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What is ecological 
connectivity? 

Why is it important?

2



Why is ecological 
connectivity important?

• Functional and physical connections between habitats      

and ecosystems enabling the movement of species, 

nutrients, and ecological processes across landscapes

• Critical role in preserving biodiversity, ensuring the long-term 

persistence and adaptability of populations and communities

• Conserving and restoring connectivity are key to counteract 

ecosystem degradation, habitat loss, and fragmentation

3Crooks et al., 2011; Crooks and Sanjayan, 2006; Hilty et al., 2020; van Rees et al., 2021

Henri Rousseau

Le Rêve
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Why guidelines?
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• Address needs, opportunities, and challenges for 

connectivity planning 

• Support the implementation of policy commitments for 

biodiversity conservation and restoration

• Review of available methods, tools and data sources for 

connectivity planning

• Recommendations for designing connectivity projects 

supporting a coherent and resilient Trans-European 

Network of Protected Areas (TEN-N)

5

Why guidelines?



Why guidelines?
There are other resources…

IUCN “Guidelines for conserving connectivity 

through ecological networks and corridors” 

(Hilty et al., 2020)

6

 Recommendations for implementing 

ecological connectivity

 Showcase different approaches for 

conserving ecological corridors with case 

studies from around the world

Hilty J, Worboys GL, Keeley A, Woodley S, Lausche BJ, Locke H, Carr M, Pulsford I, Pittock J, White JW, Theobald DM, Levine J, Reuling 

M, Watson JEM, Ament R, Tabor GM. 2020. Guidelines for conserving connectivity through ecological networks and corridors. 

IUCN, International Union for Conservation of Nature. https://doi.org/10.2305/IUCN.CH.2020.PAG.30.en 

https://doi.org/10.2305/IUCN.CH.2020.PAG.30.en


Why guidelines?

 Providing a thorough review of approaches, 

information needs identified by stakeholders, 

and practical recommendations

7

Hilty J, Worboys GL, Keeley A, Woodley S, Lausche BJ, Locke H, Carr M, Pulsford I, Pittock J, White JW, Theobald DM, Levine J, Reuling 

M, Watson JEM, Ament R, Tabor GM. 2020. Guidelines for conserving connectivity through ecological networks and corridors. 

IUCN, International Union for Conservation of Nature. https://doi.org/10.2305/IUCN.CH.2020.PAG.30.en 

Our report complements the IUCN            

guidelines and other existing literature by:

There are other resources…

 Focusing on the specificities 

of the European context

https://doi.org/10.2305/IUCN.CH.2020.PAG.30.en


So, what do the 
guidelines contain?



Where can you find them?

naturaconnect.eu/guidelines-for-connectivity-

conservation-and-planning-in-europe/ 

https://preprints.arphahub.com/article/129021/ 

https://naturaconnect.eu/guidelines-for-connectivity-conservation-and-planning-in-europe/
https://naturaconnect.eu/guidelines-for-connectivity-conservation-and-planning-in-europe/
https://preprints.arphahub.com/article/129021/


We would love to 
hear from you!

tinyurl.com/bdevuvjt 

• Relevant?

• Useful?

• Comprehensive?

 Identify interests and 

needs for capacity building

https://tinyurl.com/bdevuvjt
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Part I. 

Connectivity in Europe: 

key concepts, 

policy context, 

and implementation



Connectivity concepts 
and approaches
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Connectivity concepts and 
approaches

1. Protected areas and ecological corridors

2. Structural and functional connectivity

3. Connectivity in the context of Green and Blue Infrastructure

4. Spatial scale issues and dispersal

5. Corridors and stepping stones design

6. Freshwater and cross-realm connectivity

7. Integration of connectivity in the process of area-based planning

8. Caveats of corridor design

9. Do ecological corridors work?

©WWF-CEE



Global and EU 

policy instruments 

addressing connectivity
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Global and EU policy 
instruments addressing 
connectivity

1. Connectivity in the post-2020 Global Biodiversity Framework

2. Connectivity in the EU Biodiversity Strategy

3. Connectivity in the EU Forest Strategy

4. Connectivity in the Green and Blue Infrastructure Strategy

5. Connectivity in the Water Framework Directive

6. Connectivity in the EU Pollinators Initiative

©Popp Hack WWF-CEE



Connectivity 

projects in Europe 

(survey and repository)



Connectivity projects in 
Europe

The survey:

• Collect information on ecological 

connectivity projects in Europe

• Produce a public repository of 

connectivity projects

• Support knowledge sharing



naturaconnect.idiv.de/projects/

https://naturaconnect.idiv.de/projects/




Connectivity projects in Europe

Targeted taxa



Connectivity projects in Europe

Targeted taxa Ecosystem types



Connectivity projects in Europe

Spatial scope

Sub-national

Transboundary

Local

National

Pan-European



Connectivity projects in Europe

Spatial scope

Sub-national

Transboundary

Local

National

Pan-European

Thematic scope

Ecological corridors

Adaptation to 

climate change

Protected areas

Urban green spaces

60

Increase infrastructure 

permeability

Ecological restoration



Connectivity projects in Europe

Connectivity goals

Connectivity between 

protected areas

Connectivity between 

habitat types

Protection of 

multiple species

Protection of one 

species (or group)

Small landscape 

features



Connectivity projects in Europe

Connectivity goals

Connectivity between 

protected areas

Connectivity between 

habitat types

Protection of 

multiple species

Protection of one 

species (or group)

Small landscape 

features

Regional or local 

administrations

National 

administration

Protected area 

managers

European 

institutions

Private organizations / 

foundations / NGOs

Target users



Connectivity projects in Europe

Other benefits

None

Recreation

Climate regulation

Pollination

Natural hazard 

prevention

Water quality

Other (e.g. human 

wellbeing)

Soil quality



Connectivity projects in Europe

Other benefits Negative impacts

None

Recreation

Climate regulation

Pollination

Natural hazard 

prevention

Water quality

Other (e.g. human 

wellbeing)

Soil quality

None

Increased human-

wildlife conflicts

Invasive species spread

Genetic homogenization

Increased risk of 

disease spread

Higher natural 

hazard risk

Other (e.g., 

economic costs)



Connectivity projects in Europe

Was the project commissioned?

Yes

No



Connectivity projects in Europe

Was the project commissioned?

Yes

No

Was there any monitoring?

No

Yes

Number of projects



Priorities, gaps, and 
challenges in European 

connectivity planning

(workshop)
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https://naturaconnect.eu/workshop-assessing-ecological-

connectivity-in-europe/ 

https://naturaconnect.eu/workshop-assessing-ecological-connectivity-in-europe/
https://naturaconnect.eu/workshop-assessing-ecological-connectivity-in-europe/


Priorities, gaps, and challenges 
in European connectivity planning

i. Stakeholders’ priorities 

for connectivity planning

ii. Technical challenges for 

connectivity planning

iii. Solutions to overcome 

challenges and needs



Part II. 

Tools and guidelines 
for implementing 

connectivity projects in 
Europe



Tools and data sources 

for modelling 
connectivity

42



Tools and data sources for 
modelling connectivity

1. Least-cost path and resistance kernels

2. Graph theory

3. Circuit theory

4. Agent based models

5. Structural connectivity metrics and moving window analysis

6. Assessing ecosystem services

McRae et al., 2008, 2013; Dertien and Baldwin 2023



Tools and data sources for 
modelling connectivity

• The most common 

modelling families for 

functional and 

structural connectivity     

• List is not exhaustive 

but demonstrates some 

of the possibilities with 

these models

Model Family Data Needs Applications Software & Packages

Least-cost Path & 

Resistant Kernels

Resistance surface, focal nodes, 

and species dispersal data (RK)

Focal species corridors, population 

dispersal potential, area of potential 
use, pollinator movement, 

probability of human movement

LCP: ArcGIS Tools, QGIS 

plugin, R packages ('gdistance', 
'leastcostpath'); RK: UNICOR

Graph Theory
Focal nodes & connection file of 

attributes between node pairs

Analysis of landscape structure and 

potential functionality, prioritisation 
of patches and connections, long-

term population persistence

Conefor, ArcPro Network 

Analyst, R packages (‘iGraph’, 
‘riverconn’)

Circuit Theory

Resistance surface & focal nodes 

(Circuitscape) or source weight 
surface (Omni)

Focal species connectivity and 

pinch points, water flow, pollinator 
movement, invasive species control

Circuitscape, GFlow, 

Omniscape, Linkage Mapper 
(multi-family)

Agent-based 

models

Model specific: Focal node and 

network data, survival rate, 
population growth rate, fecundity, 

node transition probabilities, 

resistance surface, etc.

Long-term population persistence, 

patch and connection importance, 
source-sink analysis

MetaIPM, HexSIM, NetLogo, R 

packages (‘p SiMRiv’)

Structural 

Connectivity 
Metrics

(Will differ depending on the used 

metric(s)) Number of patches, patch 
size(s), boundaries and perimeter, 

distance between patches, focal 

nodes, presence/absence of links, 
number of paths.

Assessing connectivity of select 

components in the physical 
landscape, e.g. protected areas, 

specific habitats and/or corridors. 

Both in relation to intra- and inter-
patch connectivity.

Conefor, ArcPro Network 

Analyst, R packages (‘iGraph’, 
‘riverconn’, 'gdistance')

Spatial 

prioritisation tools

Study area planning units layer, 

biodiversity distributions, land 
cover/land use, current protected 

areas, etc.

Identifying structural connectivity via 

prioritisation of landscape elements 
and systematic conservation 

planning

Marxan, Zonation, R packages 

(‘prioritizr’)



Tools and data sources for 
modelling connectivity

• Geospatial data 

sources for Europe

Sector Data Source Name Author Authoring organization Data location

Land use & 

Land cover

CORINE Land Cover Copernicus

Copernicus-European 

Environment Agency https://land.copernicus.eu/en/products/corine-land-cover 

High Resolution Layer Water 

and Wetness Copernicus

Copernicus-European 

Environment Agency

https://land.copernicus.eu/en/products/high-resolution-

layer-water-and-wetness

Global Tree Cover 2010

Hansen, M.C. et 

al. Global Forest Watch

https://glad.umd.edu/dataset/global-2010-tree-cover-30-

m

Forest management map for 

Europe

Oostdijk, Saskia 

et al. Vrije Universiteit Amsterdam

https://dataverse.nl/dataset.xhtml?persistentId=doi:10.348

94/HQIJN5

Primary forest Sabatini et al. Nature

https://www.nature.com/articles/s41597-021-00988-

7#Sec7

Roads & Linear 

Features

Open Street Map

Open Street 

Map Open Street Map https://www.openstreetmap.org

EU Hydro Rivernet Copernicus

Copernicus-European 

Environment Agency

https://land.copernicus.eu/en/products/eu-hydro/eu-hydro-

river-network-database

Evaluation & 

Topography

European Digital Elevation 

Model (EU-DEM) EEA

European Environment 

Agency

https://www.eea.europa.eu/en/datahub/datahubitem-

view/d08852bc-7b5f-4835-a776-

08362e2fbf4b?activeAccordion=735550

Copernicus Global DEM ESA European Space Agency

https://spacedata.copernicus.eu/collections/copernicus-

digital-elevation-model

Boundaries & 

Bioregions

Biogeographical regions 

2016 EEA

European Environment 

Agency

https://www.eea.europa.eu/data-and-

maps/figures/biogeographical-regions-in-europe-2

EEA Administrative 

Boundaries based on GISCO 

NUTS and EBM EEA

European Environment 

Agency

https://sdi.eea.europa.eu/catalogue/srv/eng/catalog.searc

h#/metadata/94438969-2dd5-4ba3-b708-e4d29a8b7699

Species Data
Global Biodiversity 

Information Facility (GBIF) GBIF GBIF https://www.gbif.org/

Protected 

Areas

European network of 

protected sites Natura 2000 EEA

European Environment 

Agency

https://www.eea.europa.eu/en/datahub/datahubitem-

view/6fc8ad2d-195d-40f4-bdec-576e7d1268e4

Nationally designated areas 

(CDDA) EEA

European Environment 

Agency

https://www.eea.europa.eu/en/datahub/datahubitem-

view/f60cec02-6494-4d08-b12d-17a37012cb28

https://land.copernicus.eu/en/products/corine-land-cover
https://land.copernicus.eu/en/products/high-resolution-layer-water-and-wetness
https://land.copernicus.eu/en/products/high-resolution-layer-water-and-wetness
https://glad.umd.edu/dataset/global-2010-tree-cover-30-m
https://glad.umd.edu/dataset/global-2010-tree-cover-30-m
https://dataverse.nl/dataset.xhtml?persistentId=doi:10.34894/HQIJN5
https://dataverse.nl/dataset.xhtml?persistentId=doi:10.34894/HQIJN5
https://www.nature.com/articles/s41597-021-00988-7
https://www.nature.com/articles/s41597-021-00988-7
https://www.openstreetmap.org/
https://land.copernicus.eu/en/products/eu-hydro/eu-hydro-river-network-database
https://land.copernicus.eu/en/products/eu-hydro/eu-hydro-river-network-database
https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b?activeAccordion=735550
https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b?activeAccordion=735550
https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b?activeAccordion=735550
https://spacedata.copernicus.eu/collections/copernicus-digital-elevation-model
https://spacedata.copernicus.eu/collections/copernicus-digital-elevation-model
https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-europe-2
https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-europe-2
https://sdi.eea.europa.eu/catalogue/srv/eng/catalog.search
https://sdi.eea.europa.eu/catalogue/srv/eng/catalog.search
https://www.gbif.org/
https://www.eea.europa.eu/en/datahub/datahubitem-view/6fc8ad2d-195d-40f4-bdec-576e7d1268e4
https://www.eea.europa.eu/en/datahub/datahubitem-view/6fc8ad2d-195d-40f4-bdec-576e7d1268e4
https://www.eea.europa.eu/en/datahub/datahubitem-view/f60cec02-6494-4d08-b12d-17a37012cb28
https://www.eea.europa.eu/en/datahub/datahubitem-view/f60cec02-6494-4d08-b12d-17a37012cb28


A framework for 
connectivity 

conservation and 
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A framework 
for connectivity 
conservation 
and planning

Moreira e t al., 2024



Connect with 

NaturaConnect!

www.naturaconnect.eu

naturaconnect@iiasa.ac.at

Scan the code to visit our website!

NaturaConnect receives funding under the European Union’s Horizon 
Europe research and innovation programme under grant agreement 

number 101060429. The contents of this material are the sole 

responsibility of  the NaturaConnect consortium and do not necessarily 
reflect the opinion of the European Union.

facebook.com/NaturaConnectProject

linkedin.com/company/naturaconnect/

©WWF-Slovakia
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Global Connectivity 
Management

• Connectivity conservation projects around 
the world

• Green bridges, underpasses and rope 
bridges

• Potential for difficult scenarios with 
increasing wildlife populations or invasive 
species

Steve Winter; Nat. Geo.

Studio-MLA, 2017

© Parcs Canada © Safe Passage
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Global Attention to Connectivity

A Core of Conservation Science

• Habitat fragmentation via human land 
alteration

• Unsuitable habitat & impervious cover 

• Linear infrastructure

• Roads

• Dams

• Giant walls

• Railways

• Powerlines

Wildlife Conservation Society, 2020



Human transformation

• Unsuitable habitat & impervious 
cover 

• Linear infrastructure

Disturbance events

• Fire, flood, timber harvest

• Volcanic eruption

4

Fragmentation & Connectivity

Natural landscape differences

• Topography (slope, aspect, 
elevation)

• Gradients (e.g., moisture, soil 
fertility)

• Climate variability (fx[elevation, 
latitude])

• Biotic interactions (e.g., predation, 
competitive exclusion)

• Natural land cover



• Fragmentation can reduce:
o Dispersals

o Genetic diversity

o Species diversity

o Fecundity

o Abundance

o Nutrient cycles, etc.

o Flood regulation

• Wide variety of time scales

o Individual movement → a century of genetic flow

5

Effects of Habitat Fragmentation

J. Dertien,2024

Network of Major Roads



• EU Biodiversity Strategy goal to enlarge 
protected area (PA) network to 30% of land 
and ocean area. 

• Connected Trans-European Nature 
Network

•  Connectivity a consideration in:

• Global Biodiversity Framework

• EU Forestry Strategy

• Green & Blue Infrastructure Strategy

• Water Framework Directive

• EU Pollinators Initiative

• EU Nature Restoration Law

6

Connectivity and Conservation Policy

J. Dertien,2024
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Natura Connect Continental Connectivity 
Goals

• Multi-taxa terrestrial wall-to-wall 
connectivity maps

• Structural EUNIS habitat connectivity

• Freshwater connectivity maps

• Prioritization of corridors between 
protected areas

J. Dertien,2024
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Connectivity
Modelling

J. Dertien,2024
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Pan-European Connectivity Models
Multiple use data products

Omniscape models 
for 26 terrestrial 
archetypes

Structural freshwater 
and riparian 
connectivity models

Multi-scale corridor 
prioritizations

J. Dertien,2024
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Process Overview

Deriving 
Resistance 

Surface

• Species Distribution 
Models

• Add-in Resistance

Omnidirectional 
Connectivity

• Omniscape 
Modelling

Protected Area 
Corridors

• Clustering Natura 
2000, Emerald 
Network, etc.

• Randomized-shortest 
paths

Corridor 
Prioritization

• Combination 
graph metrics and 
Omniscape

J. Dertien,2024
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Deriving 
Resistance 

Surface

• Species Distribution 
Models

• Add-in Resistance

Omnidirectional 
Connectivity

• Omniscape 
Modelling

Protected Area 
Corridors

• Clustering Natura 
2000, Emerald 
Network, etc.

Corridor 
Prioritization

• Combination 
graph metrics 
and Omniscape

J. Dertien,2025



Resistance Surfaces

• A raster where each pixel represents the potential resistance faced by a 
species or process to cross that pixel space.

• Used by various models to predict highest probability paths of movement base on lowest 
cost.

• Also called “cost surface”

• Derived from various sources:
• Expert opinion (e.g., reclassifying land cover)

• Species distribution models

• Landscape genetics data

• GPS/telemetry data 

12

Deriving 
Resistance 

Surface

Rudnick et al.,2012



• Deriving Resistance and Source Surfaces

• Ensemble species distribution models

• Inverted and neg. exp. transformation

• Add-in Resistance Layer

• Create additional raster for areas lacking 
realistic resistance values from SDM

• Roads – Open Street Map data

• Walls, fences, barriers – Manually digitized

• Water features – Copernicus High Res. 
Wetness layer

• Glaciers & Perm. Snow - CORNIE

• Wildlife Passages – Open Street Map data

13

SDM + Add-in 
Resistance

Resistance 
Surface

J. Dertien,2025



Electrical Circuit Theory Based Models

• Pairwise Circuitscape 5 analysis (directional)
• Uses source nodes of electrical current flowing to a ground node to 

calculate connectivity.

• Current flows over a resistance surface where each pixel is the value of 
resistance to species movement.

• Omniscape (omni-directional)

• Moving window

• Source weighted raster

14

Omnidirectional 
Connectivity

McRae et al.,2016



Predator 
Normalized 
Current Density

15

Blocked

Diffuse

Intensified

Channelised

© Jeremy Dertien

J. Dertien,2024



Process Overview
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Deriving 
Resistance 

Surface

• Species Distribution 
Models

• Add-in Resistance

Omnidirectional 
Connectivity

• Omniscape 
Modelling

Protected Area 
Corridors

• Clustering Natura 
2000, Emerald 
Network, etc.

• Randomized-
shortest paths

Corridor 
Prioritization

• Combination graph 
metrics and 
Omniscape

J. Dertien,2024



Corridors Prioritization Values

Change in Probability of Connectivity (dPC)

• Graph-theorical connectivity 
metrics

• Measure of individual PA or 
linkage importance

• Based on a PA “attribute”

• R package “Makurhini” derived 
from Conefor

17

Protected Area 
Corridors

Tiang et al. 2021



Corridors Prioritization 
Values
Change in Probability of 
Connectivity (dPC)

Protected Area Attributes

• Habitat area for select species or archetypes

• More specific attributes

• T&E species habitat

• Climate resiliency

• Cultural landscapes

18

- Valuation by PA area (km2)
- Dispersal Max. 50 km

Protected Area 
Corridors

Higher dPC

Lower dPC

© Jeremy Dertien



Process Overview
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Deriving 
Resistance 

Surface

• Species Distribution 
Models

• Add-in Resistance

Omnidirectional 
Connectivity

• Omniscape 
Modelling

Protected Area 
Corridors

• Clustering Natura 
2000, Emerald 
Network, etc.

• Randomized-
shortest paths

Corridor 
Prioritization

• Combination graph 
metrics and 
Omniscape

J. Dertien,2024



Defining the corridor 
space

Randomized-shortest paths

• Similar to least-cost path but with 
randomizer

• PA centroid to centroid

• Convert to binary polygon

20

Protected Area 
Corridors

J. Dertien,2025



Prioritising Ecological Corridors

21

Randomized Shortest Paths to 
identify corridor space

70th percentile

Corridor 
Prioritization

J. Dertien,2025



Process Overview
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Deriving 
Resistance 

Surface

• Species Distribution 
Models

• Add-in Resistance

Omnidirectional 
Connectivity

• Omniscape 
Modelling

Protected Area 
Corridors

• Clustering Natura 
2000, Emerald 
Network, etc.

• Randomized-
shortest paths

Corridor 
Prioritization

• Combination graph 
metrics and 
Omniscape results

J. Dertien,2024



Continental Corridor 
Prioritization

• Identifies most likely corridor 
between two PA clusters.

• Within a certain dispersal 
distance

• Areas with many corridor 
redundancies 

• Broken connections in western 
Europe and some major 
agricultural regions. 

23

J. Dertien,2025



Continental Corridor 
Prioritization

• Classify PA importance

• Model randomized shortest 
paths (RSP)

• Extract Omniscape values for 
each RSP

• Add together omni values, PA 
importance, and link 
importance = corridor priority

24

J. Dertien,2025



Continental Corridor 
Prioritization

• Classify PA importance

• Model randomized shortest 
paths (RSP)

• Extract Omniscape values for 
each RSP

• Add together omni values, PA 
importance, and link 
importance = corridor priority

25

J. Dertien,2025



Conclusion & Moving 
Forward

• Multi-step connectivity analysis allows for 
multiple inputs for prioritization

• Flexible to multiple scales

• Moving forward:

• Archetype specific corridor prioritization

• Total vertebrate continental prioritization

• Structural connectivity metrics for all 
EUNIS habitat types

• Freshwater/riparian connectivity 
systematic prioritization

26



Thank you for your 
attention!

27
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