemed to be an indicator that is only relevant
for coastal marshes where drainage and embankment, accelesgadevel risare pressing
challenges (Vehmaa et al. 2024).

The expert group also proposed to uBalk densitynstead ofSoil packing densitypry bulk
density and total porosity are the most frequently used indicators to characterize the state of
compactness of a topsoil (Panagos et al., 2024), but the variable needs to be standardized
with respect to soils of the same physical properties, ssmikporosity will depend on both
particle size and the soil structure provided by organic matter content. For-fpeatng
wetlands, soil bulk density is not a relevamdiicator of ecosystem condition.

In the case ofNPR although considered a fundamental ecosystem function, there was
uncertainty about the level of validation for wetlands of current models based on remote
sensingderived variables. The global MODIS Gross Primary Production (GPP) and Net Primary
Production(NPP) products (MOD17) are widely used for monitoring GPP and NPP at coarse
resolutions and broad spatial extents. However, there are -wdbwn limitations to the
applicability of the MOD17 product at finer scales (Robinson et al 2G18)al and regional

NPP models have primarily usetketeorological factorsof temperature, precipitation and
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solar radiation as inputs rather than vegetation properties (Cramer et al. 1999) and current
models used to project changes in biodiversity and ecosystem services, e.g. in IPBES
assessments, do not include specifically wetlands as-¢andr inputs (Kim eal. 2018).
Current development of HigResolution Vegetation Phenology and Productivity parameters

at panEuropean level provide productivity parameters based on vegetation indices, that
combined with remotesensingbased delineation of land cover typeghich include wetlands
(CEQOS, 2024) present promising opportunities.

Among the 9 remaining condition indicators, all had data reported as available, however it
was highlighted that the quality of data on wetland extent could pose a problem for deriving
Connectivity index (contagian)

Regarding scoring indicators according to their importan€d\ ratio, SOC, Taxonomic
diversity and Connectivity index (contagionyere rated highly across multiple criteria
including importance, validity, and instrumental relevance, although it was highlighted that
SOCmore effectively represented longgrm than shortterm conditions, and that the
indicator is not relevant for the large group of pdatming wetlandsFunctional diversitglso
received strong support across most dimensions, since theodimdl characteristics of
wetland types are important for their distinctiveness and ecological functions.

Regarding thesimplicitycriterion, for these indicators, scores were generally hig®Cand

C:N ratiowere considered clear and practical to use when relev&uannectivity index
received high scores across nearly all criteria, reflecting strong conceptual and operational
support. Sensitivity to human influence varied across indicaitagonomic diversitgnd C:N

ratio were viewed as moderately responsive, wilBViwas rated lower for both sensitivity

and reliability (see comment above on primary protivity). Despite moderate importance

and its widespread usagBlDVIalso received lower scores for conceptual clarity.

Wetland ecosystem pressure

A series of considerations were made, including making conceptual distinction between
ecosystem condition and pressures, and how these concepts are operationalized in

I OO02dzyiAy3a YR Y2YyAG2NAYy3Id C2N AyaildlyoSs WA
operationalized both as ecosystem condition and pressures by using different variables. The
expert group proposed that pressure from invasive species lefimed asRisk of invasion

of alien speciesThe risk of invasion can be assessed as e.g. thendestaf a wetland to

invasive species sources (e.g. invasive species foci in the vicinity of the wetland would imply a
high level of invasion risk). In contrast, tReesence or Percentage cover of invasive species

was considered an indicator of ecosystem condition.

The group disagreed with the inclusion of the indicat@abon Monoxideand Pests and
diseases|In the case offarbon Monoxidewe found the indicator of limited relevance to
assess and monitor pressure on wetlands properties. In the caBesit and diseasethe

group considered that the presence of these organisms is not a suitable indicator of pressures
on wetlands. However, it was suggested that thikelihood of pest and disease outbreaks
(beyond the natural cycles of these organisms) could be ailplesindicator of condition,
although not of pressures.
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Among the 22 remaining pressure indicators, 17 had data reported as available. Chemical
pressures were especially well represented, viditrate, Nitrite, PhosphateandPesticidesll
scoring highly for importance, validity, directional meaning, and instrumental relevance.
These indicators were also generally rated as simple to understand and calddéstey
metals and Fertilizer surpluglso received strong support. Scores for directional meaning
were high across this group, reflecting consistency t@rpretation across spatial scales and
ecosystem sulbypes.

Among physical pressuréd/ater extractionand Soil imperviousnessere rated moderately
across most criteria, whileragmentationand Road densityvere evaluated as suitable on
account of their conceptual fit and operational clarity. Water extraction is a critical pressure
on inland wetlands (Janssen et al. 2016), but a direct linkage between extraction points and
volume levels to a particular wathd may be difficult to establish.

Simplicity and reliability scores for structural pressures were more variable. Air pollutant
indicators showed less consistent support. Whilda,i{ h, endParticulate matterreceived
acceptable scores for simplicity and relevance, their sensitivity and validity ratings were
generally lower. Overall, pressure indicators for wetlands reflect a strong emphasis on
chemical and hydrological influences, in agreement with other @ssests of pressure on
these ecosystems.

Potential minimum indicators

Tables 11 and 12 show the potential minimum indicators for describing wetland condition
and pressure, respectively.

Table 11 : Potential minimum condition indicators for wetlands (see Annex 5 for details). * =
Indicators in the EiWwide methodology to map and assess ecosystem condition.

Class Category Variable Resold  Unit Year Source
tion
ACl1 Water Water- 10m/ occurren 2018 EU Copernicu:
availability Wetness 100 m  ce of Land
Probability water Monitoring
Index (WWPI) Service
Soil condition Bulkdensity 100m Mg/m3® 2018 JRC ESDAC
AC2 Air na
Water Data gap
Sall C/N ratio 500 m  unitless JRC ESDAC
BC1 Species diversity Percentage of biogeog % Every 6 EEA
wetland species raphical years
with good region
population
status
BC2 Vegetation NDVI* 1km Unitless 1999- EU Copernicu:
2020 Land
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Monitoring

Service
BC3 Productivity Net primary 300m g.C/m?3 2023- EU Copernicu:
production d present  Land
Monitoring
Service

LC Connectivity EU Copernicu:

Connectivity

. . 201 Lan
index ofsemt 100m % 018 a d .
2021 Monitoring
natural areas .
Service

Table 12 Potential minimum pressure indicators for wetlands (see Annex 5 for details). * =
Indicators in the Edwide methodology to map and assess ecosystem condition.

Class Category Variable Resolu  Unit Year Source
tion
AP1  Water use Water river sub % 2019 EEA
Exploitation Index basins
plus (WEI+)
Soll Imperviousness 10 m % 2018 EU
Copernicus
Land
Monitoring
Service
AP2  Air pollution Exceedance of  point eg/haly  2000- EMEP/EEA
critical loads for  grid 2020
acidification

Waterpollution Data gap
Soil pollution  na

BP1 Species Pressure by IAS* 10 km unitless 2022 Polce et al.,
2023
CP1 Landuse na
CP2 Fragmentation Mesh density 100 m n°/1000 2009- EEA
km? 2019
Discussion

For inland wetlands, the hydrological regime is a fundamental ecological property that is
subjected to change by human activities through drainage and infrastructure development,
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so indicators that reflect changes in water regime and water table depth are relevant. The
work considered the WatewetnessProbability index, a Copernicus HRL derivetex. In
principle, the index shows the proportion of days (during thegear timefrane of the product)
where there is surface water / wetness observable with remote sensing, which could be a
suitable proxy of "water availability" metric from inland wetlands.

Regarding biological indicators (BP1), these indicators need to be generated from sampling
data and do not consist of continuous data coverage across Europe. The status of selected
wetland bird species are monitored and reported regularly under the Bindsfive and the
Habitats Directive. These data are of relevance for European level assessments, but they are
sample data from specific locations, they do not provide salvall European level data
coverage. Species distribution models are often usedsttrapolate these data, but the
integration of land cover and land uses into species distribution models is still in early stages.

Limitations and constraints of the minimum indicator set

The suitability of indicators for wetlands is difficult to determine in some cases because
indicators may not have been calibrated for specific wetlands. Wetlands are highly diverse
systems, with very high granularity (and therefore with a need for higblwtion data), and
reliable maps are lacking in many areas. As they are not managed systems, unless drained for
wood or food production, there tends to be less data available compared to forests or
agroecosystems. In these cases, they are consideredest far cropland.

Maps with European coverage of broad wetland categories (i.e. peatlands, floodplains and
coastal wetlands) are being produced (Tegetmeyer et al. 2024) but wetland types with very
distinctive properties can be small, so in these cases, large errors sh®@kpected when

data layers are aggregated at coarse resolutions (e.g. Soil water index for which the available
data is at a resolution of 1k In addition, there has been a lack of harmonized typologies.
Vehmaa et al. (2024) highlight the limitations o¥erlapping and inconsistent habitat
classification systems, and several unique and uncoordinated typologies used on regional and
national scales for different purposes. Data calibration, establishment of suitable reference
levels that correspond to compable ecological conditions between wetland sites as well as
improved delineation of wetland occurrences, is needed.

SOds relevant and weltlefined for many ETSs, but it is not suitable for wetland types that
form peat, often referred to as organic soils. Peatlands contain very large carbon stocks that
can be depleted through peat extraction. Drainage and drought (lowexiiige water table)

also cause degradation of peat stocks, which cannot be assessed through the SOC indicator.

We recognized that some indicators which may be meaningful to other ecosystem types were
less relevant for wetlands, due to limitations in the current delineation and mapping of
wetlands. Most of the detailed developed land cover / land use maps have nwatz on
agricultural and forest systems, while wetlands have been generally neglected. Hence, there
is a general lack of calibration with field data, which have been more common in managed
ecosystems. There is large variability in wetlands, so eff@tia¢o be put to delineate these
types, including those that can be classified under other ecosystems such as swamp forest and
wet grasslands. In the case of spatially continuous, remote sedsinged indicators such

NPR which in turn is modelled, it would need to be calibrated for the various wetland types.
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Given that delineation of wetland systems is still unresolved, there are further challenges for
developing this kind of indicator of wetland condition.

The main drivers of change of wetlands together with the critical ecological conditions that
distinguish wetlands from other ecosystem types need to be considered when defining
condition. The main driver of change has been the conversion of wetlandsitwlagral land

or for forestry production purposes. In an ecosystem accounting context, these changes would
be recorded as changes in the wetland ecosystem extent (the area). In some instances,
managed wetland croplands (like rice fields) are still comedieas wetlands. In other
instances, the hydrological regime has been changed through drainage, without transforming
into cropland, for instance through water extraction. These aspects need to be considered
when using wetland condition indicators to iddgtirestoration areas and set restoration
targets. The biological properties of wetlands are very distinct, given the particular transitional
characteristics between water and land systems that require particular adaptations by
species. Amphibians, and watdogging and salinitytolerant plants have developed
adaptations to these particular habitats. Also, some wetland habitats included in the Habitats
Directive host regional or national endemic species. Improved and harmonized sets of
indicators suitabled capture changes in biological properties of wetlands are important to
develop. These should be sensitive to climate change and to shifts in hydrological regimes.
The occurrence or cover of invasive species would also be a simple indicator to set i@storat
targets and to monitor progress in restoration actions directed to species invasions. The
expert group discussed further the distinction between condition and pressure indicators, and
considered that in some instances, what may be understood as peessmnables, can
represent proxy variables of condition that are feasible to measure while providing
meaningful information about the state of the wetland ecosystem. For example, in the case
of soil imperviousness, regarded by other ecosystem type grosiaspressure indicator, soil
imperviousness was considered a suitable indicator of the reduced hydrological integrity of a
wetland, which may be difficult to otherwise assess.

Comparison with the E\ide methodology to map and assess ecosystem condition

Delineation of wetlandsWe agree that in the case of wetlands, a major limitation remains to
translate current typologies into maps of wetland ecosystems, on which ecosystem condition
assessments can be meaningfully related to.

Water availability We propose the use of th&/ater-WetnessProbabilitylIndex (WWPI) an
indicator that appears to be more related to wetlands hydrological regimes tharStike
moisture deficitwhich can inform about the condition of land systems. In fact, likely because
there are no reliable wetland maps, the EEA does not report this index for wetlands (EEA,
2024a). Nevertheless, the WWPI requires validation.

Salinity anomaliesthis may be a suitable indicator to monitor sea water and wetland habitats
in coastal areas. However, threshold and reference values require validation. The variable
could be used as a warning of change indicator, rather than a condition indicator. fldide/a

will not capture changes in hydrological dynamics of coastal wetlands, if for instance, the
connection with sea water is partly or completely broken by infrastructure development,
which is likely to be a more meaningful indicator
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Exceedance of critical loads for eutrophicatiBatrophication is the second most important
driver of change of wetland condition after changes in hydrological regimes. Extrapolation of
Exceedance of critical loads from LUCAS data may be difficult to link to wetlands, given that
application of fertilizes occur in agricultural land and that maps of wetlands are incomplete.
Meaningful reference levels would be difficult to establish. Indicators based on data collected
to report to the WFD and the MSFD could be developed for use in inland wetlands.

Heavy metals in soil8Ve agree about the importance of monitoring these elements in nature.
It is uncertain whether the available data are robust enough to establish a reliable condition
indicator for wetlands, including defining reference levels. The data would need to be
validated, and correlated with pollutant sources.

Pressure by invasive alien species on wetland ecosystéetlnds are not included in the
baseline reporting, likely due to incomplete wetland maps. The spatial resolution of European
Alien Species Information Network (EASIN) maps is low. Thereby, this indicator could be used
as a pressure indicator, close tarcssuggestion of the likelihood of invasiveness, rather than
using it to establish the condition of the wetlands. However, the data would be helpful to
guide prioritisation of restoration actions tee implemented locally.

Percentage of wetland species with good population stafvis agree that these data can be

LR GSyidArftte NBftSOFIyld oWCF @2dzNI 6fS wSTFSNByOS
to report status of population size) but as acknowledged, the resolution is too coarse, if the
intention is to produce wallo-wall maps, as well as uneven reporting timing. Primary data

could be considered as representative statistics and reported as such.

Richness of wetland speciéde also agree that these data are incomplete, but as other

wetland species, primary data could be reported, aggregated by bioregion, without an
attempt to wallto-wall coverage. Richness data would need to be related to levels in
ecologically comparabldates.

Water occurrence decrease intensity:may be problematic as a metric of ecosystem
condition change and to establish reference conditions for this index since water decrease can
be a matter of seasonal changes or natural hydrological dynamics (see Google Developers,
2024). We propose the Wer-WetnessProbabilitylndex (WWPI) which could be a more
suitable indicator of wetland water regime. The indicator needs to be validated.

Imperviousness of the local drainage ba¥ife agree that this indicator is highly relevant for
FaaSaaiay3d (GKS O2yRAGAZY 2F ¢SGflyRaz &aiayos
hydrologic regime.

Wild pollinators indicatarWe have not included this indicator because we consider there is
limited data of pollinators in wetlands. Reference levels would be at present difficult to
establish.

Connectivity We stress the importance of being able to monitor hydrological integrity and
habitat connectivity, but this may be difficult to assess when wetland maps are incomplete.
Also, a more systemic perspective of the wetland ecosystem could provide more meéningfu
information of condition. Often used measures of habitat connectivity developed for purely
terrestrial ecosystems are likely to be difficult to assess. But, an indicator developed from e.g.
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area covered by infrastructure /impervious surfaces that restrict water movement, would be
meaningful. (see Box 4)

Data gaps and recommendations

Delineation: A major limitation remains to translate current typologies into wetland
maps with enough quality regarding the levels of error/uncertainty of the delineation

of wetland units and level of spatial coverage to be able to infer their status. For
instance, peatland habitats (mires, bogs and fens) differ considerably in their
compositional and ecological properties. Coastal marshes are highly heterogeneous as
well, based on level of coastal exposure, tidal system as well as shape, size and level
of connectivity (Yando et al. 2023). Efforts should be made to achieve this goal.

For the time being, given that maps of wetlands are incomplete, the assessment of
wetlands condition could be based on statistics reported from sites where primary
data are collected. These could include both reporting obligations under the BD and
HD, butalso other primary data sources with good European coverage (e.g. EBBA and
EBBA2). This would provide sufficient information for SEEAreporting and
accounting, in which ecosystem condition indicators would not need to haveavall

wall coverage. Primamyata could be used for further analyses including, for instance,
those based on modelling (e.g. species distribution models (SDM), see e.g. Soultan et
al. 2022).

Nutrient contents: Indicators based on data collected to report to the WFD and the
MSFD could be developed, and considered as pressures for wetland ecosystems (the
nutrient load in water getting into the wetland system). The correspondence of the
nutrient load inputs and wetland condition would need validation.

BC1: Wetlands form part of the Nature 2000 network, and there are reporting
obligations of indicators under both the Birds Directive and the Habitats Directive.
Better harmonization of typologies (Vehmaa et al. 2024) and field data collection on
these wethnd sites would improve the dataase for wetland condition reporting and
monitoring with primary datebased statistics.

BC2: New vegetatichased indicators based on representative field survey data and
scoring the different plant species according to their response traits (e.g. "Ellenberg
index™ like scores) would in many cases be relevant to track changes in water regime
salinity, and nutrient content of wetlands, as well as encroachment by shrubs and
trees. Vegetation moisture indicator, Vegetation light indicator, Vegetation pH
indicator, Vegetation nitrogen indicator. These kinds of indicators are being developed
for Norway.

BC3: Primary productivity variables are modelled based on remote sensing data
derived indicators such &$DV] and given that maps of wetlands are still incomplete,
and that the area of some wetland types is very small, we expect considerable
uncertainty in these data. Also, the diversity of wetland types and their ecological
conditions hinders the use of thiski of data to monitor changes or to set restoration
targets. Indicator development and calibration is needed.

CP1: Different indicators of fragmentation could be ussde De Montis et al. (2017).
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Box 4: Key messages for European wetlands
Wetlands and flood risk in Europe: Time for a Smarter Land Strategy

Why Wetlands Matter

Wetlands are vital ecosystems that provide a wide range of regulating services, including water purification,
carbon storage, and provide habitat for species adapted to the particular ecological conditions of water
logged terrestrial ecosystems. Wetlands also provide natural flood regulation service, by acting as natural
sponges, retaining excess rainfall, slowing runoff, and reducing peak flood levels downstream.

From Sponge to Risk: How Wetland Loss Increases Flooding
The loss and degradation of wetlands, primarily due to agricultural expansion, urbanisation and infrastructure
development pressures, has significantly reduced their capacity to deliver flood control:
® Impervious surfaces in floodplains disrupt infiltration and increase surface runoff.
e Soil sealing and compaction degrade the hydrological function of wetlands, reducing water storage
and accelerating drainage.
e Disconnected floodplains (via levees, dikes) prevent water storage and slow release

"The water-retention capacity to reduce overland flow is reduced owing to soil sealing... affecting both peak
and low flows" (EEA, 2016)

"Imperviousness reduces ecosystem potential to control floods, even in naturally high-performing areas like
wetlands" (Vallecillo et al., 2020)

Policy Evidence and Context
e The EU Floods Directive and the Water Framework Directive both recognise the need to integrate
ecosystem-based approaches in water and flood management.
e The EU Biodiversity Strategy set a target to restore 15% of degraded ecosystems by 2020, highlighting
wetlands and floodplains as priorities.
* Floodplain restoration projects across Europe show strong returns for flood mitigation, biodiversity,
and water quality (EEA, 2016).

Policy Recommendations

e Recognize wetlands and riparian zones as natural infrastructure in Flood Risk Management Plans
(FRMPs).

e  Restrict further sealing and urban expansion in floodplains: Introduce spatial planning regulations to
limit development in ecologically sensitive or hydrologically critical areas.

e  Use Nature-Based Solutions, such as Natural Water Retention Measures (NWRMs) and Green
Infrastructure funding, to recover floodplain functions (wetland restoration and reconnection to river).

® Incorporate imperviousness as a pressure indicator in ecosystem accounts: Track changes in wetland
hydrology and flood regulation service following restoration actions that remove impervious surfaces.

e Leverage EU funding tools (e.g., CAP, LIFE, and Cohesion Fund): Align agricultural and climate funds
with floodplain and wetland restoration objectives to deliver multiple policy goals.

Picture: Severe flooding on the Elbe River floodplain near RoRlau (Germany, June 6, 2013), where extreme rainfall overwhelmed wetlands
and flood defences in a landscape heavily altered by levees, agricultural expansion, and infrastructures. This led to reduced floodplain
connectivity and buffering capacity, causing mass evacuations, and billions € in damages (Photo credit: ©André Kiinzelmann/UFZ)
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6.3.6. Heath- and Shrubland

Definition of the ecosystem type

Heath- and shrubland ecosystems are characterized by-goswing woody vegetation
dominated by shrubs, dwarf shrubs, and herbaceous plants. According to European
classification systems, heathlands are defined as areas dominated by dwarf shrubs typically
below 2 meters in height, with sparse tree cover (generally less than 10 percent canopy cover).
These ecosystems include dry heaths, wet heaths, and scrublands, encompassing both natural
and seminatural vegetation communities that often result from exteresigrazing or
traditional management practices. For this assessment, both natural heathlands and managed
shrubland systems are included, acknowledging their ecological importance and cultural
landscape value.

Heathlands and shrublands face significant human pressures includingusendhange,
abandonment of traditional management, and nutrient enrichment from agriculture.
Pollution, invasive species, and climate change further threaten their-nlawent
ecoswtems, while recreational activities cause habitat degradation. These combined
pressures risk biodiversity loss and the transformation of these unique landscapes.

Evaluation of the ecosystem condition indicator ldisq

Health and Shrubland ecosystem condition

The Ecosystem Type group identified theide protein concentratigran indicator applied in
multiple papers in the review, was deemed irrelevant for heath and shrubland ecosystems
and was therefore excluded from further evaluation. Among the 11 remaining state
indicators, 9 had data reported as available.

A number of indicators, includin@:N ratio SOGtopsoil),NDVIlor Enhanced Vegetation Index
(EVI) and NPR were rated highly for both importance and validity. These indicators also
demonstrated strong performance across instrumental relevance and sensitivity to human
influence. Scores for simplicity were generally high, with most indicators considered
compardly easy to interpret and calculatBlDVior EViwas particularly welfated across all
evaluation criteria, demonstrating consistently high scores for reliability, operational
feasibility, and conceptual clarity. Indicators suctSad bulk densitgnd Tree cover density
also showed strong overall support across multiple assessment dimensions.

Sensitivity to human influence was variable among the evaluated indicators. Indicators like
SOGand C:N ratiowere rated as moderately responsive to anthropogenic pressures, while
Surface Soil Moistureeceived lower scores for this criterion, despite receiving acceptable
ratings for simplicity and data availability.

Health and Shrubland ecosystem pressure

The categories of water pollution and soil pollution were deemed inappropriate for heath
and shrubland ecosystems. Among the remaining 10 pressure indicators, 8 had data
reported as availableSoil imperviousneshlitrogen depositionOzone andPressure by
invasive alien speci@gere rated highly for importance and validity, with consistently good
scores across directional meaning, reliability, and simplicity.
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Indicators addressing structural pressures suchEasroachment by human population
Disturbance intensityandFragmentation pressureeceived more varied scores. While rated

as important, their scores for reliability and sensitivity were lower on average, suggesting
greater uncertainty in their application or interpretation. Air pollutant indicators, particularly
Ozoneand b h,iwere well supported across most criteria, including conceptual clarity and
operational relevanceSulphur dioxidevas evaluated imilarly, though with slightly lower
scores for validity and reliability. The evaluated pressure indicators overall reflect a strong
emphasis on physical and chemical pressures, with good support for their use in heathland
monitoring and assessment.

Potential minimum indicators

Tables 13 and 14 show the potential minimum indicators for describing haath
shrubland condition and pressure, respectively.

Table 13 : Potential minimum condition indicators for heathlands and shrublands (see Annex
5 for details). * = Indicators in the BAdde methodology to map and assess ecosystem

condition.
Class Category Variable Resold  Unit Year Source
tion
ACl Water Minimum 1 km % 2015- EU Copernicus Lar
availability annual Soil present  Monitoring Service
Wetness
Index (SWI)
Soll Bulk density 100 m  Mg/m® 2018 JRC ESDAC
condition
AC2 Air na
Water na
Soill SOocC* 500 m o/kg 2014 JRC ESDAC
BC1 Species Bumblebee 10 km ne 1991- Polce et al., 2018
diversity diversity species 2010
BC2 Vegetation Enhanced 1km Unitles 2016- Open Data Science
Vegetation S 2021 Europe (2021)
Index
Canopy 30m m 2019 Popatov et al., 202:
height*
BC3  Productivity NetPrimary 300 m g.C/m?/ 2023- EU Copernicus Lar
Production* d present  Monitoring Service
LC Connectivity Connectivity 100 m % 2018- EU Copernicus Lar
index of semi 2021 Monitoring Service

natural areas
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Table 14 Potential minimum pressure indicators for heathlands and shrublands (see Annex
5 for details). * = Indicators in the BAdde methodology to map and assess ecosystem

condition.
Class Category Variable Resolu  Unit Year Source
tion
AP1  Water use na
Soll Imperviousness 10 m % 2018 EU Copernicus
Land
Monitoring
Service
AP2  Air pollution AOT40* 2 km >3RI 2018 EEA
Exceedance of point mol N 2022 EEA
critical loads for grid eg/haly
eutrophication*
Water pollution na
Soilpollution na
BP1 Species Pressure by IAS 10 km Unitless 2022 Polce et al.,
2023
CP1 Landuse na
CP2 Fragmentation Mesh density* 100 m n°/1000 2009 EEA
km? -
2019
Discussion

The proposed minimum indicator set for heathland and shrubland ecosystems comprises 8
condition indicators and 5 pressure indicators, reflecting the considerable ecological diversity
encompassed within this broad and heterogeneous ecosystem type acrospeEudiese
ecosystems manifest across a wide range of bioclimatic conditions and soil types, from
Atlantic wet heaths on waterlogged podzols to Mediterranean dry shrublands on calcareous
substrates. This inherent variability presents particular challerigesieveloping a unified
assessment framework, as indicators relevant for hygrophilous heath communities may have
limited applicability in xerophytic shrubland contexts.

The distribution of condition indicators across typological categories reveals an emphasis on
structural and functional measurements. Structural indicators, incluBimganced Vegetation
Index and Canopy height represent 25% of the condition indicators, while functional
indicators account for 12.5% throug\PP Compositional indicators are represented solely by
Bumblebee diversity12.5%), and abiotic characteristics comprise 50% of the indicators
through physical conditionMinimum annual Soil Wetness kxd SWI, Bulk dens)tyand
chemical condition(SOC)measurements. This distribution reflects both data availability
constraints and the fundamental role of abiotic limitations in defining these ecosystems.
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The ecological diversity of these systems reflects their occurrence under various limiting
conditions that naturally restrict forest development, whether through soil poverty, exposure,
hydrological extremes, or recurrent disturbance. In many European ezts)t these
ecosystems exist within a complex interplay of natural constraints and anthropogenic
influences, particularly fire regimes that may be naturally occurring but are often human
mediated or-modified. This dual nature, functioning as climax vegietaunder limiting
conditions (e.g., Nordic tundra) or as disturbastEpendent systems (e.g., Mediterranean
maquis or Atlantic heathlands), complicates the selection and interpretation of both condition
and pressure indicators.

The predominance of remotely sensed vegetation metrics in the condition indicators
represents a pragmatic compromise, offering broad applicability across diverse heathland and
shrubland types while potentially missing ecosystgpecific nuancesNDVI/EVIprovide
robust vegetatiorrelated variables across the moisture gradient from wet to dry systems,
though their interpretation must account for the naturally sparse vegetation structure
characteristic of many shrubland types.

The soil indicators included, chemic8Qg and physicalRulk density properties, which
appear particularly relevant given that edaphic limitations often determine the presence and
character of these ecosystems. However, the absence of soil moisture indicators may
inadequately represent the fundamental divide between wetlalry heath/shrubland types,
each with distinct species assemblages and ecological processes.

The pressure indicator selection, with its emphasis on atmospheric depoghion40, Critical
loads exceedangeacknowledges a universal threat across heathland types. The deliberate
exclusion of water pollution and soil pollution categories may be more appropriate for dry
shrublands than for wet heath systems potentially affected by catchAwrl nutrient
inputs. The absence of explicit fire regime indicators, whether as pressure or condition
variables, represents a notable gap given the fundament& ob fire in maintaining many
Mediterranean shrublands and some Atlantic heathlands.

Limitations and constraints of the minimum indicator set

Several limitations affect the robustness and comparability of heathland and shrubland
condition indicators. Spatial resolution varies considerably across the indicator set, ranging
from 1 m resolution for canopy height to 10 km resolution for biodiverdéta. This spatial
heterogeneity introduces scaldependent limitations where finscale ecological processes
that are characteristic for heathland mosaics may be inadequately captured at coarser
resolutions, while highiesolution data may prove computatally demanding for extensive
assessments.

Temporal resolution presents additional constraints, with some datasets offeringraahr

time updates while others provide only periodic snapshots. The temporal coverage spans from
historical data (197resent forEV) to recent assessments (202820 forcanopy height,
creating temporal heterogeneity that may complicate integrated assessments and trend
detection.

The reliance on modelled or remotely sensed data for several indicators introduces
uncertainty in case of insufficient groustidithing. For instance, soil bulk density and SOC are
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derived from continentakcale models that may not capture local pedological variations
critical for heathland ecosystem functioning. Similarly, the connectivity index depends on land
cover classifications that may not adequately distinguish between difteshrubland types

or capture managemenrnduced variations in habitat quality.

The limited representation of biodiversity indicators through Bumblebee diversity alone
appears insufficient to capture the distinct biological communities associated with different
heathland and shrubland types. Wet heaths support specialized bryophgténaertebrate
assemblages, while Mediterranean shrublands harbor unique reptile and endemic plant
communities. This diversity means their ecological significance cannot be fully measured by
just one pollinator metric. This constraint reflects data avaliigblimitations across the
European gradient, but risks overlooking biodiversity values that often justify conservation
efforts in these ecosystems.

Comparison with the EMide methodology to map and assess ecosystem condition

The proposed framework demonstrates substantial alignment with established EU
assessment approaches, particularly through the adoption of widely used remote sensing
products and atmospheric deposition models. The incorporation of Copernicus data products
ensures compatibility with broader European monitoring initiatives, facilitating ebosder
comparisons and contributing to continentstale assessments. Five of the thirteen indicators
(marked with asterisks in Tables 15 and 16) correspond directR@arddicator lists, ensuring
methodological consistency with BAdde approaches.

However, certain departures from standard EU methodologies merit consideration. The
limited explicit linkage to Habitats Directive Article 17 reporting parameters may create
challenges for Member States seeking to harmonize monitoring efforts. While dnatti
indicators like NPP represent advances in ecosystem assessment, their relationship to
established conservation status criteria remains to be fully elaborated.

The pressure indicators show closer correspondence with existing EU frameworks, particularly
through the adoption of critical loads methodology and standard fragmentation metrics. This
alignment facilitates policy integration, though the absence of cerpagssure categories
addressed in other ecosystem assessments, particularly water quality parameters relevant to
wet heath systems, may require justification in specific contexts.

Data gaps and recommendations

Critical data gaps identified include the absence of fire regime indicators, limited
representation of soil moisture gradients, and insufficient biodiversity metrics beyond
pollinator communities. The lack of harmonized data on grazing pressure and magrigem
intensity represents a significant constraint given the anthropogenic origin of many European
heathlands.

To address these limitations, development of msltale indicator frameworks supporting
assessments at Ewide, national, and local levels is recommended. Enhanced integration of
remote sensing data with groudsiased monitoring, particularly from nationdlabitat
monitoring programs, would improve spatial resolution and ecological accuracy. Establishing

83



reference condition levels for different heathland and shrubland types, including both wet
and dry variants, would provide more robust comparative baselines.

Where data limitations persist, expesased assessments should be encouraged, supported
by transparentcriteria and comprehensive documentation. Flexibility in indicator selection
should be promoted to accommodate the diverse ecological and management contexts of
European heathland and shrubland ecosystems.

AC2: Current coverage of abiotic factappears limited relative to the known
environmental drivers of heathland dynamics. Development of standardized
approaches to monitor soil pH and base saturation could provide early warning of
acidification impacts.

BC1: The taxonomic scope of biodiversity indicators would benefit from expansion.
While bumblebee diversity provides one window into pollinator communities, the rich
assemblages of characteristic species, from reptiles to specialized plant communities,
remain largely unrepresented. Development of indicators based on plant functional
types or community composition could provide more comprehensive coverage while
remaining feasible for routine monitoring. The potential for citizen science
contributions to biodversity monitoring in these often publicly accessible landscapes
deserves exploration.

LC1: The single connectivity metric may insufficiently capture the complex spatial
dynamics of heathland systems. Consideration of additional landscape metrics,
particularly those addressing edge effects and habitat quality gradients, could enhance
undersianding of landscaptevel pressures.

AP: Several potentially significant pressure types lack representation in the current
framework. Climateelated pressures if managed to express the anthropogenic
climate effect could be interesting to consider.

BP: The framework would benefit from more comprehensive treatment of biological
pressures. Herbivore impacts from domestic livestock represent a primary
management consideration in many heathland systems, but yet lack explicit indicators.
Similarly, metris for woody encroachment rates could support targeted intervention
strategies. The single invasive species indicator may require supplementation with
habitat-specific metrics.

LP. Contemporary landscape pressures extend beyond traditional fragmentation
concerns. The proliferation of renewable energy infrastructure in heathland
landscapes suggests a need for specific impact indicators. Similarly, the intensification
of surrounding gricultural systems may create edge effects not captured by current
metrics. Development of integrated pressure indices that account for cumulative
impacts could provide more realistic assessments of landskEyst threats.
Additionally, beta diversitinvolves assessing the variety of species at landscape level.
This understanding is vital for thorough biodiversity evaluations and for exploring
potential interactions among different ecosystem types.
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6.3.7. Grasslands

Definition of the ecosystem type

Grassland ecosystems are characterized by herbaceous vegetation communities dominated
by grasses and forbs, with minimal woody vegetation cover. According to European
classification systems, grasslands are defined as areas where graminoid species edhstitut
dominant vegetation layer, typically with tree and shrub cover below 10 percent. These
ecosystems encompass both natural grasslands occurring under climatic or edaphic
limitations and semnatural grasslands maintained through agricultural practisesh as
mowing, grazing, or burning. For this assessment, both permanent grasslands and extensively
managed agricultural grasslands are included, acknowledging their ecological significance and
role in European landscapes. Intensively managed agricutitaiaklands and temporary leys

are generally excluded from the Grassland ecosystem type and included in the
agroecosystems type.

Grasslands are under pressure from agricultural expansion, overgrazing, and land
abandonment, which alter their structure and biodiversity. Pollution from fertilizers and
pesticides, urban development, invasive species, and climate change further depesde t
ecosystems, threatening their ecological balance and ability to provide essential services like
soil stability and carbon storage.

Evaluation of theecosystem condition indicator lorcst

For grassland ecosystems, the evaluation was carried out for a total of 14 condition indicators
and 18 pressure indicators, for which the results are included in Annex 4.

Grassland ecosystem condition

Crude protein concentratiowas deemed irrelevant for grasslands by the ecosystem type
group. Among the 13 remaining condition indicators, 9 had data reported as available.
Indicators such aSurface Soil Moistur€:Nratio, andSOQtopsoil) were rated highly for both
importance and validity, and also received consistently strong scores for simplicity,
instrumental relevance, and sensitivity to human influence.

Scores for simplicity were generally high, with most indicators considered easy to interpret
and calculateSurface Soil Moistustood out for its consistently high scores across all criteria.
Indicators likeNDVIand NPPwere also well supported, thoughDViwas rated slightly lower

for sensitivity and reliability.

Sensitivity to human influence varied across the Setrface Soil Moistur@xd C:N ratiowvere

seen as responsive to changes in pressure or management, while others, SmhBismass
Productivity were rated lower in this regard. Overall, the evaluated indicators reflected a good
balance of conceptual clarity and operational feasibility.

Grassland ecosystem pressure

Among the 11 pressure indicators, 9 had data reported as availallengen deposition
Ozone andFragmentation pressurerere rated highly for importance and validity and were
also supported by strong scores across directional meaning, instrumental relevance, and
sensitivity to human influence.

85



Soil imperviousnesd.ivestock densityand Pressure by invasive alien specreseived
consistently high scores across multiple criteria, indicating strong relevance and usability for
grassland contexts. Simplicity scores were generally high for this group, reflecting ease of
interpretation and implementationWater extractionvas rated lower for directional meaning

and reliability, despite moderate importance. Air pollutant indicators sucBuwghur dioxide

and Nitrogen dioxideshowed moderate to high sces for simplicity and relevance, though
there was some variation in their perceived sensitivity and distinctiveness.

Potential minimum indicators

Tables 15 and 16 show the potential minimum indicators for describing grassland condition
and pressure, respectively.

Table 15 : Potential minimum condition indicators for Grasslands (see Annex 5 for details). *
= Indicators in the EAWide methodology to map and assess ecosystem condition.

Class Category Variable Resold  Unit Year Source
tion
ACl Water Minimum 1 km % 2015- EU Copernicus Land
availability — annual SWI* present Monitoring Service
Soll Bulkdensity 100 m  Mg/m® 2018 JRC ESDAC
condition
AC2 Air na
Water na
Soill SOocC* 500 m g/kg 2014 JRC ESDAC
BCl1 Species Bumblebee 10 km n°/10 1991- Polce et al., 2018
diversity diversity km 2011
BC2 Vegetation Enhanced 1km Unitless 2016- Open Data Science
Vegetation 2021 Europe (2021)
Index
Small Woody 5mto m/m?2 2017- EU Copernicus Land
Features* 100 m 2019 Monitoring Service
BC3 Productivity NetPrimary 300m g.C/m?/ 2023- EU Copernicus Land
Production* d present Monitoring Service
Soil biomass 1 km score 2016 JRC ESDAC
productivity
LC Connectivity Connectivity 100m % 2018 EU Copernicus Land
index of semi 2021 Monitoring Service

natural areas

Table 16: Potential minimum set of pressure indicators for Grasslands (see Annex 5 for
details). * = Indicators in the Ewide methodology to map and assess ecosystem condition.
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Class Category Variable Resold  Unit Year Source

tion
APl  Water use na
Soll Imperviousne 10 m % 2018 EU Copernicus
SS Land
Monitoring
Service
AP2  Air pollution AOT40* 2 km > 3 K®/Y 2018 EEA
h
Water pollution na
Soil pollution N &P 1 km kg/haly 2010 EEA
surplus*
BP1  Species Pressure by 10 km Unitless 2022 Polce et al.,
IAS* 2023
CP1 Landuse Livestock 10 km ne/ 2010- FAO
density kv 2020
CP2  Fragmentation Mesh 100 m n°/1000 2009- EEA
density* km?2 2019

Discussion

The proposed minimum indicator set for grassland ecosystems addresses a remarkably
heterogeneous ecosystem type that encompasses permanent agricultural grasslands, semi
natural hay meadows, montane pastures, and stepke formations across Europe's diverse
bioclimatic zones. This ecological amplitude, from the speawdbs Nardus grassnds of
mountain areas to the productive ryegrass leys of Atlantic regions, presents inherent
challenges for developing universally applicable indicators. The selected indicators must
therefore balance broad applicability with sensitivity to detect changeross this ecological
gradient.

The distribution of condition indicators demonstrates reasonable coverage of ecosystem
components, with notable emphasis on productivifated metrics comprising 22% of the
total through NPP, Soil biomass productivignd Enhanced Vegetation IndeXhis focus
appears appropriate given that grassland management fundamentally revolves around
biomass production and utilization, whether for conservation, agricultural, or ecosystem
service objectives. The inclusion of soil moisture indicatdvBnitnum annual SW)
acknowledges the critical role of water availability in determining grassland productivity and
species composition, particularly relevant given the increasing frequency of drought events
across European grasslands.

The soil indicators SOC bulk density represent 22% of the condition set and reflect
recognition that many grassland ecosystem services (carbon sequestration, water regulation,
nutrient cycling) operate primarily through soil processes. However, the framework's
treatment of biodiversity remims notably limited, withBumblebee diversitgerving as the

sole compositional indicator (11% of the total). This constraint appears particularly
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problematic for grasslands, where plant species richness often serves as a primary
conservation target and management objective.

Among pressure indicators, the inclusionLofestock densitgddresses a fundamental driver

of grassland condition, representing direct management pressure that shapes ecosystem
structure and function. The framework appropriately recognizes both agricultural
intensification pressures (fertilizer surplus) and abamaent-related pressures (implied
through fragmentation metrics), reflecting the dual threats facing European grasslands. The
emphasis on atmospheric deposition througi©T40aligns with documenté impacts on
speciesrich grasslands, though the single soil pollution indicator may inadequately capture
the diversity of agricultural inputs.

Limitations and constraints of the minimum indicator set

Several methodological and practical constraints affect the proposed indicator framework.
Spatial resolution varies considerably across indicators, ranging from 5&8nfal Woody
Featurego 10km for biodiversity and livestock density data. This spatial resolution mismatch
complicates integrated assessments at meaningful management scales, amatarai
grasslands often occur as small patches within agricultural landscapes, potersdlktly f
below the detection threshold of coarser resolution indicator

The temporal dimensions of grassland dynamics receive limited attention within the

framework. Grasslands exhibit pronounced seasonal variation and respond rapidly to
management changes, yet most indicators provide annual aggregates or periodic snapshots.
This temporal averaging may obscure ecologically significant patterns, particularly for

ecosystems where timing of management interventions critically affects biodiversity

outcomes.

The framework's limited engagement with management regime indicators represents a
significant constraint. Mowing frequency, grazing intensity, and timing of interventions
Fdzy RFYSyidlfte RSGSNNYAYS GKS 3INIaatlyrRQa SOz
largely unrepresented in the available datasets. Similarly, the absence of indicators for
grassland structural heterogeneity (tussock distribution, sward height variation, bare ground
patches) overlooks habitat features critical for many specialist speci

Comparison with the EMide methodology to map and assess ecosystem condition

The proposed framework demonstrates substantial alignment with established EU
assessment approaches, particularly through the adoption of standardized Copernicus
products and EEA datasets. The incorporation of fertilizer surplus indicators aligns with
exiding agrienvironmental monitoring frameworks, facilitating integration with Common
Agricultural Policy reporting mechanisms.

However, certain divergences from standard EU approaches merit consideration. The limited
explicit connection to Habitats Directive Annex | grassland types may complicate reporting
obligations for Member States. While the framework includes relevant pararséor some
priority habitats (e.g.Soil moisturéor Moliniameadows), others lack specific indicators (e.qg.,
calcareous substrate indicators for orchidh grasslands). The framework's productivity
focus, while pragmatic, may inadequately address theerse relationship between
productivity and biodiversity characteristic of many hggiture-value grasslands.
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The pressure indicators show closer correspondence with existing EU frameworks, particularly
through the critical load methodology and landscape fragmentation metrics. However, the
absence of explicit links to Common Agricultural Policy indicators repieseermissed
opportunity for policy integration, given that CAP measures fundamentally shape grassland
management across much of Europe. The framework could benefit from stronger integration
with agrienvironmental scheme monitoring data, which often prasdietailed management
information at farm level.

Data gaps and recommendations

AC: The current abiotic indicator set would benefit from expansion to address known
ecological drivers. Soil pH monitoring appears essential given its role in determining
species composition, particularly for calcareous versus acidic grassland typesniNutri
status indicators beyond carbon, particularly pl@available phosphorus, could help
identify systems at risk from eutrophication. Hydrological regime indicators that
capture flooding frequency and duration would support assessment of floodplain
meadows and other wetlaneéhssociated grasslands.

BC1:The biodiversity indicator gap requires urgent attention. Development of plant
species richness indicators, potentially utilizing systematic vegetation survey data,
should be prioritized. Functional group representation (grasses, forbs, legumes) could
provide managementelevant information while remaining feasible for routine
monitoring. Invertebrate indicators beyond pollinators, particularly those targeting
grassland specialists like Orthoptera, would better represent the full biodiversity value
of these ecosystems. The potential for acoustic monitoring to provide standardized
assessments of characteristic species merits investigation. See also the discussion
about pollinators in the agroecosystem type Section above.

LC:Beyond simple connectivity, indicators addressing grassland patch quality and
landscape context would enhance assessment capabilities. Historical continuity
indicators could identify ancient grasslands of particular conservation value. Beta
diversity evalation at landscape level is also highly relevant for exploring potential
interactions among different ecosystem types.

AP1:Drainage impacts on wet grasslands require specific indicators. Clnelated
pressures beyond simple drought indices, such as human induced changing
precipitation seasonality, may better capture emerging threats to grassland
persistence.

BP: The framework requires substantial enhancement of biological pressure
indicators. Quantified grazing pressure metrics, differentiated by livestock type,
appear essential. Undagrazing indicators, potentially based on shrub encroachment
or litter accumulaton, would address abandonment threats. Specific indicators for
problematic species in grasslands, sucRamex obtusifoliug productive systems or
competitive grasses in specigsh meadows, could support targeted management.
The role of seed adtion and species introduction in grassland restoration suggests
potential indicators for genetic pressures.

LP:The conversion pressure from arable agriculture or afforestation schemes requires
explicit monitoring. Recreational pressure indicators would address impacts in
accessible areas. The cumulative effects of multiple pressures, particularly relevant in
multifunctional grassland landscapes, suggest the need for integrated pressure
assessment approaches.
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6.3.8. Rivers and Lakes

Definition of the ecosystem type

Rivers and lakes are freshwater ecosystems that play crucial roles in the global water cycle

and support diverse biological communities. As defined by Directive 2000/60/EC WFD, a river
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because they are often the primary focus of river basin management plans, which aim to
achieve good ecological and chemical status for theatembodies. River ecosystems are

dynamic and typically characterized by flowing water, which creates habitats such as riffles,
pools, and floodplains. These habitats support organisms adapted to changing water flow,
oxygen levels, and sediment transpdeity’ O2 Yy UNJ 4G | €F1S A& RSTA
AYtlYR ada2NFIFOS 41 GSNE O5ANBOUADGS Hnnnkcnk9/
zones: the littoral (nearshore), limnetic (open water), and benthic (bottom) zones. These
zones support differentypes of aquatic life, from rooted plants and algae to fish and
invertebrates. Lakes are important ecosystems and are also subject to the environmental
objectives of the WFD, which include achieving good ecological status and good surface water
chemicalstatus. The ecological status of rivers and lakes is determined based on several
biological (e.g., composition and abundance of aquatic flora, benthic invertebrate and fish
fauna), hydromorphological (e.g., hydrological regime, river continuity, morpheabgi
conditions), physical quality (e.g., temperature, oxygenation) and chemical quality (as defined

by the Environmental Quality Standards (EQS)) elements (Directive 2008/105/EC).

Rivers and lakes located within or near urban, industrial and agricultural areas are significantly
affected by human activities. Urban and industrial environments introduce pollutants such as
heavy metals, excess nutrients, and microplastics through statenwunoff and wastewater
discharge, degrading water quality and ecosystem health. In agricultural settings, runoff
containing fertilizers and pesticides can trigger eutrophication, algal blooms, and a decline in
aquatic biodiversity. Despite these presss, freshwater ecosystems continue to play a vital
ecological role by delivering services such as water purification, flood mitigation, and habitat
provision. Effectively understanding and managing the interactions between these water
bodies and surroundig humanaltered landscapes is crucial for preserving ecological integrity
and ensuring longerm benefits for society.

Evaluation of the ecosystem condition indicator ldisd

The evaluation was carried out for a total of 29 condition indicators and 25 pressure
indicators, for which the results are included in Annex 4.

River and lake ecosystem condition

Of the 29 condition indicators, 21 had data reported as available. Indicators sitbsatved
oxygen SOCPhosphatesand Turbiditywere rated highly across importance, validity, and
simplicity, and wereconsistently supported by moderate to high scores for reliability and
sensitivity to human influence.

Simplicity scores were generally favourable, particularly for indicators relating to vegetation
cover, nutrient concentrations, and temperature. Indicators suchlese coverEnhanced
Vegetation Indexand Water surface temperaturavere considered clear, accessible, and

90




operationally feasible. Water chemistry indicators INirates pH, andTotal phosphorualso
performed well across multiple criteria. Most indicators were rated moderately for sensitivity
to human influence. Indicators covering productivity and nutrient status, sudtea®rimary
Production and Total nitrogen, reflected a good balance of conceptual clarity and
responsiveness to pressure.

River and lake ecosystem pressure

Of the 25 pressure indicators, 21 were positively assessed, with 20 having data reported as
available. Chemical pressures were particularly well suppoNédate, PhosphatePFASand
Pesticidesall received high ratings across importance, directional meaning, instrumental
relevance, and simplicity.

Air pollutants such a8 h,iPMx and{ hwere also rated favourably, though generally lower

in sensitivity and reliabilittHeavy metals&nd Soil imperviousneshowed strong conceptual
support and operational applicability. Indicators representing physical pressures, such as
Water extraction Soil imperviousnesm the riparian zone, anBarrier densityreceived high
ratings across most criteria, particularly directional clarity and instrumental relevance.
Structural pressures linked to fragmentation werated lower for directional meaning but
were otherwise well supported. Across the group, pressure indicators demonstrated good
consistency in scoring and reflected wetitablished linkages between environmental drivers
and aquatic ecosystem condition.

Potential minimum indicators

Tables 17 and 18 show the potential minimum indicators for describing rivers and lakes
condition and pressure, respectively.

Table 17 Potential minimum condition indicators for rivers and lakes (see Annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition.

Class Category Variable Resold  Unit Year Source
tion
AC1 Water Surface Water 30 m mm- 2018 JRC
availability ~ Occurrence month
(SWO)
Riparian soil Bulk density 100m Mg/m3® 2018 JRC ESDAC
AC2 Air na
Water Dissolved oxygel point mg/I 1968- Heinle et al.,
data 2017 2024
pH point point 2018 Heinle et al.,
data data 2024
Soil/Sedime SOC 500 m g/kg 2014 JRC ESDAC
nts
BC1 Species Fish diversity in  river n 1995- Mameri et al.,
diversity rivers basin 2024 2025
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Class Category

Variable

Source

BC2 Riparian

Vegetation

cover
BC3 Riparian

Productivity

LC Connectivity

NDVI

Net primary
production

Connectivity
index of semi
natural areas

1999-
2020

2023-
present

20182021

EU Copernicus
LandMonitoring
Service

EU Copernicus
Land Monitoring
Service

EU Copernicus
Land Monitoring
Service

Table 18 : Potential minimum pressure indicators for rivers and lakes (see Annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition.

on

2019

Class Category Variable Year Source
AP1 Wateruse Water 2019 EEA
Exploitation
Index plus (WEI+
Soill Imperviousness 2018 EU Copernicus
Land Monitoring
Service
AP2  Air pollution na
Water Nutrients 2023 EEA (WISE SoE;
pollution concentrations
(N and P)
Pesticides 2023 EEA (WISE SoE
concentrations
Soil na
pollution
BP1 Species Pressure by IAS 2022 Polce et al., 202t
CP1 Landuse Agricultural land 2018 EU Copernicus
cover in 2021 Land Monitoring
catchment area Service
CP2 Fragmentati Mesh density 2009- EEA




Discussion

The suitability of indicators for rivers and lakes is difficult to determine in some cases because
indicators may not have been calibrated for rivers and lakes. Rivers and lakes are highly
diverse ecosystems, with very high detail and linearity, which sstaes higkresolution

data. In river ecosystems, spatial data is typically represented as linear features, which poses
challenges when aggregating or integrating it with lake ecosystem data, which is generally
polygontbased. The selection of indicatoedso reflects the inclusion of riparian zones,
including vegetation metrics such B®ViandNPP

Among the condition indicators, water quality holds particular importance due to its direct
and immediate impact on aquatic life. This significance is underscored by the fact that it is the
only category represented by two indicatoi@jssolved Oxygeand pH.. Dissolved oxygen
levels determine the habitability of water for most aerobic organisms, wpHeaffects
nutrient availability and toxicity of certain contaminants. The expert group also stressed the
importance of indicators of water availability aseédiment as representative of ecosystem
function. Water availability, represented b$urface Water Occurrencshows that the
presence and persistence of water is a fundamental prerequisite for any freshwater
ecosystem. The soil sediment category, with Soil Organic Carbon (SOC) in the riparian zone as
the selected indicator, plays a vital role in nutrient cyclimgrbon sequestration, and
maintaining habitat quality.

Functional attributes, captured througNPR are highly valued as integrative indicators of
ecosystem metabolism and energy floPP reflects the balance between carbon
assimilation and ecosystem respiration, making it a valuable proxy for ecological productivity
and overall ecosystem vitality..

Limitations and constraints of the minimum indicator set

The development of a minimum indicator set for rivers and lakes faces several significant
limitations and constraints, primarily resulting from data availability, spatial resolution, and
ecosystemspecific characteristics.

A key limitation in assessing the condition and pressures of rivers is the reliance on point data,
which restricts the ability to capture spatial variability across entire ecosystems. While point
based measurements, such as those for water quality pararees@d pollution, provide
valuable localized insights, they often lack the spatial coverage needed to represent broader
ecosystem patterns. This limitation is particularly critical for heterogeneous and dynamic
freshwater systems, where conditions can vaignificantly over short distances. As a result,
point data alone are insufficient for comprehensive, ecosystene assessments and may
lead to gaps in understanding the full extent of anthropogenic pressures and ecological
responses. Moreover, indicatetike fish diversity are reported at aggregated scales (i.e., river
basin level), which also constrains fiseale analysis and hampers meaningful comparisons
across different river systems with varying levels of human influence. Expanding spatial
datases and integrating remote sensing or modelled data could help address this constraint
and improve the effectiveness of ecosystem monitoring.

Rivers and lakes are structurally different systems (i.e., linear and dynamic, vs. polygonal and
stable), which poses a challenge in harmonizing indicator datasets. For riverse$dition
linear datasets are essential but often lacking, making intemmawith polygonbased lake
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data difficult. This can result in the underrepresentation of microhabitats and local variations
that are crucial for ecological assessments.

Finally, although the minimum indicator set captures many key stressors, it currently omits
emerging contaminants whose ecological impact may be profound. Among these,
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particular concern, posing serious ecological risks by accumulating in aquatic organisms,
disrupting endocrine systems, impairing growth and reproduction, and biomagnifying through
food webs. PFOS is now included as a Priority Hazardous Substar®®Ndndi KS 9! Qa
Framework Directive (WFD) and may be considered to be incorporated into the indicator
framework to ensure comprehensive monitoring of ecosystem condition and to address
emerging threats to water quality.

Data gaps and recommendations

AC2: Chlorophyt concentration: important indicator to evaluate the health and
productivity of aquatic ecosystems like rivers and lakes, serving as a key indicator of
phytoplankton biomass, which forms the foundation of the aquatic food web. Elevated
levels can also signal eutrophication and potential harmful algal blooms that threaten
both wildlife and humans by depleting oxygen and producing toxins. Although the EU
Copernicus Land Monitoring Service provides chloroghylbncentration maps for
lakes, guivalent data for rivers is currently unavailable. This data gap has led to the
exclusion of chlorophyk as an indicator in the minimum set for rivers and lakes.

BC1: While the new RivFISH database (Mameri et al., 2025) provides essential data on
fish diversity and a map of native fish presence across Europe at river basin resolution,
fish diversity in lakes is missing and will require future research. A large @ng
species will require special attention and monitoring: Macroinvertebrates (e.g.,
Ephemeroptera, Trichoptera, Odonata), amphibians (e.g., Ranidae, Salamendridae),
aquatic plants and algae as indicators of water quality and environmental changes;
Benthtc organisms (e.g., Chironomidae) as indicators of sediment health.

AP1: Plastic pollution: This pollution in rivers and lakes is a significant environmental
concern, primarily caused by improper waste management, littering, and the
inadequate disposal of plastic products. Plastics can enter these water bodies through
urban runoff, industrial discharges, and agricultural practices, leading to widespread
contamination. Once in aquatic environments, plastics can harm wildlife through
ingestion and entanglement, disrupt ecosystems, and pose risks to human health as
microplastcs enter the food chain. Additionally, plastic pollution can degrade water
quality and affect recreational activities. Addressing plastic pollution requires
improved waste management practices, public awareness campaigns, and policies
aimed at reducing pktic use and promoting recycling.

AP2: Soil pollution in the riparian zone: Assessing soil pollution in riparian zones is
crucial for maintaining ecosystem health and ensuring clean water supplies, as these
areas act as natural buffers against pollutants from agricultural, industrialugoah
sources. The main causes of riparian soil pollution include agricultural runoff, industrial
discharge, urban runoff, sewage, mining activities, deforestation, and atmospheric
deposition. These pollutants can degrade soil quality, disrupt local lesily, and

pose risks to both aquatic ecosystems and human health. Effective management and
conservation practices are essential to mitigate these impacts and protect these vital
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habitats. Addressing soil pollution in riparian zones may also help to properly manage
landscape habitats surrounding rivers and lakes.

6.3.9. Marine and coastal ecosystems

Definition of theecosystem type

al NAyS SO2aeadSvya O20SNJ I LIWNREAYFGSte 71w 2
offshore areas outside continental shelves, but the shallower shelf area, coastal waters,
estuaries and littoral zone host more diverse underwater life. In the EUyilmne Strategy
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and subsoil on the seaward side of the baseline from which the extent of territorial waters is
measured extending to the outmost reach of the area whar®ember State has and/or

exercises jurisdictional rights, in accordance with the United Nations Convention on the Law

h¥ GKS {SI o6!b/[h{0oZ YR O2lFadlt &I 0GSNB I &
littoral zone between the sea and land is includiethe definition and includes the zone which

regularly is covered by tides or whaliliven splashes.

In SELINA WP3, coastal terrestrial ecosystems are associated with the marine expert group,
because their plant species and communities are characterized by salt content in soil. This
habitat includes coastal dunes, beaches and sandy and muddy shorey, Siooies,and
salines. All other coastal ecosystem types are covered by the main ecosystem types presented
earlier in this document.

Marine ecosystems are under intense pressure from overfishing, pollution, and habitat
destruction due to coastal development and unsustainable practices. Climate change adds
further stress through warming, acidification, and dewel rise. Shipping, invi@e species,

and unregulated tourism also contribute to the degradation of marine environments,
threatening biodiversity and the services oceans provide.

Evaluation of the ecosystem condition indicator ldisd

The longlist of potential indicators for marine and coastal ecosystems included a total of 9
condition indicators and 22 pressure indicators, for which the results are included in Annex 4.

Marine and coastal ecosystem condition

Among the 9 condition indicators, all had data reported as available exceBetardiversity,

which is an index of species richness within an area, and hence its calculation is highly
dependent on accurate species data. Indicators sucbiasolved oxygerSpawning stock
biomass and Marine species richness of conservation conceere rated highly for
importance, validity, and instrumental relevanc&laximum depth of habitaforming
vegetation and ChlorophyHa concentrationalso received consistently Waurable scores
across most criteria. It was highlighted that compositional indicators should focus on specific
groups of highly mobile species.

Simplicity and sensitivity to human influence were generally rated positegolved oxygen
stood out for high scores across all dimensions, reflecting a clear conceptual role and strong
operational feasibility. The availability of oxygen is a limiting factor to all aerobic life and it has
decreased in many coastal areas where Haagded organigoollution has accumulated.
Spawning stock biomassd Seabird statusvere rated lower for parsimony and reliability,
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suggesting some uncertainty in their interpretation or overlap with other indicators.
Indicators addressing compositional state, sucRascentage of species with good population
status also scored well for clarity and relevance, though some limitations were noted in their
parsimony and reliability.

Marine and coastal ecosystem pressure

Among the 9 pressure indicators with available d&iah mortalityAdversely affected benthic
habitats, and Underwater nois@eceived the highest ratings for importance and directional
meaning, with moderate to high scores for validity and instrumental relevaneeperature
increaseand Contaminants in sedimeiaiso showed strong support across multiple criteria.

Climaterelated indicators (e.gSea level anomalysea water salinifywere rated moderately
across importance and sensitivity. While considered relevant, their scores for simplicity and
reliability were more variable. However, these indicators were not taken forward for the
minimum set, as it was decided to remove clima&giables from the selectionklarmful algal
bloomsand Norrindigenousspecieseceived moderate ratings for importance and clarity but
showed lower validity and sensitivity scores imgarison to other pressures. Indicators such
asBarrier densityRiverine litter and several water pollution indicators were not scored and
are not included in this analysis.

Marine ecosystems

For the purposes of defining minimum indicator sets in this Deliverable, we distinguished
coastal ecosystems from marine ecosystems following evaluation of the ecosystem condition
indicator longlist, because of the large difference in relevance indicatmd therefore
provide specific potential minimum indicator sets for both ecosystem types.

Potential minimum indicators

Tables 19 and 20 show the potential minimum indicators for describing marine ecosystem
condition and pressure, respectively.

Table 19 : Potential minimum condition indicators for marine ecosystems (see Annex 5 for
details). * = Indicators in the Ewide methodology to map and assess ecosystem condition.

Class Category Variable Resolution  Unit Year Source
AC1 Water na

availability

Sediment na

condition
AC2 Air na

Water Dissolved Oxyger pointdata/ mg/l 20122024 EMODnet

interpolated
Nutrient point data/ mg/l 20132024 EMODnet

concentrations interpolated

96




Class Category Variable Resolution  Unit Year Source

Concentration of point data/ mg/l 20142024 EMODnet
total suspended interpolated
matter

Sediment na

BCl1 Species Bird, mammal, Varying n°/unit ?-present EMODnet
diversity cephalopod and from used /| OSPAR /
turtle abundances sources ICES /
MedQSR
(UNEP) /
HELCOM
Seagrass cover Varying km? 2019 EMODnet
from present
sources
BC2  Structural Spawning stock marine tonnes 2014- WISE /
biomass (SSB) of reporting present ICES /
commercially units (MRU) GFCM/
important fish ICCAT
species (tonne
per spp)
BC3  Productivit ChlorophyHa 10 km >3kt 1998- Copernicu
y concentration present S
Frequency and  10-100 kn¥  km? 2015- Copernicu
intensity of present S
harmful algal
blooms
Coverage of 10-100kn? % 2014- WISE
habitat forming present

vegetation (e.g.
Maximum depth
of habitat-forming
vegetation) (%)

LC1  Structural data gap

LC2 Compositio Benthic Coastal unitless WISE
nal community water body
indices (AMBI,
BQI)

Table 20 Potential minimum pressure indicators for marine ecosystems (see Annex 5 for
details). * = Indicators in the Ewide methodology to map and assess ecosystem condition.

Class Category Variable Resolution  Unit Year Source
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Water

Sediment
Air
pollution

Water
pollution

Sediment
pollution

Biota
pollution

Species

Seause

Continuous
underwater
noise

Marine micre
litter

Marine macre
litter

na

na
Antifoulants
Heavy metals
Hydrocarbons
Pesticides and

biocides

Nitrogen and
Phosphorus
loads

Antifoulants
Heavy metals

Hydrocarbons

Pesticides and
biocides

Contaminants in
fish and shellfish

(CHASE)

Introduced
Invasive alien
species

Fish mortality (f)

of commercially
exploited fish
and shellfish

exceeding fishing

mortality at
maximum

grid 1/3° by
1/6°

point data

point data

point data /
interpolated

point data /
interpolated

point data /
interpolated

point data /
interpolated

river basin

point data /
interpolated

point data /
interpolated

point data /
interpolated

point data /
interpolated

point data /
interpolated

10 km

1006
100000 km
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2018
present

2018

present

2018
present

2012-2024

2013-2024

2014-2024

2015- 2024

1990-2018

2012-2024

2013-2024

2014- 2024

2015- 2024

20152024

2012-2024

2016- 2021

EMODnet
| EC

EMODnet

EMODnet

EMODnet

EMODnet

EMODnet

EMODnet

JRC

EMODnet

EMODnet

EMODnet

EMODnet

EMODnet

EEA

WISE
Marine



sustainable yield

(fmsy)
Adversely 1-10 kn¥ km?2 2016-2021 WISE
affected benthic grid cell / 2010 2015 Marine-
habitats OSPAR
CP2 Fragmentat Data gap
ion
Discussion

An essential consideration in the development of a minimum set of indicators for marine
ecosystems is alignment with the requirements of the MSFD, as the central policy instrument
in this domain. This is reflected in many of the indicators included irtaghkes above. The
a{C5 Aa&aKdzy INRE (Ut AO¢ | YRY AY LINAYOALX Sz 020
However, the MSFD approach is not to define a minimum set of indicators. For instance, all
specific hazardous substances, nutrients, speand habitats are assessed separately against
their threshold values. The regional sea conventions have simplified the marine ecosystem
assessments by using integrated assessments which combine multiple indicators of the same
theme (e.g., eutrophicationhazardous substances or biodiversity). For the same reason
(simplicity and communication purposes), thentaminant index in sedimefCHASE) was

also rated high in this survey, as it can include any number of substances and provide an
assessment resultfahe condition from contamination perspective.

Functioning of the food web is a component of the marine ecosystem which requires suitable
indicators. In the minimum set, abundance of top predator species of cetaceans, seals, big fish
and seabirds fulfil this role, whereas mesopredators are assessttl@abundance of small

fish, some bird and cephalopod species. The lower levels of the marine food web are
represented by benthic invertebrates and primary producers (chlorophyll indicator, seagrass
meadows and width of macroalgal zones). In Table 21o#ygen harmful algal bloomsnd
concentrations of nutrientand suspended solidsre considered as condition indicators even

if they could also be pressures on the condition. Nonetheless, they represent important
boundary conditions for many biota and therefore deserve their place in the minimum set of
indicators. The pressure indicas in Table 22 include also substance indicators, but there the
concentrations of hazardous substances are seen as an anthropogenic threat to the ecosystem
condition.

Human activities exert severe pressures on marine ecosystems and the extent of many of
these activities have clearly degraded the ecosystem condition (see Box 5). For example,
studies in the North Sea and the Western Mediterranean have shown th873®ofbenthic

shelf habitats are trawled at least once per year. Therefore, the minimum set includes an
indicator of habitat disturbance (calculating share of habitats disturbed or polluted) and
fishing mortality (FMSY) of commercially exploited stocks

Underwater noise by maritime traffic is probably a significant cause for the avoidance
behaviour of many cetacean species and there is some evidence of its disturbance to lower
organisms, too. Micro and macro litter are identified as important indicatdrphysical
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pressures, but there are many different litter types (floating, beach, seabed; synthetie, non
synthetic, etc). For operationalizing this minimum set of indicators, it would be necessary to
select the specific type. It is also unclear how much marine littgvacts the marine
ecosystems. Entanglement of bigger species definitely increases population mortality and
microplastics are shown to convey contamination to biota, but these are not likely the key
condition indicators.

Limitations and constraints of the minimum indicator set

The marine underwater ecosystems are not well mapped and therefore spatial
indicator data is scarcely available. Indirect methods by the pressure indicators are
considered a good proxy for areas where biological data is not representative.

Mobile and migrating species such as cetaceans, many fish and most seabirds have
wide distribution areas and their abundance indicators do not provide spatially
detailed ecosystem assessments. Habitat condition indicators may be better choices if
spatial esolution is necessary.

While many of the indicators are already operational for assessments under the MSFD,
WFD, HD, BD or regional sea conventions, they may still lack reference levels indicating
good ecosystem state. This may be especially true for many pressure indicators.

Comparison with the EMide methodology to map and assess ecosystem condition

There are many overlaps with the indicators in the-iide methodology, with available
indicators from these lists largely retained. However, we propose a difference in classification
of Spawning stock biomass (B2 structural state in JRC, here BC1 Cmmalosandition).
Compared to the list of indicators in the Elide methodology, the lists above focus less on
variables of physical state, in part due to the exclusion of climate variables.

Data gaps and recommendations

Variability in data availability geographicallyome indicators such &pawning stock
biomassare available for all of Europe, but have fewer fish species covered in the
Mediterranean and Black Sea.

BS1: Compositional condition indicators again face the problem of coarse spatial
resolution, being available only at the level of marine reporting units or based on
national statistics.

CP2: Adversely affected benthic habitats is a difficult indicator to calculate, but the EU
MSFD technical group Seabed is developing it for member states. In simpler cases the
indicator can also be calculated as a sum of normalized spatial pressureifegensd,

which gives relative differences in pressure intensity over the grid area.

LC1: There is a lack of established indicators for assessing marine connectivity, such as
ecological corridors that facilitate species movement and genelfletween habitats;

these pathways remain undefined in both spatial and functional terms, limiting the
ability to evaluate connectivityelated ecosystem processes and resilience.
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Mapping the Invisible: Using Pressure Indicators to Safeguard Europe’s Marine Ecosystems

Why Pressure Indicators Matter

As high-resolution spatial data become increasingly available, pressure indicators offer a promising way to assess
marine ecosystem condition efficiently. Traditional assessments rely heavily on field-based condition indicators,

which are resource-intensive. Pressure-based models provide a cost-effective, scalable alternative by estimating
potential ecosystem impacts from human activities.

How Pressure Indicators Work

Cumulative Impact Assessments (ClAs) integrate spatial data on human pressures—such as fishing, shipping, and
coastal construction—with ecosystem components (e.g., species, habitats). These models apply sensitivity scores
to quantify the relative vulnerability of components to each pressure (Halpern et al. 2015; Korpinen et al. 2021;
Kallio et al. 2025).

Benefits and Limitations

» Enable broad-scale, consistent monitoring

» Support marine spatial planning and policy decisions

» Current models assume additive, linear impacts; non-linear interactions are still under development
» Validation with condition-based indicators is essential for credibility

Policy Applications
The European Environment Agency (EEA) implemented a pan-European CIA, combining 16 pressures and 31
ecosystem components. The results correlated with assessments under the Water Framework Directive and EU
biodiversity status (EEA 2019; Vaughan et al. 2019).

» Hfficiently highlight high-impact areas

» Enhance marine protection strategies

.

» Inform adaptive management approaches

Recommendations

‘-;f

Invest in enhancing model complexity (e.g., synergistic effects)

» Standardize pressure and ecosystem datasets
» Validate with ground-based condition indicators
» Incorporate CIA results in EU and national marine policy

Combined effects index

Value
20

Figure. The marine cumulative impact assessment in
Europe, where the higher index values indicate
potentially worse ecosystem condition. The cumulative
impact of human pressures extends across 96% of the
European marine area. Specifically, physical disturbances
affect 86% of the coastal regions and 46% of the shelf
areas (Korpinen et al. 2021).

Coastal ecosystems
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Here, coastal ecosystems encompass the following terrestrial and -teemastrial
ecosystems: Coastal dunes, beaches, sandy and muddy shores, rocky shores, and salines. For
three ecosystems, a separate set of minimum indicators was developed after engltiai

potential indicators for marine ecosystems, aligning more closely with the indicators for
terrestrial ecosystem types.

Coastal ecosystems are heavily pressured by land use development, pollution (e.g., Runoff
from agriculture and industry, sewage, plastic waste), and overexploitation of natural
resources. Climate change intensifies risks throughleea rise and extremeeather, while
habitat degradation and invasive species further compromise ecosystem health. Tourism and
recreational activities also contribute to environmental stress, endangering the biodiversity
and protective functions of these vital coastal areas.

Potential minimum indicators

Tables 21 and 22 show the potential minimum indicators for describing coastal ecosystem
condition and pressure, respectively.

Table 21: Potential minimum condition indicators for coastal ecosystems (see Annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition.

Class Category Variable Resolu  Unit Year Source
tion
AC1 Water na
availability

Soil condition na

AC2 Air na
Water na
Soill na

BCl Species Vascular plants 10 km n°/10 km 2013- EEA
diversity abundance 2018

Wader bird 10 km n°/10 km 2013- EEA

abundance 2018
BC2 Vegetation Small Woody 5 mto m/m? 2017- EU Copernicus
Features 100 m 2019 Land
Monitoring
Service
BC3 Productivity na
LC Connectivity Connectivity 100 m % 2018- EU Copernicus
index of semi 2021 Land

naturalareas
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Class Category Variable Resolu  Unit Year Source
tion

Monitoring
Service

Table 22 : Potential minimum pressure indicators for coastal ecosystems (see annex 5 for
details). * = Indicators in the EWide methodology to map and assess ecosystem condition.

Class Category Variable Resolu  Unit Year Source
tion
AP1 Water use na
Soll Coastal erosior 10 m m/y 2007- EMODnet
rate 2019
Beach litter 100 m n°items 2016- EMODnet
2021
AP2 Air pollution Exceedance of point mol 2022 EMEP/EEA
critical loads  grid Neg/ha
for ly
eutrophication
Water na
pollution
Soilpollution  na
BP1 Species Pressure by IA: 10 km  Unitless 2022 Polce et al., 202:
CP1 Landuse Share of buit 100 m % 2018 EU Copernicus
up areas 2021 Land Monitoring
Service
CP2 Fragmentation Mesh density 100 m  n°/1000 2009- EEA
km2 2019
Discussion

Terrestrial coastal ecosystems present several challenges that may hinder the selection of a
minimum representative set of condition indicators. From a structural and functional
perspective, these ecosystems are highly heterogeneous. Shaped by a rangestdl c
processes and underlying geological structures, this category includes systems that span from
shingle and rocky shores to fully vegetated marshes. Such heterogeneity significantly limits
the number of indicators that can adequately represent cowditiacross all ecosystem
subtypes.
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Related to the above, in some areas in Europe, terrestrial coastal ecosystems are often small
and patchy, which hampers their representation in a spatially explicit manner, particularly
when relying on satellite dathased remote sensing products. In rédat to pressures and

their indicators, the same problem applies. Different pressure may impact terrestrial
ecosystem subtypes differently, with more or less severe consequences for the overall
condition. Therefore, defining broad pressure indicators withoansidering the specificities

of all ecosystem subtypes is not optimal, and in many cases does not make sense.

These challenges are clearly reflected in the choice of indicators. For instance, physical
condition indicators related to soil characteristics (e.g. bulk density) are often not applicable
in terrestrial coastal ecosystems, as these areas are typicallynd¢aa by rocky, shingle, or
sandy ground rather than true soils. The selection of indicators in this list was therefore guided
by the representativeness of pressures and condition across ecosystem subtypes, as well as
the potential for data availability tathe EU level, which resulted in a somewhat reduced
number of indicators.

Limitations and constraints of minimum set

The main limitations of the minimum set arise from the intrinsic heterogeneity and spatial
configuration of terrestrial coastal ecosystems. These ecosystems encompass a diverse range

of landforms- from rocky shores and shingle beaches to sandy dunes egetated marshes

- making it difficult to identify indicators that are both ecologically meaningful and broadly
representative. Indicators commonly used in other ecosystems, such as satellitdetated

vegetation indices (e.d=V) or NPR are of limitel value here. Many coastal ecosystems lack
O2yaraidSyid @S3asSilaArAgdS O20SNE |yR GKS O2I NAS
for NPP) far exceeds the narrow, fragmented extent of most coastal systems. As a result, these
indicators entail a highefree of spatial uncertainty and limited interpretability.

Comparison with the E\ide methodology to map and assess ecosystem condition

¢ KS Wwwid® &neth®dology for mapping and assessing ecosystem condition does not
treat coastal ecosystems as a distinct category, instead grouping them within broader marine
or terrestrial classifications. This may limit the ability to capture the wmigressures and
functions of coastal zones, which serve as critical transition areas with high biodiversity and
vulnerability.

Data gaps and recommendations

Data availability in coastal ecosystems is often limited, which ultimately constrains the
applicability of condition indicators. In many cases, the availability of data depends on the
structure and design of national monitoring programmes, with only adaes consistently
monitored. Spatially explicit and continuous datasets are frequently lacking or are too coarse
in spatial resolution to accurately capture the structure of these ecosystems. Furthermore,
monitoring programmes are often biased towards elie ecosystem types that are
integrated into ongoing or past European directives and policies. This means that data
availability is not uniformly distributed across all coastal terrestrial subtypes.

BC3: Breeding success of waders would be a relevant indicator of functional condition,
which is specific to coastal inland areas (has been linked to condition of marshes.
However, data is generally limited to local studies and is not spatially explesdiBg
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success of waders is also not just linked to the condition of coastal ecosystems, but
also to the status of predator populations in nearby forests.

AP1: Coastal siltation rates, referring to the rate at which silt and sediment accumulate
in coastal areas, is a key indicator in coastal ecosystems. This process can be influenced
by river discharge, coastal currents and tides, and human activities deeglging,
construction, agriculture) and can have significant impacts on navigation, ecosystems,
and coastal infrastructure. An increased rate of siltation can also counteract coastal
erosion and support coastal defence. Thus, understanding the siltedienis crucial

for managing coastal zones, however, no spatially explicit data is available

To improve the effectiveness and ecological relevance of coastal monitoring and assessment,
we recommend the following actions, which address key gaps in data quality, methodological
consistency, and indicator suitability across diverse coastal ecosysiémsise of satellite
derived indices should be avoided unless these are complemented waituirdata to
improve interpretation and relevance for diverse coastal ecosystems. For instance, in
vegetated coastal ecosystems, changes in vegetation indexes/gkig. NDVI) should be
validated against hsitu measurements of plant species composition, vegetation cover, and
biomass (BC1), to distinguish between actual ecological changes and artefacts driven by
factors such as soil moisture or tidal dynamicsurimegetated coastal areas, satelttierived
spectral data should be calibrated with grouhdsed observations to derive reliable
estimates of erosion rates (AP1). Regarding coastal erosion specifically, multitemporal LIDAR
datasets provide more accuratelesation change estimates than optical satellite data,
although their broader adoption would require harmonization across EU member states to
address inconsistencies in data resolution, format, and availability. Secondly, strengthening
field-based monitomg is essential to capture the structural and functional variability of
coastal terrestrial habitats. The growing availability of small;doat environmental sensors
offers opportunities to improve not only spatial but also temporal monitoring of kegtabi
parameters such as soil moisture, temperature, and salinity. These parameters are critical for
understanding ecosystem responses to pressures likelesed rise or altered freshwater
input. We recommend integrating sensor networks with-&ide citizen science initiatives,
which can provide valuable observations of pressure indicators such as the presence and
spread of invasive species (BP1).

Finally, it is also necessary to develop ecosyséeetific condition indicators that reflect the
diversity of coastal landforms and vegetation typesr instance, vegetation cover or biomass
might be relevant in dune grasslands, but such metrics are less informative in shingle beaches
or mudflats, where bare substrate is natural and essential for ecosystem functioning. Similarly,
indicators such as sedent compaction or surface stability, which are highly relevant for
beaches and mudflats, are less commho integrated into monitoring schemes. Using
generalized indicators risks misinterpreting natural dynamics as degradation or missing early
warning signs of ecosystem stress. Thereby, we recommend that coastal ecosystem condition
assessments adopt habit&gpologyspecific indicators, grounded in ecological function and
disturbance regimes.
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6.3.10. Common features of discussion across ecosystem types

The discussions across ecosystem type groups reveal strong convergence on several
foundational issues: the importance of ecological specificity, clarity in indicator definitions and
purpose, and flexibility in implementation. Despite differences in ecesysitructure and
management intensity, there is a shared commitment to developing robust, paieyant,

and scientifically credible condition assessment indicators that reflect the realities of each
ecosystem while enabling coherent &litle reporting. Dstinguishing between pressure and
condition indicators is essential for effective ecosystem assessment. Pressure indicators, such
as nutrient loading and soil imperviousness, describe external influences on ecosystems, while
condition indicators, like smges diversity and soil health, reflect the internal state of
ecosystems. The interplay between these indicators is complex, and their clear delineation is
crucial for identifying causal relationships and developing and evaluating targeted
management straggies. Moreover, there may be ambiguity in classifying indicators. For
example, indicators like&Chlorophyla concentrationand Harmful algal bloom frequency
reflect eutrophication pressure, but are also used to infer biological productivity or condition.

A precise definition of the optimal condition (i.e. the reference level) is therefore clearly
necessary.

Several common points of discussion can be identified across the ecosystem type groups:

SATFAOdzAL G& Ay olFflyOAy3a FSIFLaAoAtAdGE I yR
groups emphasise the tension between developing a minimum set of indicators, and
the ecological complexity of ecosystems. The simplification necessary to develop a
minimum set, whilst contributing to the standardised and comparable monitoring,
may risk omitting contexspecific elements (e.g. peat integrity in wetlands, trophic
indicators in marine ecosystems). Depending on the ultimate application of the
information an Ecosystem Condition, more or less context relevance may be required.
The challenge is especially evident in marine and coastal zones, where pressures and
biodiversity are highly dynamic and spatially diffuse. Furthermore, given the diversity
within ecosygtem types across Europe, there may be additional, regionally relevant,
variables that are key for effectively representing condition. There is therefore an
important trade-off to consider between indicators with BMde comparability and
relevance for loal policy, and other indicators may be more appropriate in achieving
this balance in local applications.

Indicator selection and interpretation: The selection of indicators involves tcdfde
between simplicity, relevance, and sensitivity. Indicators like the NDVI and EVI are
favoured for their accessibility and ease of interpretation but may not capturduthe
ecological complexity of ecosystems. Conversely, more specialized indicators, such as
those related to specific species groups or functional traits, provide deeper ecological
insights, but are often constrained by data availability and methodologilenges.
Integration of remote sensing data: Remote sensing data, particularly from Copernicus
Sentinel missions, play a crucial role in ecosystem monitoring. These data provide
consistent, higkresolution information on vegetation cover, water occurrence, and
other key parameters. However, the integration of remote sensing data with ground
based observations remains a challenge, particularly in ensuring that remote sensing
metrics accurately reflect othe-ground conditions.
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Across all ecosystems, common data gaps were identified:

Biodiversity indicators, particularly those related to species richness and abundance,
often lack comprehensive, spatially explicit datasets. This limitation hampers the
ability to conduct thorough assessments and set meaningful conservation targets. For
bird diversity, it is worth noting that sources such as the European Breeding Bird Atlas
(EBBA and EBBAZ2, 2025; Keller et al., 2020) could be really useful to mapping European
occurrence. EBBA2 is a comprehensive project mapping the distribution and
abundarce of breeding birds across Europe between 2013 and 2017. It provides vital
data for conservation, showing changes in bird populations and guiding biodiversity
policy at the continental scale. This kind of monitoring initiative is a very important
source @ primary data; effort should be put into their maintenance and integration
with other data sources from MS (Soultan et al. 2022).

Functional diversity and beta diversity at the landscape letwed indicator categories
which represent two parts of biodiversity and are essential for understanding
ecosystem processes and resilience, and potential interactions between ecosystem
patches.

Plastic and Emerging Pollutants (e.g., PFAS) are largely unmonitored across ecosystem
types, particularly in aquatic ecosystems, including wetlands, despite a growing
ecological risk. Monitoring them would be essential to capture chronic and persistent
contamination.

Pointbased data or aggregated tables (e.g., NUTS2 level) for nutrients and pesticides
does not provide sufficient resolution for assessing impact on ecosystem condition,
especially for aquatic ecosystems where nutrient runoff and agrochemical loading are
key pressures.

Tables 23 and 24 provide an overview of the variables included in the minimum indicator sets
for the 7 different terrestrial ecosystem types considered in D3.2. Whilst initially, this
deliverable also aimed to develop a common minimum set of indicatorseioestrial
ecosystems, no indicators were deemed universally relevant by all ecosystem types. The
minimum sets across terrestrial ecosystems reflect the need to assess the same core
ecosystem characteristics, however these characteristics manifest etitfgrby ecosystem

type. This includes the use of general indices, such as the soil water index, which require
further specification for particular applications, and varied forms of vegetation cover (e.g.
cover crops in agroecosystems and tree cover indts).

It was also noted that development of a common list would face multiple considerations:

The directionality of a variable is often specific to the ecosystem type in question; for
example, higher soil moisture might indicate better condition for wetlands bufarot

dry grasslands.

The exact definition of indicator, such as the method by which data points are
aggregated to a coarser temporal resolution (e.g the calculation of annual or seasonal
values from a data set of daily values), may need to be different for different
ecosystentypes.
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The accuracy of potential datasets will depend on the granularity of the ecosystem
type. Howeverit is important to note that the required accuracy depends on the
application purpose (Zulian et al., 2018)

Table 23: Summary of all condition indicators included in minimum sets (A: Agro, F: Forest,
U: Urban, W: Wetland, H&S: Heathland and Shrubland, G: Grassland, C: Coastal)

Class Category Variable A FUW H&S G C
AC1l Water availability Soil water index X X X X X
Water-WetnessProbabilityIndex X
(WWPI)
Soil condition Soil erodibility X
Bulk density X X X X X
AC2 Air na
Water na
Soill SOC X X X X
C:N ratio X
BC1 Species diversity Bumblebee diversity X X X
Crop diversity X
Farmland bird diversity X
Forest bird diversity X
Proportion of native tree specie X
Wetland bird diversity X
Vascular plants abundance X
BC2 Vegetation Share of cover crops X
Small Woody Features X X X
NDVI X
Aboveground biomass X
Tree cover density X X X
Canopy height X X
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Class Category Variable A FUW H&S G C

Share of green (and blue) space X

Enhanced Vegetation Index X X
BC3 Productivity Net Primary Production X XX X X X

Soil biomass productivity X X X
LC Connectivity Density of SMNireas X

Connectivity index of Sareas XX X X X X

Table 24: Summary of all pressure indicators included in minimum sets (A: Agro, F: Forest, U:
Urban, W: Wetland, H&S: Heathland and Shrubland, G: Grassland, C: Coastal)

Class Category Variable A FUWH&S CC
AP1 Water use Water Exploitation Index (WEI+) X
Soll Imperviousness X XX X X
Soil loss due to harvesting and X
fire
AP2 Air pollution ~ AOT40 X X X
Exceedance of critical loads for X
acidification
Exceedance of critical loads for X X
eutrophication
Annual average concentration o X
PM2.5
Soil pollution  Fertilizers (NP surplus) X X
Heavy metals X
Soil acidity X
BP1 Species Pressure by IAS X X X X
Insect and diseasdisturbances X
CP1 Land use Light pollution levels X
Livestock density X
Disturbance  Number of disturbance events X
CP2 Fragmentation Mesh density X X X X
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7. Evaluation of Ecosystem Pressure Indicators: The Hunkamessure Index for
terrestrial ecosystems

The aim of this work is to show the possibilities offered by the use of spatially explicit data at
European level and to develop a concrete application of all the work carried out by the SELINA
Task 3.2. All the maps presented are intermediary versionswiibrequire further work, as

for example including Norway, Switzerland and the UK, for which some data is missing or
needs to be adapted to be comparable with that published by European institutes. The next
step of this work will evolve applying and tieg this approach through a case study linking

our human pressure index to ecosystem condition metrics for pressomeition relationship
assessment.

7.1. Context

Recent global evaluations by the Intergovernmental Panel on Biodiversity and Ecosystem
Services (IPBES 2019) have emphasized the urgency to reverse trends causing species loss and
ecological process disruption. Despite decades of acknowledging the impertah
environmental conservation and sustainable ecosystem management (MEA, 2005), how to
effectively maintain ecosystems in good condition, ensuring species thrive and nature
supports human welbeing over the long term remains a major challenge (European
Commission 2021a, IPBES 2019). We now have a fairly good understanding of the main causes
affecting ecosystems, as reported at European level (EEA 2020). However, how these
pressures, acting together, affect ecosystem condition remain ambiguous. Quagtiyman
pressure is therefore of major interest for better understanding the impact of human activities

on ecosystem condition, ensuring adequate environmental management, and promoting the
sustainable development of human society.

7.2. Developing the Human Pressure Index (HPI)

We developed a spatially explicit aggregated pressure index, the Human Pressure Index (HPI),
to assess the overall anthropogenic impact on terrestrial ecosystems. By integrating multiple
stressors, the HPI aims to establish more consistent correlatiorts egibsystem condition
metrics compared to individual stressors alone. This index utilizes the standardized yet flexible
reporting frameworks of the SEH2A to monitor pressures, as described in section 6.2.2, and
will contribute to ongoing ecosystem assegnt and management initiatives. It will serve as

a tool to inform policy decisions, direct conservation strategies, and ultimately promote the
sustainable coexistence of human activities and thriving ecosystems.

The HPI covered all 27 European Union member states (i.e., Belgium, Bulgaria, Czech Republic,
Denmark, Germany, Estonia, Ireland, Greece, Spain, France, Croatia, Italy, Cyprus, Latvia,
Lithuania, Luxembourg, Hungary, Malta, Netherlands, Austria, PolamtygBh Romania,
Slovenia, Slovakia, Finland, and Sweden) and focused solely on terrestrial ecosystems as
defined by the Corine land cover (CLC) classification system.
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This index was developed through a systematicf&tep methodological process designed to
guantify multiple anthropogenic stressors affecting European terrestrial ecosystems. The
process consisted of:

Selection of Metrics: Identification and collection of relevant pressure indicators
across the defined geographic extent.

Data alignment and rescaling

Scaling: Standardization of the diverse pressustrics to ensure comparability

across different measurement scales and units.

Weighting: Assignment of relative importance to different pressure components
based on their documented ecological impacts.

Aggregation: We integrated the weighted metrics into a single comprehensive index.

This methodological approach allowed to create a spatially explicit measure of anthropogenic
pressure that can be uniformly applied across different terrestrial ecosystem types within the
study region.

Consideration for metrics selection

The pressure typology presented in Section 6.2.2 was used for selecting appropriate
indicators. These indicators were chosen following several criteria:

Responsiveness of ecosystem to change in biotic and/or abiotic state resulting from
pressure changes,

Validity (i.e., representability of the stdategory characteristics) and reliability (i.e.,
accuracy and reproducibility),

Data availability simplicity and compatibility across different ecosystem types, and
Spatial explicitness.

The final list of indicators should be parsimonious while comprehensively representing the
range of human pressures. We based our selection on the participatory works performed
within the SELINA project. Resource use focused on water use (i.e., Watetaigpltndex)

and wood production was used as a proxy of forest famd. For pesticide pressure, a
pesticide risk score developed by Tang et al (2021) was used. The authors provided a global
map on risk score based on pollution risk of active pesticigestdients. This score was only

used for agroecosystems as defined by CLC. The choice of these data was driven by the
limitation of the data provided by the JRC. Although human activities may have direct impacts
on climate change (IPCC 2023, Lynas 20&igators of climate change were not considered,

as they often overlap and interact with human pressure indicators (e.g., air pollution,
resources extraction). We also excluded indicators of pathogens and diseases, as no spatially
explicit indicators werédentified. Additionally, we omitted the water pollution for terrestrial
ecosystems because freshwater pollution, such as nitrogen or phosphorus contamination, is
usually linked to pollution coming from agricultural and urban areas. The final set oftordica

is presented in Table 25.

Table 25. List of available variables selected to assess human pressure in terrestrial
ecosystems in Europe (Sources of data: EEA: European Environment Agency; JRC: Joint
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Research Center; ESDAC: European Soil Data Centre; EASIN: European Alien Species

Information Network; EFI: European Forest Institute) (see Annex 5 for details).

Group Class Category Variable Source Resolution Reference
Abiotic AP1 - Physical Water use Water EEA Sub-river Faergemann (2012)
pressures Exploitation basins
Index (WEI4)
Soil Imperviousness Copernicus 10m Copernicus (2018)
Soil loss due to
crop and roots
harvesting (Soil  JRC/ESDAC 1000 m Borrelli et al. (2022)
erosion
cropland)
Soil loss dueto  JRC/ESDAC 100 m Borrelli et al. (2016)
harvesting and
fire (Soil
erosion forest)
AP2 - Chemical Air pollution AQT40 Ozone EEA 2000 m Hordlek et al. (2020)
vegetation
and crops
Exceedance of  EEA Gridded Posch et al. (2008)
critical loads
for
eutrophication
Soil pollution N and P surplus EEA 1000 m De Vries et al. (2022)
Pesticide risk Tang et al. 10000 m Tang et al. (2021)
score (2021)
Heavy metals EEA 1000 m De Vries et al. (2022)
Biotic BP1 - Species Pressure by JRC/EASIN 10000 m Polce et al. (2023)
pressure Compositional invasive alien
species (1AS)
Landscape LP1-Physical Land-use Forest product  EFI 1000 m Verkerk et al. (2015)
pressure exploitation
Intensity of JRC 1000 m Rega et al. (2020)
agricultural
management
LP2 - Structural Fragmentation Mesh density EEA 10000 m Jaeger (2007)

Data alignment and rescaling

To ensure consistent spatial representation across diverse data sources and ecosystem types,
a standardized resolution of 1 Kwas implemented. All maps were reprojected to ETRS89
extended, the coordinate system for Europe (EPSG: 3035), and then resampled togritlkm?
reference. Resolutions lower than 1 km2 were upscaled using nearest neighbor criteria, while

higher resolutionsvere downscaled using mean pixel values reduction.

Scaling the metrics

To ensure comparability across different metrics, we normalized each metric to a unitless
score ranging from O (no pressure) to 1 (strongest pressure). The normalization was

performed using the following formula:

X = ((Metrig) - (Lower anchor)) / ((Upper anchorfLower anchor))

112




where X is the normalized score, Metric is the observed value of the metric, and the upper and
lower anchors represent the range of theetric.

Here the lower anchor is the lower reference value of the pressure variable that is defined as
zero, considering that no pressure is affecting ecosystems, and the upper anchor is the highest
value found at the European continental scale used. Thus thefeimaula is:

x = (Metrig) / (Upper anchor)

Weighing the metrics

To address the varying impacts of different stressors on ecosystems, we aimed to create a
weighting system, using both expert input and statistical analysis. Following the IPBES report
(IPBES, 2019), we firstly categorized our pressure indicators int@fivery drivers of
biodiversity loss and ecosystem degradation, excluding climate change and species
exploitation. We applied the weights assigned by IPBES to each driver based on their relative
impact on six classes of Essential Biodiversity VariabBésjEPereira et al., 2013). Next, all
co-authors of this study were asked to assign a relative score to each indicator within its
respective driver category, based on its importance or relative impact. Finally, we multiplied
the relative weight of each dicator by the total score of its category to determine the final
weight of each indicator.

We also conducted a sensitivity analysis of the Human Pressure Index (HPI) to assess its
responsiveness to changes in the input data. We modified the data by increasing and
decreasing the mean values of each variable by 50%, while keeping the other esriabl
constant. We adjusted each parameter individually and evaluated how much it deviated from
the baseline HPI, using the standard set of parameters without weighting as a reference.

Aggregation of the metrics

The final step consisted of aggregating the weighted, normalized scores into a single HPI. We
used a weighted arithmetic mean to combine these scores, ensuring that each type of
pressure was represented according to its impact on the ecosystem.

The resulting HPI ranges again from 0 to 1, with higher scores signifying greater human
pressure and lower scores indicating minimal human disturbance. This standardized scale
enables both spatial comparisons across different geographic regions and thesmatysis
across various pressure components.

7.3. Results

Abiotic physical pressures

Water resources are under significant pressure (Fig. 14a). Regions highlighted in red represent
zones with high Water Exploitation Index (WEI+) values, meaning water demand exceeds
supply. These are primarily located in southern Europe, including Spain, dhd parts of
Greece and France, reflecting regions prone to water scarcity. However it is worth noting that,
in Belgium, Netherlands, north Germany and Poland also present high WEI+, which could be
related to high agricultural activities. Soil sealomgimpervious surfaces, representing high
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imperviousness, are notable around urban and densely populated areas, such as London,
Paris, and parts of central Europe (Fig. 14b). These surfaces prevent water infiltration, thus
affecting ecosystem services such as flood control (Vallecillo et al.),28f affect natural
ecosystems. Significant erosion can be seen in central and southern European croplands,
including parts of Italy, Spain, France, and eastern Europe, driven by factors such as rainfall,
topography, and farming practices. (Fig. 14cyeBbsoil erosion is prevalent in mountainous
regions such as the Alps, the Apennines, and parts of the Balkans, probably driven by
topography and higher rainfall, and in Mediterranean regions such as the Iberian Peninsula,
Italy and Greece, prone to wildés, especially in the summer months when water scarcity is
high (Fig. 14d).
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Figure 14: Individual maps of physical abiotic pressure across Europe: a) Water
Exploitation Index plus (WEI+), b) Imperviousness, c) Soil erosion in cropland (i.e., soil loss

due to tillage and roots harvesting) and d) Soil erosion in forest (i.e., loss due to

harvesting and fire). (Larger maps can be found in Annex 6).

Abiotic chemical pressures

High levelof ground S@St 21 2yS o6hi 0 LRffdziA2yT 6KAOK A
and various animal species including mammals,birds, reptiles and amphibians, are evident in
southern and western Europe, especially Italy, France, and the Ibeaaimsula, reflecting

the interactions between warm climates and high vehicle emissions (Fig. 15a). Atmospheric
YAGNRIASY LRftdziA2ys 2F0Sy SYAaarzya 2F 2EA
containing particles) are highest in Belgium, northererr@any, northern lItaly, the
Netherlands and Poland (Fig. 14b), indicating high nitrogen deposition and risk of
eutrophication that can significantly disrupt nutrient balances and biodiversity. Fig. 15c and

Fig. 15d displays nitrogen and phosphorus accutiorlan soils. Central and southern Europe

show high N surpluses, particularly Germany, Italy, and parts of France and eastern Europe
and western Europe, including France and the Benelux region, along with northern Italy, show
high phosphorus loads. Thesegions correspond to the major agricultural areas of Europe,
highlighting oveffertilization. Pesticide risk score indicates areas under pressure from
pesticide application, also typically linked to intensive agriculture (Fig. 15e). High scores in the
Berelux region, France, northern Italy and eastern Europe, suggest widespread use. Finally,
Fig. 15f shows regions with elevated concentrations of heavy metals, likely due to intensive
industrial activities, agricultural practices, urbanisation and wasteaodisp Prominent in

central and southern Europe, including Germany, the Benelux region, northern Italy, and parts
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of France and Spain, these regions have long histories of intensive industry, mining, and
agriculture, often combined with dense populations and infrastructure.

5

d) Soil P

metals
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surplus

Figure 15: Individual maps of chemical abiotic pressure across Europe: a) Accumulated
aeone exposure (AOT40), b) Risk of eutrophication (N deposition), ¢) N fertilizer surplus, d)
P fertilizer surplus, e) Pesticide risk score and f) Exceedance of ciitezaty metal inputs.

(Larger maps can be found in Annex 6).

Biotic compositional pressure

This category only includes pressure by invasive alien species (Fig. 16). The map indicates the
intensity of ecological pressure caused by the presence and spread ofative species that

are known to displace native flora and fauna, alter habitats, @iscupt ecological processes
(Polce at al., 2023). The map highlights that western and central Europe face the highest
pressure due to dense infrastructure, trade, and disturbed landscapes, which facilitates the
introduction and spread of IAS. In contrasgrthern and southeastern regions experience
lower pressure, often corresponding to lower population density, harsh environmental
conditions or remote/mountainous areas. This information is crucial for informing biodiversity
protection strategies and IA8anagement policies.
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Figure 16. Pressure by i mvaswe allen speC|es (IAS) across Europe (Larger map can be found
in Annex 6).

Landscape pressures

Regions with high forest exploitation intensity are primarily located in Northern Europe,
particularly in countries like Sweden and Finland (Fig. 17a). There are also significant areas of
high intensity in Central Europe, including parts of Germany andc&ralrhe map also
highlights Portugal, one of Europe's leading pulp producers, with a forest plantation area of
fast-growing trees such asucalyptus globulusovering around 26% of the country. Tomé et

al (2021) highlighted potential negative environmeniasues (e.g., water use, loss of
biodiversity) and vulnerability to hazards, such as wildfires that may increase forest erosion.
High agricultural intensity is observed in Western Europe, particularly in northern France,
Benelux region, Germany, northetlialy and Poland, corresponding to the major agricultural
areas of Europe (Fig 17b). Finally, highly fragmented areas are scattered throughout Europe,
with notable concentrations in Western and Central Europe, including parts of Germany,
France, and the éhelux countries where population density is also higher. Fragmentation is
less pronounced in Northern Europe and parts of Eastern Europe (Fig 17c).
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a) Forest exploitation b) Agriculture c) Fragmentation
intensity intensity
Figure 17: Individual maps of landscape pressures across Europe: a) foresutand
intensity, estimated through forest exploitation intensity (i.e., wood production), b)
Agriculture intensity and c) fragmentation pressure (i.e., meshes density). (Larggosn
can be found in Annex 6).

The aggregated Human Pressure Index

The map provides a visual and comprehensive representation of how human activities and
pressures are distributed across Europe, highlighting areas of intense human impact and those
with relatively lower pressures (Fig. 18). The map shows a clear geogtagtibtabution with

high pressure areas concentrated in Western and Central Europe. Countries such as the
Netherlands, Belgium, Germany, western France, northern Italy and western Poland show
high human pressure. These regions are densely populated, s@mwag infrastructure
fragmenting the landscapes and have been subject to intense pressures due to agricultural
and industrial development. Surrounding these hylessure zones, there are areas with
moderate human pressure in countries like Spain, Polttuagad parts of Eastern Europe. It is
worth noting that coastal parts of eastern Spain, Portugal and southern lItaly present higher
pressure mainly due to high population density and touristic infrastructures. Finally, low
pressure occurs in northern Eurogearticularly Scandinavia, and parts of Eastern Europe, due
to lower population densities and less intensive land use.
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7.4. Perspectives

The Human Pressure Index (HPI) offers a potentially powerful and practical tool for translating
environmental data into actionable insights for polityaking. Although not operating at fine

plot-level resolution (e.g., parcégvel urban planning), the HREE STFSOUA GBS NB a2t «
appears highly appropriate for regional to stdgional conservation planning and ecosystem
restoration assessments. Indeed, the resolution is fine enough to support landknage
intervention, especially for identifyingressure hotspots, and, in many cases, the resolution

aligns with administrative units or ecological zones used for regional conservation programs
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(e.g., Natura 2000 sites, biogeographic regions). By integrating a wide range of anthropogenic
stressors into a single, spatially explicit indicator, the HPI can guide where to mitigate
pressures, invest in restoration, or monitor changes in ecosystem itimmdeffectively.
Strategic applications of the HPI for policy and planning can include:

Identifying Priority Areas for Conservation

While the Human Pressure Index (HPI) is not designed to identify pristine areas for strict
conservation at the fine spatial scales used in local reserve planning, it offers a valuable
continental and regional overview of cumulative human pressures. Thps heghlight broad

scale patterns of pressure that can inform strategic conservation planning, such as:

Identifying buffer zones or potential corridors between existing conservation areas
Aligned with Ebide frameworks like theEU Biodiversity Strategy for 2Q3By
informing where cumulative pressures may undermine conservation goals.
Complementing finescale ecological assessments by identifying regions where
pressure trends may require enhanced protection or management measures.
Monitored over time to evaluate the effectiveness of sitesed conservation actions

or funding instruments (e.g., LIFE Programme, Natura 2000).

It is important to note that areas under high pressure are typically not suited for new
conservation designations, unless the goal is to buffer existing sites, prevent further
degradation, or support ecological connectivity in fragmented landscapes.

Guiding Ecological Restoration

When combined with ecosystem condition assessments, the HPI provides a foundation for
targeted, effective restoration planning. HPI is critical to the implementation oEthéNature
Restoration Regulatignallowing restoration objectives to be tailored to real spatial and
ecological challenges. More specifically, it can help:

Identifying landscapscale hotspots where restoration and pollution mitigation
efforts may have the greatest regional benefit (e.g., kiglensity agricultural zones

or heavily eroded catchments).

Helping prioritize degraded areas under multiple pressures that align Matture
Restoration Regulatiotargets, such as soil erosion in Mediterranean croplands or
forest degradation in mountainous regions.

Supporting pressureondition assessments by overlaying HPI data with national or
regional condition indicators, enabling evideAwased restoration interventions. HPI
may allow 1) highlighting resilient areas under pressure maintaining good ecological
condition, which can serve as reference ecosystems or case studies for adaptive
management, and 2) detecting areas of ecological collapse (i.e., chronic degradation)
where restoration may need to be supported by additional measures, such as reducing
upstreampressures or addressing legacy impacts.

Supporting Environmental Legislation and Policy

The HPI offers a harmonized, scientifically grounded tool that may improve coherence
between European, national, and regional environmental policies, facilitating compliance and
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better regulatory outcomes. The HPI can contribute to policy coherence and legal compliance
by:

Increasing transparency and accountability of tl&J Environmental Impact
Assessment&lAs): Although EIAs are generally conducted at the local, psgecitfic
scale, HPI can provide a regional pressure baseline against which the potential
cumulative impacts of new developments can be interpreted, particularBtrategic
Environmental Assessment6SEAs). Additionally, for transboundary or larger
infrastructure projects, the HPI can guide planners to consider broader landscape
pressures not visible in¢al datasets.

Informing and justifying legislative action, such as expanding protected areas or
regulating laneuse intensification.

Supporting reporting obligations under frameworks like SEBA IPBES, or the
Convention on Biological Diversity.

Spatial Planning and Lantlse Decision Making

The HPI strengthens spatial planning by identifying zones where land use is intensifying in
ways that threaten ecosystem health, supporting more resilient, clirsatart, and
ecologically sustainable landscapes. Policymakers can:

Limit urban expansion in higbressure zones, avoiding ecologically sensitive areas in
development plans.

Guide green infrastructure investments in urban and fpghban areas to reduce soil
sealing and improve ecosystem function.

Support regional zoning frameworks by highlighting cumulative pressure hotspots that
warrant protective overlays, restoration targets, or infrastructure limits, balancing
development with biodiversity protection and ecosystem service provision.

Monitoring and Evaluation of Environmental Policies

The HPI can enable lotgrm policy monitoring, allowing for a shift from reactive to proactive
governance in environmental policy by providing:

A baseline antracking system for cumulative human pressures over time.

A way to evaluate the effectiveness of policy interventions, includiAd’greening
measures, pollution reduction strategies under teropean Green De@.g.,EU Zero
Pollution Action Plgnand restoration programmes.

Insight into where adaptive management is needed, especially in regions where
pressures continue to increase or where ecosystem condition does not improve
despite interventions.

Supporting Scientific Research and Identifying Knowledge Gaps
The HPI can support scientific evidence and policy learning by:

Offering a standardized dataset to study how different pressures interact to drive
ecosystem degradation or resilience.

Helping detect discrepancies between pressure and ecosystem condition, indicating
legacy effects, resilience, or unmeasured drivers (i.e., data gap in monitoring).
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Developing predictive models of ecosystem responses under different policy or
climate scenarios, by offering harmonized baseline data.

Stimulating crosslisciplinary collaboration on tipping points, thresholds, and
restoration pathways by integrating ecological, social, and geospatial perspectives.

Public Awareness and Stakeholder Engagement

The HPI's visual outputs make complex environmental data understandable and relevant for
non-specialist audiences. The HPI can support participatory environmental governance by:

Communicating spatial risks and priorities to civil society, local authorities and
businesses to build awareness and trust.

Engaging stakeholders in shared responsibility for ecosystem stewardship by showing
how local pressures affect broader ecological health and by promoting sustainable
practices.

Building public legitimacy and awareness of environmental priorities.

Human Health andenvironmental Quality

Although the HPI is not a direct public health index, itl also has important applications for
public health policy by identifying areas where environmental pressures pose risks to human
well-being. This includes:

Highlighting areas of high cumulative environmental pressure that may affect human
well-being and health.

Supporting planning decisions aimed at improving environmental quality and access
to natural spaces.

Ecosystenbased adaptation that supports loftgrm wellbeing and disease
prevention.

7.5. Limitations, uncertainties and recommendations

While the Human Pressure Index (HPI) provides valuable insights into the anthropogenic
pressures on terrestrial ecosystems across Europe, it is essential to acknowledge its limitations
and uncertainties. Addressing these issues is crucial for improvinactheacy, applicability,

and effectiveness of the HPI in guiding policy and conservation efforts.

Scalability and Resolution Constraints

CKS 1tLQa NBazfdziazy 27F wmlevel dnalgsis, gsknsuffi@entlfaR S |j dzl
localscale interventions, such as targeting specific wetland patches for restoration or
designing urban green corridors. In parban areas, where landse pdterns are highly
fragmented, the HPI may also mask critical micaoiations due to spatial averaging. To
overcome this issue, in contexts requiring granular decismaking, HPI applications should

be complemented with higiesolution land cover and cadt@al data, especially in urban

planning or Natura 2000 management. Collaborations with national and regional
environmental agencies and research institutions can facilitate data sharing and
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standardization, allowing for a more detailed and comprehensive analysis of human pressures
on ecosystems.

Data gaps and spatidemporal coverage

The HPI relies heavily on the availability and quality of spatially explicit data. However, there
are significant data gaps, as described in this report (e.g., Pathogens and diseases), and
inconsistencies due to limitations in data collection and the miodeapproaches used for
certain indicators (e.g., erosion, pesticide risk score), with potentially varying accuracy. In
addition, differences in the reference years of datasets introduce temporal inconsistencies
that may affect the reliability of the agggated index. These limitations hinder accurate cfoss
regional comparisons and timely assessments. Addressing them requires strengthening
national monitoring systems, standardising reporting obligations under existing EU
frameworks, and increasing regulgpdates and spatial coverage.

Generalisation and Oversimplification

The process of normalizing, weighting, and aggregating diverse pressures into a single index
inherently involves simplification and lossimformation. This can obscure the complexity and
interplay of stressors and their ecosystapecific impacts. Supplementary disaggregated
indicator dashboards, alongside the composite HPI, should be provided, for allowing more
nuanced interpretation. Thearmative nature of weighting different pressures also presents

a challenge. These weights may not reflect local ecological sensitivities or stakeholder
priorities. Therefore, it is recommended to enable stakeholtdormed customization of
weights, espeailly in participatory planning contexts, and to document all assumptions
transparently.

Risk of Misinterpretation and Misuse

The intuitive nature of a composite score may lead to overreliance or incorrect assumptions
about ecosystem condition. High HRlues indicate intense anthropogenic pressure, but not
necessarily ecosystem degradation, as resilience or legacy effects may buffer or delay
ecological responses. The HPI outputs should be embedded within interactive platforms or
policy briefsthatexplay (G KS AYRSEQ& YSIyAy3as fAYAGlI GAZ2YeE

By acknowledging these limitations and uncertainties taking proactive steps to mitigate their
effects, the HPI can be more robustly and responsibly applied in support of ecosystem
management, restoration, and policy formulation across Europe.

7.6. HPI testing and development

The Human Pressure Index is not just an environmental monitoring tool: It is accritisg)

policy asset. It can inform where and how to intervene, support eviddrased governance,

and connect biodiversity, climate resilience, and human-eihg and kalth into a unified

framework. For policymakers, the HPI can offer the spatial intelligence needed to implement
AYFNISNE Y2NB O2KSNBYyG>X yR Y2NB adzaidlAylof S
testing the HPI against ecosystem condition indicaite needed to ensure its effectiveness as

a tool for environmental management, conservation planning, and policy development. It will
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not only validate the methodological soundness of the index but will also confirm its ecological
relevance and practical applicability, ensuring it reflects real conservation needs. First, it will
ensure validation and accuracy, confirming that the HRec&s real ecological degradation
and not just modeled pressure levels. Second, it will help identify ecandeffect
relationships between specific pressures and ecosystem responses, enabling more effective
and targeted conservation strategies. Thirdwitl support calibration and refinement of the
HPI, improving its predictive power by adjusting weights, identifying missing drivers, and
correcting biases. Fourth, it will enhance policy relevance, allowing policymakers to prioritize
areas for interventn, guide restoration planning, and track the effectiveness of
environmental measures over time. Finally, a validated HPI will become a powerful
communication and awareness tool, helping stakeholders and the public understand where
human impacts are mostitical and how ecosystems are responding.

8. Alignment of D3.2 Ecosystem Condition Framework with Global
Biodiversity and Ecosystem Service Frameworks

The framework presented in D3.2 is grounded in global efforts to harmonize biodiversity and
ecosystermservice monitoring, notably the Essential Biodiversity Variables (EBVs) of GEO BON
(Pereira et al., 2013), the Essential Ecosystem Service Variables)(EEd¥%anera et al.,
2022), and the Nature Positive Initiative. These frameworks provide a common foundation
for tracking ecological change and humgaature interactions across scales. D3.2
operationalizes these approaches in the European context, integraecological and
biophysical data at both local and landscape levels under-&EBEkd aligning its indicators

with major EU policies such as the Biodiversity Strategy for 2030, the Nature Restoration Law,
and the Marine Strategy Framework Directive.d®ng so, D3.2 bridges the gap between
conceptual frameworks and practical implementation, ensuring comparability, policy
relevance, and scientific rigor in ecosystem assessments.

8.1. 't A3y YSyld 6AGK D9h . hbQa 9aaSyidalrft . A2

GEO BON (Group on Earth Observations Biodiversity Observation Network) is a global
network dedicated to improving the acquisition, coordination, and delivery of biodiversity
and ecosystem data (https://geobon.org/). GEO BON aims to provide robust, intaldpe
biodiversity observation data to support effective management and policy decisions for
biodiversity and ecosystem services worldwide.

The ecosystenrspecific indicators directly correspond to four EBV classes defined by GEO
BON: species populations and community composition (i.e., taxonomic diversity), ecosystem
structure, and ecosystem function (Pereira et al., 2013). Genetic compositasn not
included by D3.2 expert groups, due to the lack of available data, as well as functional traits,
although some species have been included on the basis of their functional role (e.g.
bumblebees as pollinators). For example:

Species Population$3.2 focused on specific indicators relevant for each ecosystem
type, as bird diversity specific to farmland, wetland or forest; bumblebee diversity in
agroecosystems, heathlands & shrublands or natural grasslands. Community
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composition could be assessed only for certain types of ecosystems, for which several
species were identified.

Ecosystem Structurdn forests, D3.2 focuses on canopy height and tree cover density
corresponding to theecosystem structur&BV class. By leveraging higholution
Copernicus data, D3.2 ensures spatial continuity and comparability across European
forests, addressing gaps in spatial resolution (Kissling et al., 2018).
EcosystemFunctiol€2 NJ ¢ SGf | Y RA I 5 eWetnadsiPratmbifity l@déx K S
(WWPI) and flooding frequency reflects tbeosystem functioBBV class, particularly
hydrological dynamics. These indicators are derived from egueess datasets (e.g.,
Copernicus, EEA), ensuring transparency and accessibility.

Significant monitoring gaps remain for EBVs, as identified by Santana et al. (2025). The
authors provide a comprehensive, mediimensional analysis of biodiversity monitoring gaps

in Europe, linked to the production and implementation of EBVs. The studigrsicores that

these gaps hinder reliable, policglevant assessments, calling for sustained funding,
harmonized sampling, open data sharing, and equitable transnational coordination to bridge
deficiencies.

D3.2 contributes to addressing these gaps:

Transnational Integration:D3.2 leverages EWide datasets (e.g., Copernicus, EEA,
EMODnet) to ensure comparability across borders.

Taxonomic and Spatial BiaseB3.2 includes understudied but relevant taxa for all
ecosystem types (e.g., benthic species, pollinators).

Temporal GapsD3.2 integrates mukyear datasets (e.g., Copernicus time series) and
prioritizes repeated measurements (e.g., SOC, canopy cover). However, not all
indicators are available for the same reference year across the EU, reflecting the
broader challenge of iegular data collection cycles.

Data AccessibilityD3.2 promotes opefaccess platforms (e.g., GBIF, JRC ESDAC) and
FAIRcompliant data sharing to ensure transparency and reusability, addressing the
restricted access to raw data (e.g., WFD monitoring data stored nationally).

While D3.2 focuses on the above areas, Santana et al. (2025) also highlights protocol
standardization and geographic disparities (e.g.,-Bhhregions) gaps. To fully address these,
D3.2 recommends strengthening standardized protocols (e.g., for citizencecor field
surveys), expand coverage to nét regions (e.g., the Balkans and Caucasus regions) to
reduce geographic disparities and deepen temporal alignment by synchronizing indicator
updates and partnering with loatgrm monitoring networks (e.g.he LongTerm Ecological
Research (LTER) network, national forest inventories).

8.2. Alignment with Essential Ecosystem Service Variables (EESVS)

The EESV framework (Balvanera et al., 2022) defines six dimensions for monitoring nature
society interactions: ecological supply, anthropogenic contribution, demand, use,
instrumental values, and relational values. The minimum sets of indicators conttibtitese
dimensions as follows:
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Ecological Supplyefers to the ecosystem structures and functions that underlie the
potential capacity of ecosystem services provisioning: Indicators such as SOC, NPP,
canopy cover and seagrass cover measure the capacity of ecosystems to provide
services like carbon segsieation and habitat provision.

Anthropogenic Contributiorrefers to the human investments to enhance ecological
supply and to make use of ecosystem services: For example, D3.2 tracks land
management intensity and pollinator diversity, that can quantify human efforts to
enhance or degrade ecosystem services, agfood provisioning.

Demand and Use5 0 ®H Q& A Y RA Ol ddephddentfTcdNareh)Xishérigsy | (i A 2
yield, and recreational access to green spaces illustrate how societies benefit from and
rely on healthy ecosystems.

Instrumental and Relational Valuesindicators measuring green (and blue)
AYFNF aGNHzZOGdzNB FyR &aLI GAlLE O2yySOGADAGeR
humannature interactions.

By aligning with EESVs, D3.2 supports the assessment of progress toward the UN Sustainable
Development Goals (SDGSs), particularly those related to biodiversity (SDG 15), sustainable
cities (SDG 11), and ocean health (SDG 14).

8.3. Contribution to the Nature Positive Initiative

The Nature Positive Initiative (NPI) is a coalition of nature conservation organisations,
odzaAySaasSazs FTAYFYOALf AyadAddzianzyas IF28SNYLy
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the KunmingMontreal Global Biodiversity Framework (GBF), calls for universal metrics to

track progress toward halting and reversing biodiverkiss and improving natural processes.

However, the NPI is still looking for a consensus on a set of credible metrics that measure the

state of nature that should be universally applicable, credible, practical and affordable across
scales, users and geaghies. D3.2 aims to fill these gaps by integrating robust and
standardized indicators at European level and for all ecosystem types. Itsndeal
FNFYSE2N] 2 aSLINFY¥GAYy3I KdzYlky LINBaadaNBE | yR SO:
focus on baselin@ssessments and impact tracking, following the presstage-response

framework:

Ecosystem Condition Indicatordd3.2 aimed to develop a set of indicators for
assessing ecosystem health, enabling the detection of improvements or degradation
over time. As with the NPI, these indicators encompass both local and landscape levels
and cover abiotic and biotic charactdits, following the SEEA EA framework. For
example, indicators of biodiversity, ecosystem productivity or fragmentation were
identified by both the NPI and D3.2.

Pressure Indicators:D3.2 has identified a wide range of indicators of human
pressures, including lardise change, pollution and invasive alien species, supporting
GKS bl GdzNE t2aA0A0S LYAGALFGAGSQAa 321D E
Pressure Index (HPI) (D3.2, seati/) that aims to integrate these indicators into a
single index to quantify such anthropogenic impacts.
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0. General D3.2 Conclusion

The work undertaken in this Deliverable D3.2 supports the broader effort of systematic EC
assessments, through proposing a structured and practical approach grounded in the SEEA
EA framework. It provides a comprehensive framework for identifying and phogos
minimum set of operational and spatially explicit indicators across a wide range of terrestrial,
freshwater, marine, and coastal ecosystems. Building upon the-EEBE&counting system

and insights from the MAES framework, the report offers both eptal refinements and
practical methodologies for distinguishing condition from pressure indicators, addressing a
persistent challenge in environmental monitoring and policy application. A major
advancement presented in this work is the proposal to cleseparate condition and pressure
indicators, not only for conceptual clarity, but also for enhancing causal analysis and targeted
policy intervention. The proposed duidex framework, comprising a condition index
representing intrinsic ecosystem charagstics and a pressure index representing
anthropogenic stressors, offers an analytically rigorous and operationally feasible structure
for ecosystem accounting.

Whilst not exhaustive, the work presented here provides a step toward more integrated and
scalable EC assessments. The extensive ekpsed evaluation across nine ecosystem types
revealed significant commonalities in challenges, including data limitgtitthve contextual
interpretation of indicators, and the tension between minimum and comprehensive indicator
sets. Despite these shared issues, ecosysipatific insights underscored the importance of
tailoring indicators to the functional, structural, andmpositional nuances of each ecosystem
type. The review also highlighted a continued bias toward structural and physical indicators,
with limited coverage of functional and compositional attributes, especially due to data
scarcity and monitoring gaps. étier key constraint is the quality of spatially explicit data,
with the unbalanced coverage identified during the review echoed in the process of
populating indicator lists, where the inclusion of ecologically relevant variables was often
limited by datagaps. These gaps restrict consistent representation across ecosystem types
and may obscure important patterns or trends. In addition, the classification of indicators,
particularly the separation of condition and pressure, remains a subject of ongoingsia.

The indicator sets proposed for each ecosystem type are intended as a minimum operational
set of indicators to be assessed. While they prioritize existing data availability and pan
European applicability, they also recognize the importance of flexibiétypwing for
ecosystemspecific adaptations and future refinement as data infrastructure improves.
Importantly, the report stresses that this minimum set is not a static endpoint, but a starting
point for iterative improvement, aligned with evolving sciéict knowledge, policy needs,
technological capacities, and emerging environmental dynamics. These minimum sets of
indicators remain conceptual and have not yet been systematically tested across different
ecosystem contexts. Applying them in a range ofggaephical and ecological settings would
provide critical insight into their suitability for representing broad ecosystem types and
whether refinements are needed to reflect internal variation. Such testing would also help to
evaluate the practical adequaof the selected indicators. Crucially, meaningful application
requires the use of reference levels to assess ecosystem quality, for which the methodology
developed in Deliverable D3.3 provides a relevant basis.
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For this purpose of applicability, we have developed a new Human Pressure Index (HPI) for
terrestrial ecosystems across Europe based on the minimum sets proposed here. The HPI
could prove to bapowerful tool for assessing and visualizing the cumulative impact of human
activities. By integrating multiple stressors into a single framework, it supports evidence
based policy, targeted conservation, and public awareness. Its combination with ecosystem
condition data will enhance our understanding of presstegsponse dynamics and reveal
knowledge gaps, making it valuable for both decigimaking and scientific research.

In conclusion, the deliverable supports the EU's ambitions under the Biodiversity Strategy for

2030 and the Nature Restoration Regulation by offering a harmonized yet adaptable
framework for evidencédased ecosystem assessment and management. It lays the
groundwork for consistent and comparable ecosystem condition reporting while ensuring
SO2t23A0Ff NBftSOFIyOS IyR LRfAOe dziAftAdGe I ONR
and pressures.

The results of Task 3.2 will provide input for SELINA Task 3.4, which will propose a scientifically
robust decision framework to support the designation of ecosystem condition levels, through
providing reliable data and indicator suggestions to be integtanto this framework. Indeed,

while the various forms of EWide ecosystem assessment have highlighted that reduced
LINBaadzZNBa R2y Qi Fftglrea tSIR G2 AYYSRAIFIGS SOz
responses, our framework allows accounting foteractions between pressures and EC.
Separating pressure from EC may clarify caaffect relationships and enable early detection

of degradation. It will balance the traewf between sitespecific accuracy and broader
regulatory needs to support timelprecautionary restoration and management.

This work is also particularly relevant for the SELINA task 6.2 that aims to integrate the findings
from ecosystem condition (WP3) and ecosystem services (WP4) assessments to identify the
minimum conditions required in different ecosystem types to supmpécific ecosystem
services. This interrelationships analysis between EC and ES will generate robust, evidence
based insights that are directly applicable to regulatory and policy design, particularly for
ecosystem restoration, sustainable management, ahd planning of use and nease
options. The outcomes will support more targeted, steecific, and effective implementation

of ecosystenrelated policies and strategies. Additionally, it is expected that the insights of
this report, including the minimunndicator sets, will be integrated in the unified SELINA
Framework for Integrated Ecosystem Assessment (FIEA) developed in Task 6.4. Specifically,
GKS aiGSL) W aaSaaQ oKAOK Ay@2f @dSa ljdad yiATeAy:
Finally, the findigs presented in this report will shape key products related to the assessment

of ecosystem condition, through two scientific papers in which the results of Section 6.1 and
Section 7 will be presented.
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10. Final Recommendations

The work conducted under SELINA Deliverable D3.2 represents a significant step toward
establishing a harmonized, scientifically grounded, and operational framewodsé&ssing
ecosystem condition across Europe. Drawing from extensive expert consultation, literature
review, and alignment with the SEEA framework, we offer the following final
recommendations to guide future implementation, policy integration, and mdtiogical
refinement:

1. Implement the Dualndex Framework for Condition and Pressure

Adopt a clear conceptual separatiorbetween ecosystem condition (natural
characteristics) and ecosystem pressure (anthropogenic drivers) across EU ecosystem
accounting and monitoring frameworks.

This distinction improves analytical rigor, supports targeted policy interventions, and
enhances clarity in communication to stakeholders

2. Operationalize the Proposed Minimum Indicator Sets

Use theecosystemspecific minimum indicator setgpresented in this report as a
starting pointfor consistent and comparable ecosystem condition assessments.
Ensure that the selected indicators reflect the key abiotic, biotic, and landscape
characteristics as defined in the SHEAtypology, while remaining sensitive to data
availability and ecosystetspecific priorities.

3. Address Critical Data Gaps and Monitoring Needs

Invest in expanding biodiversity monitoring especially for compositional and
functional state indicators (e.g., pollinators, soil biota, wetland dynamics).

Allow the disclosure of EU sensitive pollution dafa.g. pesticides, heavy metals) in
order to effectively assess the condition of ecosystems

Invest in monitoring plastic and emerging pollutante.g., PFAS) to capture chronic
and persistent contamination.

Enhance the spatial and temporal resolutiaof key indicators, particularly in data
poor ecosystems such as wetlands, grasslands, and marine/coastal environments.
Support the development of spatially explicit, Europeide datasetsthat capture
underrepresented condition variables.

4. Promote Ecosysterpecific Flexibility within a Harmonized Framework

While comparability across ecosystems is crucial, alkaaptive refinement of
indicators to reflect ecological realities, management contexts, and regional
specificities.

Consider supplemental indicators in areas where the minimum set may not sufficiently
capture ecological condition (e.g., peatland hydrology, marine food webs).

5. Integrate Findings into EU Policy and Reporting Mechanisms

Align the minimum indicator framework with existing initiatives such as Hu
Biodiversity Strategy, Nature Restoration Regulation, Water Framework Directive,
andMarine Strategy Framework Directive
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Support member states and local governments in using the frameworkédseline
condition assessment, restoration planning, and progress reportingler legal and
voluntary biodiversity commitments.

6. Maintain an Iterative and Transparent Development Process

Treat the minimum set asdynamic baselingto be revisited and revised as new data,
methods, and policy priorities emerge.

Encouragemulti-stakeholder collaboratiorand regular expert engagement to ensure
continued relevance, usability, and legitimacy of the indicator framework.

7. Leverage Technological Innovations

Continue to utilize and refineemote sensing technologiedor structural and
functional indicators, while promoting integration witield-based and citizen science
data.

Support methodological innovation @ata fusion, big data analyses and modellitg
enhance ecological interpretability and forecasting capacity.

These recommendations will better equip decisimakers and practitioners to assess and
restore ecosystems in a scientifically credible, pelegvant, and operationally feasible
manner, advancing both environmental and societal goals toward 2030 armhdey
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13. Annexes

Annex 1

Selection criteria for ecosystem condition characteristics and theirics (Czucz et al.,
2021b; UN et al., 2024).

149


























































































































































































