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Figure 2.1 Carbon storage across Europe in 2020 with quantile-based classes (MgC/ha).
Figure 2.2 Carbon sequestration across Europe in 2020 (MgC/halyr).

Figure 2.3 Carbon storage changes between 2020 and 2050, under Nature for Nature
(MgC/ha).

Figure 2.4 Carbon storage changes between 2020 and 2050, under Nature for Society
(MgC/ha).

Figure 2.5 Carbon storage changes between 2020 and 2050, under Nature as Culture
(MgC/ha).

Figure 3.1 Conceptual model of soil retention supply, demand and flow for the conservation
(left) and restoration (right) perspectives for low (top), medium (centre) and high (bottom) soll
formation rates.

Figure 3.2 Total sail retention supply, demand and flow values in the conservation and
restoration perspectives for the base year.

Figure 3.3 Soil retention supply and demand for the conservation and restoration
perspectives for the base year.

Figure 3.4 Soil retention flow and unmet demand for the conservation and restoration
perspectives for the base year.

Figure 3.5 Future soil retention flow in different RCP and NFF scenarios according to the
conservation perspective.

Figure 3.6 Future soil retention flow in different RCP and NFF scenarios according to the
restoration perspective.

Figure 4.1 Output of the pollination model for the current state (base year).

Figure 4.2 Output of the pollination model for the Nature for Nature scenatrio.

Figure 4.3 Output of the pollination model for the Nature for Society scenario.

Figure 4.4 Output of the pollination model for the Nature as Culture scenario.

Figure 5.1 Visitor preferences for forest structural attributes.

Figure 5.2 Changes in WTT and in marginal additional visits resulting from changes in
forest structural attributes.

Figure 5.3 Validation of preferences for forest structural characteristics.

Figure 5.4 Recreational potential of European forests, expressed as WTT (km), as a
function of forest management intensity.

Figure 5.5 The recreational potential for forests in Europe expressed as the willigness to
travel (WTT) indicator (in kilometers).

Figure 6.1 Hypothetical landscape configuration with recreational opportunities (shades of
green), built-up area (red), waterbodies (blue), and other land systems not considered
(grey).

Figure 6.2 Schematic workflow of the proposed methodology.

Figure 6.3 Mapping of ELSM classes across baseline and future scenarios.

Figure 6.4 Potential cost-weighting schemas include inverse distance weighting or the use
of an inverse logistic function.

Figure 6.5 lllustration of the applied moving window method and the clumps concept for a
given land-use class of interest.

Figure 6.6 Pre-processing of land-use/land cover data.

Figure 6.7 Cost-weighted baseline supply of recreational opportunities.

Figure 6.8 Baseline accessibility to forest in terms of forest supply in categorized cost
ranges.

Figure 6.9 Cost-weighted baseline diversity of recreational opportunities.

Figure 6.10 Baseline demand in terms of small area estimates for population, i.e.,
population disaggregated to grid cells of built-up area.

Figure 6.11 Mapping of demand in terms of total potential users of recreational
opportunities, i.e., sum of population within maximum cost thresholds considered.
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Figure 6.12 Average baseline cost to recreational opportunities accessible within maximum
cost.

Figure 6.13 Minimum baseline cost, i.e., cost to the closest recreational opportunity,
irrespective of type.

Figure 6.14 Type of closest recreational opportunity.

Figure 6.15 Indicator loadings on first three principal components (PC) for the baseline.
Figure 6.16 Differences in modelled indicators of landscape recreational potential between
the baseline and future scenarios.

Figure 7.1 Number of vertebrate species, grouped by taxonomic class, providing the
different ES.

Figure 7.2 Seed dispersal and pollination by terrestrial vertebrates in Europe.

Figure 7.3 Regulation via predation of detrimental organisms: invasive Asian hornets,
processionary pine moth, bark beetles, and agricultural pests.

Figure 7.4 Disease control and protection of human health: regulation of mosquitoes,
regulation of tick borne pathogens, and carrion elimination.

Figure 7.5 Supporting identities: species of policy interest, and game species.

Figure 7.6 Learning and inspiration: wildlife watching, and birdsong.

Figure 7.7 Maintenance of options: evolutionarily distinct and globally endangered (EDGE)
species.

NaturaConnect receives funding under the European Union's
Funded by Horizon Europe research and innovation programme under grant

the European UniOn agreement number 101060429




D4.2 Current and future natural capital and ecosystem services
27.06.2025

Table 1.1 Overview of the ecosystem services (ES) modelled within NaturaConnect, and
how these are linked to the Common International Classification of Ecosystem Services
(CICES) vb.2.

Table 1.2 Brief description of the ecosystem services (ES) modelling approaches followed in
NaturaConnect, with corresponding indicators of supply, demand and flow.

Table 2.1 List of all spatial datasets used for the carbon strage and sequestration modelling
along with notes on the processing conducted before use.

Table 2.2 Data sources used as input for the carbon storage and carbon sequestration of
each land system.

Table 2.3 Country-specific soil organic carbon sequestration rates (g/m?/yr) in mineral soils
for croplands based on Janssens et al. (2005).

Table 2.4 Modification factors for soil organic carbon sequestration rates by croplands in
mineral soils as a function of topsoil organic carbon % (based on Schulp et al., 2008)

Table 2.5 Country-specific soil organic carbon sequestration rates (g/m?2/yr) from Janssens
et al. (2005).

Table 2.6 Average proportions of component land systems in mosaic land systems per
region.

Table 2.7 Average carbon sequestration rates (MgC/ha/yr) per wetland type (based on
Abdul Malak et al., 2021).

Table 2.8 Soil carbon sequestration rates (MgC/hal/yr) for land systems on histosols per
climate zone, based on IPCC (2006, 2019).

Table 2.9 Annual SOC change rates for land use transitions in mineral soils from Diogo et al
(in review).

Table 4.1 Covariates explored for the pollinator abundance model. Sources and resolutions
are provided, as well as a brief description of each layer. Resolutions equaling NA indicate a
covariate which is not spatially explicit.

Table 4.2 Classification of the NaturaConnect land systems into pollinator habitat, used to
guantify the proportion of habitat within 3 km from each pollinator record.

Table 4.3 Classification of the cropland land systems into different management practices.
Table 5.1 Forest management classes and definitions (Oostdijk et al. 2023).

Table 5.2 Assumed levels of forest characteristics for different management classes.

Table 5.3 WTT estimates for different management classes.

Table 6.1 Proposed set of robust (i.e., data-driven) indicators of landscape recreational
potential.

Table 6.2 Role, type of opportunity and potential to act as a barrier assigned to each land
system class.

Table 6.3 Loadings of indicators on principal components (PC).

Table 7.1 Demand for each ES in each land use class.

Table Al.1: European Soil Database topsoil structure classes and corresponding soil
structure classes (Panagos et al. 2014).

Table A1.2 European Soil Database topsoil structure classes and corresponding soil
structure classes (adapted from Panagos et al. 2014).

Table A1.3 Crosswalk between land systems classes used in the modelling and Corine
Land cover classes with corresponding C-factors (minimum and maximum).

Table Al.4 Vegetation cover (dimensionless) per land system class, calculated based on
vegetation cover data from the Copernicus program (Verger et al. 2014).

Table A1.5 Stone walls sub-factor Psyand grass margins factor Pgm (Panagos et al. 2015e).
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Abbreviations

EC European Commission
EU European Union

WP Work Package

D Deliverable

ES Ecosystem Service

TEN-N Trans-European Nature Network

NFF Nature Futures Framework
RCP Representative Concentration Pathway
ELS European Land System

ELSM European Land Systems Map

RUSLE  Revised Universal Soil Loss Equation

SEEA System of Environmental-Economic Accounting
DCE Discrete Choice Experiment

WTT Willingness To Travel
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The EU Biodiversity Strategy for 2030 aims to put biodiversity on the path to recovery by 2030.
A key component of the Strategy is the development of a coherent Trans-European Nature
Network (TEN-N), to increase the coherence of the existing network of Natura 2000 sites and
other nationally designated protected areas by addressing gaps in the coverage of priority
habitats and species. The NaturaConnect project supports the design of a TEN-N, amongst
others by designing and developing a future-proof blueprint through spatial conservation
prioritisation. In this context, it is key to consider multifunctionality, that is, to ensure that the
TEN-N addresses not just ecological representativeness but also the ability of nature to meet
societal needs or demands through the provisioning of ecosystem services (ES).

The present deliverable of NaturaConnect (D4.2) provides a set of ES layers aligned with

present and potential future land and climate conditions, designed for use in spatial

conservation prioritisation. We generated layers for a selection of regulating and cultural ES,

with a focus on climate change mitigation (carbon storage and sequestration) and adaptation

(e.g., improving soil retention considering expected increases in the magnitude and frequency

of heavy rainfall events), food security (crop pollination, pest control), as well as the capacity

of nature to i mprove peopl eds ment al and physi
recreation and experiencing nature. We quantified all ES based on common input data with

regard to land systems and climate, to ensure compatibility. Where possible and relevant, we

considered ES supply, demand and flow separately.

We quantified carbon storage and sequestration according to a book-keeping approach,
assigning typical values of the amounts of carbon stored (MgC/ha) and sequestred
(MgC/halyr) to each land system. We considered only the supply of carbon storage and
sequestration, reasoning that the demand for this service is global and considerably larger
than the supply. The amounts of carbon stored and sequestered are based on values from
the scientific literature and existing datasets which indicate how much carbon is stored and
sequestered per land system, and how this would change if the land system underwent a
transition (e.g. from forest to cropland). Output maps revealed that forests and wetlands,
especially in northern Europe, are characterised by the highest carbon storage and
sequestration rates. Croplands are characterised by negative sequestration rates, hence act
as sources of emission.

We quantified the supply of soil retention based on the ability of vegetation to prevent soil
erosion induced by heavy rainfall events, using the universal soil loss equation (RUSLE) to
assess soil erosion. Specifically, we quantified the soil retention service (t/ha/yr) based on how
much soil loss is prevented by the current vegetation cover, defined per land system, as
compared to a counterfactual situation without vegetation. We also quantified the potential
additional prevention of soil loss (t/halyr) if the vegetation were restored from its current state
to a maximum cover. We defined soil retention demand based on the amount of soil loss to
be prevented in order to ensure that losses would not exceed the natural soil formation rate.
Output maps revealed hotspots of actual and potential additional soil retention demand, supply
and flow mainly in mountainous regions, reflecting the key role of terrain slope in determining
erodibility as well as the importance of vegetation for reducing it.

We modelled the supply of crop pollination based on the potential of pollinator habitat to
provide pollinators and the demand based on the presence of nearby cropland in need of
pollination. Using observational data from scientific literature and existing databases, we first
established a quantitative relationship that estimates wild pollinator abundance in pollinator-
dependent cropland (n/m?) based on various ecologically relevant covariates, including the
proportion of pollinator habitat within 3 km from the cropland cell. We used this relationship to
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map pollinator abundance in croplands across Europe, which we subsequently attributed to
the cells with pollinator habitat (i.e., the service-providing units) within 3 km from each focal
cropland cell, to facilitate application of the model results in spatial conservation prioritisation.
Output maps reveal high pollinator abundance values for habitat cells located in areas
dominated by cropland, as these habitat cells serve multiple cropland cells, and low values
when multiple habitat cells surround a single cropland cell.

To assess forest recreational potential, we devel oped a spati al
preferences for forests with different structural characteristics, expressed through the
willingness-to-travel (WTT) indicator. Using data from a large-scale visual choice experiment
conducted in 12 European countries, we estimated WTT as a function of forest management
classes, combined with spatial data on canopy height and tree species diversity. The result is
the first Europe-wide map of forest recreational potential, revealing particularly high values in
regions with taller, more diverse, and structurally complex forests.

We modelled landscape recreational potential based on the recreational opportunities
associated with the land systems surrounding each grid cell. We quantify supply based on the
number and diversity of land systems that provide recreational opportunities within a given
distance from each focal grid cell, and the demand based on the number of potential
beneficiaries within a certain distance. Well-supplied areas encompass, among others, the
western Iberian peninsula (Portugal) and the Pyrenees, the Auvergne, Rhone-Alpes, and the

Provence-Alpes-Cot e doéAzur in France, Il rel and, Scot

the Baltics (Estonia, Latvia), and large parts of the Scandinavian Peninsula and Finland.
Demand is particularly high for the European megacities and the various conurbations and
metropolitan areas.

Finally, we modelled nine regulating and five cultural species-based ecosystem services
provided by terrestrial vertebrate species, including, among others, carrion removal, control of
pest species (bark beetles, mosquitoes) and evolutionary heritage. For each service, we
modelled supply based on the number of specific vertebrate species able to provide a certain
service and demand based on the land system in a grid cell assumed to be in need of the
service. Resulting maps show distinct patterns for the different ES, revealing the richness of
provider species in areas with demand for each service.

The ES layers described in this report were primarily developed to support broad-scale spatial
conservation or restoration prioritisation efforts, i.e., efforts to identify and rank planning units
(in this case grid cells) based on features considered in need of conservation or restoration.
In the NaturaConnect project, the ES layers will be used together with layers of other relevant
variables, such as biodiversity features, habitat connectivity and the costs of conservation, to
identify pan-European conservation priorities. Beyond NaturaConnect, we expect our layers
to be useful in particular for national and sub-national governmental and non-state authorities
responsible for land planning, as our maps can help in identifying sites where ES supply or
flow are high (indicating a need for conservation) or where demand is high yet supply is low
(indicating a need for restoration). This way, we expect the layers and underlying code to be
useful for informing land management and conservation planning also beyond the project.
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The EU Biodiversity Strategy for 2030 is a comprehensive, ambitious and long-term plan to
protect nature and reverse the decline and degradation of biodiversity and ecosystems (EC
2020). The strategy aims to put Europe's biodiversity on a path to recovery by 2030, through
specific actions and commitments. A key component of the Strategy is the development of a
truly coherent Trans-European Nature Network (TEN-N). The TEN-N needs to increase the
coherence of the existing network of Natura 2000 sites and other nationally designated
protected areas, by addressing gaps in the coverage of priority habitats and species. The
TEN-N should legally protect at least 30% of the land, of which at least one-third is under strict
protection, including all remaining primary and old-growth forests (EC 2020). The Strategy
also highlights the importance of nature-based solutions to societal challenges, in particular
for climate change mitigation and adaptation (EC 2020).

NaturaConnect is a Horizon Europe project aiming to support the development of the TEN-N.
Together with key decision-makers and stakeholders, NaturaConnect is producing knowledge,
tools and capacity building to support EU Member States in realising an ecologically
representative, resilient and well-connected TEN-N that contributes to achieving the objectives
of the EU Biodiversity Strategy for 2030.
consideration of multifunctionality in the TEN-N design, that is, to ensure that the TEN-N
considers not just ecological representativeness but also the ability of nature to meet societal
needs or demands through the provisioning of ecosystem services (ES). In addition, the TEN-
N needs to be resilient, that is, it needs to be future-proof in the light of expected or potential
future changes in climate and land use, which may lead to shifts in the distributions of species
or their habitats as well as changes in ES.

The aim of this deliverable is to provide a set of pan-European ES layers representative of
current as well as potential future climate and land systems, which can be used, among others,
to inform spatial conservation prioritisation efforts within NaturaConnect (WP 7) and beyond.

We selected ES to be modelled in view of the following considerations:
The EU Biodiversity Strategy for 2030 (EC 2020) and the corresponding Criteria and
guidance for protected areas designations (EC 2022) stress the link between biodiversity
conservation and key ES with regard to food security (e.g., crop pollination) as well as
climate change mitigation and adaptation (notably via conserving carbon-rich ecosystems);
Input and thoughts collected during the NaturaConnect in-person stakeholder workshop
Designing Nature Futures scenarios to support a Trans-European Nature Network,
organized in Leipzig, 8-10 May 2023 (Fornarini et al. 2023). This in-person workshop
included over 40 participants from across Europe, including representatives from
environment, conservation, hunting and land-use planning sectors, as well as
NaturaConnect project members (Fornarini et al. 2023). By listening to the conversations
and discussions among workshop participants, we identified a general agreement with the
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proposed focus on regulating and cultural ES, including ES related to climate change
mitigation and adaptation.

In view of these considerations, we focused our ES modelling efforts on a selection of
regulating and cultural ES, with emphasis on climate change mitigation (carbon storage and
sequestration) and adaptation (soil retention considering expected increases in the magnitude
and frequency of heavy rainfall events), food security (pollination, pest control), as well as the
capacity of nature to i mpr ov thbywo#edang bppditwitientom t a |
recreation and experiencing nature (see Table 1.1). We note that the participants of the
stakeholder workshop indicated wild food foraging (as a cultural ES), water regulation
(including flood control), and urban-specific ES like air quality and temperature regulation also
as relevant ES. Unfortunately, within the time available for this deliverable, we could not
finalize the modelling of wild food foraging (apart from the presence of game species; Chapter
7) and take up the modelling of flood control, so this remains for ongoing and future work. We
considered the modelling of urban-specific ES not feasible in view of the relatively low spatial
and thematic resolution of the input layers on land systems, which do not capture fine-grain
urban green and blue elements.

an

Table 1.1 Overview of the ecosystem services (ES) modelled within NaturaConnect, and how these
are linked to the Common International Classification of Ecosystem Services (CICES) v5.2 (Haines-
Young 2023).

ES covered in this | Link to CICES V5.2
study Group Class Code Simple descriptor
Biophysical ES
Soil retention Erosion control Control of watererosion 2.2.1.1 Controlling or
rates preventing soil or
sediment loss by
surface water
runoff
Crop pollination | Lifecycle maintenance, Pollination (or ‘gamete’ 2.3.2.1 Pollinating our fruit
habitat and gene pool dispersal in a marine trees and other
protection context) plants
Carbon Atmospheric Regulation of chemical 2.3.6.1 Regulating our
sequestration/ | composition and composition of global climate
storage conditions atmosphere and oceans
and the maintenance of
continental
atmospheric/oceanic
circulation patterns
Forest / Direct, insitu and Elements of living 3.1.1.1 Using the
Landscape outdoor interactions systems thathat enable 3.1.1.2 environment for
recreation with living systems that  activities promoting sport and
potential depend on presence in  health, recuperation or recreation; using
the environmental enjoyment through nature to help stay
setting, i.e. broadly active or immersive fit;
recreational activities interactions Watching plants
and animals where
they live; using
nature to destress
Specieshased ES
Agricultural pest| Pest and disease control Pest control (including 2.3.3.1 Controlling pests
control invasive species) and invasive specie
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ES covered in this

Link to CICES V5.2

study Group Class Code Simple descriptor
Mosquito Pest and disease control Pest control (including 2.3.3.1 Controlling pests
biocontrol invasive species) and invasive specie
Biocontrol of Pest and disease control Pest control (including 2.3.3.1 Controlling pests
the invasive invasive species) and invasive specie
Asian hornet
Pine Pest and disease control Pest control (including 2.3.3.1 Controllhg pests
processionary invasive species) and invasive specie
moth control
Regulation of Pest and disease control Disease control 2.3.3.2 Controlling disease
tick-borne
diseases
Carrion Pest and disease control Disease control 2.3.3.2 Controlling disease
elimination
Seed dispersal | Lifecycle maintenance, Seed dispersal 2.3.2.2 Spreading the seed
habitat and gene pool of wild plants
protection
Pollination Lifecycle maintenance, Pollination (or ‘gamete’ 2.3.2.1 Pollinating our fruit
habitat and gengool dispersal in a marine trees and other
protection context) plants
Bark beetle Pest and disease control Pest control (including 2.3.3.1 Controlling pests
control invasive species) andinvasive specie!
Policy interest | Other biophysical Elements or features of 3.4.2.1;  The things in nature
characteristics of specie: living systems whose 3.4.2.2 that we think
or ecosystems that are  contemporary existence should be
appreciated in their own or conservation is conserved; The
right by people important to people, things in nature
including the importance that we want
of between and within future generations
species genetic diversity to enjoy or use
Nature-based Direct, insitu and Elements of living 3.1.1.2 Watching plants
tourism and outdoor interactions systems that that enable and animals where
wildlife with living systems that  activities promading they live; using
watching depend on presence in  health, recuperation or nature to destress
the environmental enjoyment through
setting, i.e. broadly active or immersive
recreational activities interactions
Direct, insitu and Elements of living 3214 The beauty of
outdoor interactions systems that enable nature
with living systems that aesthetic experiences
depend on presence in
the environmental
setting
Wild food Direct, insitu and Elements of living 3.2.1.3 The things in nature
foraging outdoor interactions systems that are that help people
with living systems that resonant in terms of identify with the
depend on presence in  culture or heritage history or culture of
the environmental where they live or
setting come from
Wild animals (terrestrial Wild animals (terrestrial 1.1.6.1 Food from wild
and aquatic) for and aquatic) used for animals

nutrition, materials or
energy

nutritional purposes
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ES covered in this | Link to CICES V5.2
study Group Class Code Simple descriptor
Evolutionary Other biophysical Elements or features of 3.4.2.1;  The things in nature
heritage characteristics of speciet living systems whose 3.42.2 that we think
or ecosystems that are  contemporary existence should be
appreciated in their own or conservation is conserved; The
right by people important to people, things in nature
including the importance that we want
of between and within future generations
species genetic diversity to enjoy or use
Birdsong Direct, insitu and Elements of living 3.1.1.2 Watching plants
outdoor interactions systems that that enable and animals where
with living systems that activities promoting they live; umg
depend on presence in  health, recuperation or nature to destress
the environmental enjoyment through
setting, i.e. broadly active or immersive
recreational activities interactions
Direct, insitu and Elements of living 3.214 The beauty of
outdoor interactions systems that enable nature
with living systems that aesthetic experiences
depend on presence in
the environmental
setting

We modelled the ES according to two complementary approaches, using i) biophysical models
for ES primarily governed by the biophysical characteristics of the landscape (e.g., vegetation
structure and configuration, soil properties) and ii) species-based ES models for ES primarily
governed by specific (functional) groups of species (e.g., pest control, carrion removal). Where
possible and relevant, we modelled the ES according to an explicit supply-demand-flow
approach (Box 1.1, Table 1.1). For example, we model the supply of crop pollination as the
capacity of ecosystems to support wild pollinators, while the demand is modelled based on
the presence of pollinator-dependent crops. For carbon sequestration and storage, we do not
consider demand, reasoning that the demand is not spatially explicit at a 1 km resolution and
is instead better represented globally (climate neutrality). Further, the supply of this service is
smaller than needed for climate change mitigation. In addition to ES maps for the present
situation, we also provide future projections where possible, in line with three scenarios and
corresponding land system projections for 2050 developed in work package (WP) 5, based on
the Nature Futures Framework (NFF): Nature for Nature (N4N), Nature for Society (N4S) and
Nature as Culture (NasC).
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Box 1.1 Definitions used for various relevant ES concepts

ESsupply:the amount of service that can be generated by an ecosystem independent of den
for the service (De Knegt et al. 2025).

ESdemand: the amount of service required or desired by society. Demand can be expresse
for example, consumptive needs, desifddk & 1 NBRdzOG A2y f S@Sta 2N
(Wolff et al., 2015).

ESflow: achieved when ecosystem service supply interacts with ecosystem service demand
Notte et al, 2019 If the supply meets the demand, we referneet demand orfulfilled demand; if
the supply is smaller than the demand, there is a shortfall in ES delivery, which we refer to &
unfulfiled demandLa Notte et al, 2019

ES beneficiary: a pers@enefitting directly from an ES (Harrington et al. 2010).

Table 1.2 Brief description of the ecosystem services (ES) modelling approaches followed within
NaturaConnect, with corresponding indicators of supply, demand and flow (N/A T not applicable).

ES Brief description ES supply (unit) | ES demand (unit) | ES flow (unit)
Carbon storage| Carbon storage is Carbon stocks N/A N/A
conceptualizedsthe include the carbon
amount of carbon content in above
stored by the land and below ground

system as biomass for | biomass, as well
the longer term. The as soil organic
concept is congruent | carbonupto a
with carbon stocks, depth of 200 cm
accumulatedccarbon, (MgC/ha).

and carbon density. The
stock reflects the
amount of carbon in
biomass after short
term losses from litter,
oxidation, etc.

Carbon Carbon sequestration ig§ Carbon N/A N/A
sequestration | conceptualizedasthe sequestered is the
net amount of carbon | annualaverage
removed from tte rate at which
atmosphere by the land| carbonis

system per year. The | accumulated by a
concept is congruent | land system

with carbon (MgC/halyr).
accumulation rates or
potentials and the
annual net primary
productivity of
vegetation.

Soil retention | Soil retention is Soil retention Soil retention Soil retention flow is
(conservation | modelled as the amoun] supply isdefined | demand igdefined | defined bythe il
perspective) of soil loss above the | bythe difference | bythe difference loss above the

natural soil between the between maximum | natural regeneration
regeneration rate that i§ maximum potential soil loss | rate that is avoided
prevented by potential soil loss | and thenatural soil | due to the actual
vegetation (no vegetation regeneration rate | vegetation cover
(t/halyr). (t/halyr).
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coven and actual
soil loss (t/haly).
Potential The potentialadditional | Thepotential Thedemand for The potential
additional soil | soil retention is additional soil potential additional | additional soil
retention modelledasthe retention supply is| soil retention is the | retention is the sil
(restoration difference between the difference difference between | loss that can be
perspective) actual and potential between the the actualsoil loss | avoidedby
minimum soil loss actual and and the naturakoil | increasing
(corresponding with potential regeneration rate | vegetationcover
maximumvegetation minimum soil loss | (t/halyr). from the current
coven. (corresponding state to a maximum
with maximum (t/halyr).
vegetation cover)
(t/halyr).
Crop Crop mllinationis Croppollination Crop mllination Crop pollination flow
pollination modelledasthe supplyis defined | demand is defined | is defined as the
abundance ofvild asthe densityof by thepresenceof | density ofwild
pollinators in cropland | wild pollinatorsin | pollinator- pollinators in
provided by the croplands(n/m?). | dependent crops cropland(n/m?) as
surrounding natural (dimensionlesy provided by natural
habitat habitats.
Forest Forest recreation Supply is defined | Demand for érest | ES flow is
recreation potentialismodelled as | as the forest's recreationis determined by both
potential a function of forest ability to provide | measured by the the forest's capacity
management classes, | recreational visitation frequency| to provide
combined with spatial | benefits, (visits/halyear). recreational benefits
data on canopy height | measured in termg This metric is andthe societal
and tree species of willingness to | currently under demand expressed
diversity. travel (in kmor in | development. in km/halyear or
0). € KKF k&N
is currently under
development.
Landscape Landscap recreation is | Number Paential number of | Maximum potential
recreation modelled asthe (dimensionless) or| beneficiariesvithin | number of
potential potential ofland area(km?) and a predefined beneficiaries within
systemgo facilitate diversity distance predefined
recreaional (dimensionlesspf | (dimensionless) maximumdistance
opportunitiesand recreational from a recreational
recreational benéts for | opportunities. opportunity
potential beneficiaries (dimensionless)
Specieshased | Specieshased ES are | Speciesbased ES | The demand for The flow of species
ES modelledbased on the | supply is specieshbased ES is| based ES is

species richness of
serviceproviding
species in the land
systems where thES of
concernis relevant

gquantifiedas the
species richness 0
serviceproviding
species
(dimensionless).

defined based on
land systems in
need of the ES of
concern
(dimensionless).

quantified aghe
species richness of
senice-providing
species in the land
systems where the
ES of concern is
relevant
(dimensionless).

NaturaConnect aims to support EU Member States in planning protected areas to meet
several policy targets of the EU Biodiversity Strategy at the same time. However, the analyses

Funded by
the European Union

NaturaConnect receives funding under the European Union's
Horizon Europe research and innovation programme under grant
agreement number 101060429




D4.2 Current and future natural capital and ecosystem services
27.06.2025

extend to non-EU Member States, in order to account for cross-border ecological relationships
and for supporting protected area designations across all of Europe.

The aim of this report is to provide a description of the ES models that were developed and
used to generate the current and future ES layers as compiled for Deliverable (D) 4.2. The
report provides a methodology description per ES modelled, including an overview of key
results (Chapters 2-7). The report concludes with a brief general discussion including usage
notes (Chapter 8).
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A book-keeping approach was used to map carbon storage and sequestration across land
systems in Europe. Land systems maps detailing the occurrence and distribution of land
systems, and how they change over time in different scenarios, were generated with the land-
use model CLUMondo (Dou et al., 2023; Garcia et al., 2024; van Asselen & Verburg, 2012).
These changes in land systems were then combined with the amount of carbon that would be
stored and sequestered in each system. The amounts of carbon stored and sequestered were
based on values from literature, and existing datasets which indicate how much carbon is
stored and sequestered per land system, and how this would change if the land system
underwent a transitions (for example, carbon storage increases over time due to a transition
of low intensity grasslands to intensive forests, but decrease with a transition from low intensity
to high intensity grassland). Since CLUMondo is a land-use model, the carbon estimations
were based on the vegetation-related components of the carbon cycle, excluding other
components of processes of the carbon cycle such as (slow) geological or complex aquatic
carbon cycles that would be better mapped with more process-explicit approaches. For this
research, carbon storage and carbon sequestration were defined and operationalised as
follows:

i Carbon storage is the amount of carbon stored by the land system as biomass for the
longer term. The concept is congruent with carbon stocks, accumulated carbon, and
carbon density. The storage reflects the amount of carbon in biomass after short term
losses from litter, oxidation, etc. It is measured in MgC/ha.

i Carbon sequestration is the net amount of carbon removed from the atmosphere by
the different land systems per year. The concept is congruent with carbon
accumulation rates or potentials, carbon flux and the annual net primary productivity
of vegetation. It is measured in MgC/halyr.

The first step of the analysis was to harmonise all the input datasets to the same units,
coordinate reference system, extents, no-data values, and resolution. Next, carbon storage
and sequestration values were assigned to all the land systems in order to generate baseline
maps of carbon storage and sequestration for 2020. These baseline maps were used to
generate future projections of carbon storage and sequestration until 2050 using the look-up
table approach and developed framework.

A search was conducted to identify and collect relevant datasets and literature reporting
carbon storage and sequestration rates in different land systems. Carbon storage was
considered in the three following carbon pools: above-ground biomass, below-ground
biomass, and soil organic carbon (IPCC, 2019). Dead organic matter is sometimes considered
as an additional carbon pool in the case of forests (IPCC, 2019) but was not considered in this
research since measurable accumulation of litter was not observed at the 30-year timescales
being considered, and thus did not drive carbon dynamics (Cook-Patton et al., 2020). For
sequestration, a spatially explicit carbon accumulation potential dataset (Cook-Patton et al.,
2020) was used as a base to estimate carbon sequestration in different forest management
types. For other land systems, values from literature (Abdul Malak et al., 2021; Freibauer et
al., 2004; Janssens et al., 2005; Poeplau et al., 2011) including reports from the grey literature
(IPCC 2006; IPCC 2019) were spatialised.
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All the spatial datasets used as input were harmonized for coordinate reference system (CRS),
spatial resolution, no data values, data file type and units consistent to ETRS89 / LAEA Europe
(EPSG:3035), 1 km?, 0, Float64 and megagrams of carbon per hectare (where applicable),
respectively. Each input layer was processed as indicated in Table 2.1.

Table 2.1 List of all spatial datasets used for the carbon storage and sequestration modelling along
with notes on the pre-processing conducted before use.

Raster layer(s) | Source ‘ Processing notefor harmonization

Landsystemsmaps

BaseEuropearland | (Sandstrom et al., | No processing, specifications of this raster serve as refereng

systens map 2023) for all subsequent processing. CRS= ETRS89 / LAEA Europ
(EPSG:3035), spatial resolution= %kfite type = Float64.

NatureFutures (Garcia et al., 2024) Assigned CRS to matibhseEuropean land system map

Framework

scenario land

systemchang

maps

Layers used for carbon storage modelling

Above and below
ground biomass
layers

(Spawn et al., 2020

Aggregated from 300 m to Km? by sunmation, multiplied by
the given conversion factor of 0.1 to get units in Mg/ha. Aligr
to Europeaniand systens map.

Above ground
biomass for non
forest trees

(Liu et al., 2023)

Aggregated from 30m to Rn? by sunmation, then divide by

1000 to convert kg to Mg, divide by 0.09 to convert 3@mha,
and lastly multiplied by 0.48 to get carbon content of biomas
Aligned toEuropeanand systens map.

Tidal marsh soil
carbon 30m and
100m depth layers

(Maxwell et al.,
2024)

Aggregated from 3@ to 1km? using bilinear sampling. Aligne
to Europearand systens map.

Soil carbon density
layers up to 5¢cm,
15cm, 30cm, 60cm,
100cm and 200cm
depths

(Poggio et al., 2021

Multiplied by thickness of soil layers in m for edaper (0.05,
0.10, 0.15, 0.30, 0.40, and 1 respectively) to convert from
hg/m®to Mg/ha of carbon (hg to Mg and%to ha conversion =
1). Aligned tcEuropeariand system mapising bilinear
resampling.

Layers used for carbon sequestration modelling

climatezones

Carbon (CookPatton et al., | Aligned toEuropean land systeemapwith nearest

accumulation 2020) resampling. NoteThe raster with estimates of carbon

potential accumulation potential across all biomes is used to
accommodate for future land use change, as opposed to usi
the forestonly carbon accumulation raster.

KoppenGeiger (Beck et al., 2018) | Aligned toEuropearand systens mapwith nearest

resampling.

Wetland areas

(CORINE Land Cov
2018 version, May
2020

Resampled from 100m to 1Kwith nearest resampling.
Masked to only includevetlands (class ids 35 to 39). Aligned
Europeariand systens map.

Soil Types Map

(Panagos et al.,
2022)

Aligned toEuropeanand systens mapwith nearest resampling
and masked to only select histos@sganic soils)

Country Boundaries

(Eurostat, 2024

Masked withEuropeariand systens map.

Topsoil organic
carbon percentage

(Jones et al., 2005)

Aligned toEuropeanand systens mapwith nearest

resampling.
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After data harmonisation, carbon storage and sequestration values were assigned to each
land system in the European land systems map (Sandstrém et al., 2023) as indicated in Table
2.2. Below we provide the rationale behind the choices made as well as details on how
sequestration rates were calculated for each land system. Base year maps were then
developed for carbon storage and carbon sequestration in 2020, using Python to conditionally
assign values for carbon storage and sequestration based on the land system of a grid cell.

Table 2.2 Data sources used as input for the carbon storage and carbon sequestration of each land
system. Zeroes are used to indicate where the value of carbon storage or sequestration for specific
land systems and carbon pool combinations is assumed to be 0.

the European Union

agreement number 101060429

Land system | Land system | Aboveground | Belowground | Soil organic Annual carbon
ID name biomass biomass carbonstorage | sequestration
carbonstorage | carbonstorage rate
100 Water bodies | O 0 0 0
and glaciers
900 Rocks and barg 0 0 0 0
land
210 Low density (Liu et al., 0 0 0
settlements 2023)
220 Medium (Liu et al., 0 0 0
density 2023)
settlements
230 High density | (Liu et al., 0 0 0
settlements 2023)
300 Wetlands 0 0 (Poggio et al., | (Abdul Malak et
2021) or al., 2021)
(Maxwell et al.,
2024) (where
applicable)
410 Forest, shrub | (Spawn et al., | (Spawn etal., | (Poggio etal., | (CookPatton et
and cropland | 2020 2020) 2021) al., 2020; Janssen
mosaics et al., 2005;
Schulp et al.,
2008)
420 Forest, shrub | (Spawn etal., | (Spawn etal., | (Poggio etal.,, | (CookPatton et
and grassland | 2020 2020) 2021) al., 2020; Janssen
mosaics et al., 2005;
Schulp et al.,
2008)
510 Low intensity | (Liu et al., 0 (Poggio et al.,, | (Janssens et al.,
arable 2023) 2021) 2005;Schulp et
croplands al., 2008)
520 Medium (Liu et al., 0 (Poggio et al., | (Janssens et al.,
intensity 2023) 2021) 2005; Schulp et
arable al., 2008)
croplands
530 High intensity | O 0 (Poggio et al., | (Janssens et al.,
arable 2021) 2005; Schulp et
croplands al.,2008)
610 Low intensity | (Spawn et al.,, | (Spawn etal., | (Poggio etal., | (Janssens et al.,
grasslands 2020) 2020) 2021) 2005)
Funded by Horizon Eurape researeh and innovation programme undor grant
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620 Medium (Spawn et al., | (Spawn etal., | (Poggioetal.,, | (Janssensetal.,
intensity 2020) 2020) 2021) 2005)
grasslands

630 High intensity | O 0 (Poggio et al., | (Janssens et al.,
grasslands 2021) 2005)

700 Permanent (Spawn et al., | (Spawn etal., | (Poggio etal., | (Freibauer etal.,
croplands 2020) 2020) 2021) 2004)

810 Primary forest | (Spawn etal., | (Spawn etal., | (Poggio etal., | (CookPatton et

2020) 2020) 2021) al., 2020)
820 Close to nature (Spawn etal., | (Spawn etal., | (Poggio etal., | (CookPatton et
2020) 2020) 2021) al., 2020)

830 Combined (Spawn et al., | (Spawn etal., | (Poggio etal., | (CookPatton et
objective 2020) 2020) 2021) al., 2020)
forestry

840 Intensive (Spawn et al., | (Spawn etal., | (Poggio etal., | (CookPatton et
forestry 2020) 2020) 2021) al., 2020)

850 Very intensive | (Spawn et al., | (Spawn etal., | (Poggio etal.,, | (CookPatton et
forestry 2020) 2020) 2021) al., 2020)

Water bodies are static systems in CLUMondo, so changes in carbon storage and segestration
were not mapped in these grid cells. Since water bodies are complex systems in their own
right, with their own carbon regulation cycles (Gao et al., 2021), we refrained from assigning
averaged values of carbon that would be expected to be sequestered or stored in these
systems. Similarly, glaciers comprise only 0.12% of land considered in this study and have
longer-term dynamics that are better linked to the global carbon cycle (Hogg, 2008) than
regional land use models. Thus, water bodies and glaciers are out of the scope of this
research, which only considers land-use related dynamics.

Rocks and bare land predominantly play a role in the slow carbon cycle (Jeltsch-Thdmmes &
Joos, 2023), thus the long timescale of these systems means they are not relevant for this
project, which looks into dynamics due to land systems change from the present to 2050. So,
these systems were also considered static and carbon neutral.

Because urban settlements in Europe are marginally occupied by trees, the dataset by Liu et
al. (2023) of overlooked biomass from non-forest trees was used to identify carbon storage in
settlements. Settlements were considered to have negligible sequestration for the purposes
of the model to maintain storage at steady state (IPCC, 2019) to represent the effects of litter
clearing, imperviousness in soil, and trimming of existing vegetation (IPCC, 2019).

Arable crops comprise mainly herbaceous stemmed plants, which are harvested over the short
term, so these systems do not have above and below ground storage that contribute to the
long-term carbon storage in a system (IPCC, 2019). Therefore, soil organic carbon was
considered as the main form of carbon storage in croplands. In addition, the marginal
vegetation from cover crops was considered for low and medium intensity croplands by
including above ground biomass from Liu et al. (2023).

Sequestration in cropland soils (or emission since the rates are negative) were based on
country-level values from Janssens et al. (2005), which were further modified based on the
percentage of soil organic carbon present in the topsoil (Table 2.3). The percentage of soll
organic carbon was determined with the dataset from Jones et al. (2005), and the modification
factors specific to each class of soil organic carbon percentage were based on Schulp et al.
(2008) (Table 2.4).
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The cropland carbon sequestration rates raster was created by multiplying the carbon
sequestration rate per country by the modification factor that was determined by the topsoil
organic carbon percentage in that grid cell. The country-based values were rasterised using
the country boundaries from the GISCO dataset (European Commission, Eurostat, 2024).
Certain countries present in the GISCO map did not have specified sequestration values. In
these cases, the value of neighbouring countries was used instead, or in the case of overseas
territories, the value from the mainland country was used.

Table 2.3 Country-specific soil organic carbon sequestration rates (g/m2/yr) in mineral soils for
croplands based on Janssens et al. (2005). The values were converted to (MgC/halyr) when
spatializing the data.

Country Csequestration | Country Csequestration
(g/m?yr) (g/m?yr)

Albania -10.9 Lithuania -60.8
Austria -16.2 Luxembourg 9.1
Belgium -9.1 Malta -10.1
Bosnia and Herzegovine -31.4 Montenegro -25.8
Bulgaria -19.8 Netherlands -25.4
Croatia -15.4 North Macedonia -12
Czechia -35.8 Norway -2.2
Denmark -39.9 Poland -36.9
Estonia -39.7 Portugal -28.1
Finland -5.5 Romania -30.7
France -19.1 Serbia -25.8
Germany -28.3 Slovakia -24.7
Greece -10.1 Slovenia -8.2
Hungary -44.8 Spain -4.7
Ireland -12.3 Sweden -6.5
Italy -19.5 Switzerland -10.5
Latvia -44.1 United Kingdom -13.7

Table 2.4 Modification factors for soil organic carbon sequestration rates by croplands in mineral soils
as a function of topsoil organic carbon % (based on Schulp et al., 2008)

Soil organic content in Arable land SOMEF
the topsoil (%SOC) modification factor
0% 0

0.01-1% 0.1

1-2% 0.2

2-6% 0.65

6-12.5% 1.6

12.5-25% 2

25-35% 2.5

> 35% 35

The management intensity of croplands on sequestration was not considered, as the effects
are extremely context-specific in addition to being dependent on specific management actions
as opposed to broader intensity classes (Guerrero et al., 2024).
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Due to the woody nature of vegetation in permanent croplands, the above-ground and below-
ground carbon stock was based on Spawn et al. (2020), and soil organic carbon was
considered based on SoilGrids (Poggio et al., 2021). The carbon sequestration rate in mineral
soils was set at 0.6 MgC/ha/yr based on Friebauer et al. (2004).

Permanent and stable grasslands (low and medium intensity management) play an important
role in carbon regulation because they have a more consistent proportion of aboveground
biomass compared to high intensity grasslands. Carbon storage in grasslands was based on
Spawn et al. (2020). Those estimates were based on allometric equations (available in Xia et
al., 2014) using NDVI to calculate above and below ground carbon. Soil organic carbon
storage was based on Soil Grids (Poggio et al., 2021).

In contrast, the more intensely utilised grasslands have short-lived above ground biomass due
to grazing. For these grasslands, soil carbon is of more importance, so above- and below-
ground biomass were not considered in intensely used grassland systems. Instead, only soil
organic carbon was considered (using Poggio et al., 2021).

Sequestration in grasslands is comprised of carbon sequestration by the soil, quantified based
on country-level values from Janssens et al. (2005), which are summarised in Table 2.5. The
values were rasterised using the country boundaries from the GISCO dataset (European
Commission, Eurostat, 2024). Certain countries or territories present in the GISCO map did
not have specified sequestration values. In these cases, the value of neighbouring countries
was used instead, or in the case of overseas territories, the value from the mainland country
was used.

Table 2.5 Country-specific soil organic carbon sequestration rates in mineral soils for grasslands
(g/m?3/yr) from Janssens et al. (2005). The values were converted to (MgC/halyr) when spatialising the
data.

Country C sequestration | Country C sequestration
(g/m?yr) (g/m?lyr)
Albania 1.8 Lithuania 3.2
Austria 25.5 Luxembourg 15.8
Belgium 15.8 Malta 2.8
Bosnia and Herzegoving 6.8 Montenegro 11.4
Bulgaria 6.8 Netherlands 18.4
Croatia 6.7 North Macedonia 2.8
Czechia 6.6 Norway 3.6
Denmark 2.6 Poland 8.5
Estonia 2.2 Portugal -4.5
Finland 5.6 Romania 111
France 12 Serbia 11.4
Germany 13.6 Slovakia 12.2
Greece 2.8 Slovenia 3.7
Hungary 6.3 Spain 20.7
Ireland 21.2 Sweden 1.2
Italy 12.7 Switzerland 40.1
Latvia 2.9 United Kingdom 24.2
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The management intensity of grasslands on sequestration was not considered, as the effects
are extremely context specific in addition to being dependent on specific management actions
as opposed to broader intensity classes (Guerrero et al. 2024).

The land system map includes two mosaic systems: 1) Forest, shrub and grassland mosaics;
and 2) Forest, shrub and cropland mosaics (Sandstrom et al. 2023). Spawn et al. (2020)
provide harmonised estimates of aboveground and belowground carbon density across all
these land systems, and these were thus used to inform estimates of carbon storage in each
mosaic grid cell, along with SoilGrids (Poggio et al., 2021) for soil organic carbon storage.

For sequestration, the average composition of mosaic grid cells per region (North, South, East,
West) was used to weight the sequestration rates of each land system within a mosaic system
(Table 2.6). The values in Table 2.6 are representative of the average compositions of mosaics
in terms of constituent land systems (Sandstrom et al., 2023). Since shrubs are merged with
bare rock in the land systems map, their marginal effects on carbon sequestration in mosaics
were ignored. Thus, the total sequestration rate for forest, shrub and grassland mosaics is the
sum of weighted sequestration rates for forests and grasslands, while the total sequestration
rate for forest, shrub and cropland mosaics is the sum of the weighted sequestration rates for
forests and croplands.

Table 2.6 Average proportions of component land systems in mosaic land systems per region.

North East South West
Forest 0.35 0.44 0.27 0.38
Shrub 0.29 0.06 0.22 0.06
Grassland 0.39 0.38 0.34 0.38
Cropland 0.05 0.09 0.06 0.08

Forests are key for carbon storage and sequestration. Carbon stocks were based on the map
of forest carbon density by Spawn et al. (2020), which determines the carbon density of above
and below ground biomass, and SoilGrids (Poggio et al., 2021) for soil organic carbon.

For sequestration, empirical data on the effects of forest management on carbon sequestration
is scarce, thus an age-based approach was used instead (Schulp et al., 2008). In the land
systems map, forest age is a criterion for classifying forests into different management types,
thus the age-based approach can help to differentiate the carbon sequestration rates across
the different forest management types. The dataset by Cook-Patton et al. (2022) on carbon
accumulation potential in the natural regeneration of forests in Europe provided the basis for
carbon sequestration rates. However, since not all forests in the land systems maps are
naturally regenerating, the rates from Cook-Patton et al., (2022) were adjusted with an age
curve following the method of Diogo et al. (in review) for the other ages/management types of
forests.

This was done as follows. First, a forest age raster was created for the base year by converting
the age classes in Pucher et al. (2022) to the average age within the class. For instance, class
id 1 in the map by Pucher et al. (2022) represents forests of the age 0-20 years, so in the
forest age raster, all grid cells having a value of 1 in the Pucher map, were assigned an age
of 10 years in the forest age map. Any gaps for grid cells classified as forests in the land
systems map, but having no data in the forest age raster, were filled based on the nearest
neighbour, and the ages of all other land systems were set to zero.

Next, a cubic spline was constructed that quantifies the adjustment factor (Schulp et al. 2008)
for carbon sequestration (Cook-Patton et al., 2020) (y axis) as a function of age (x axis). For
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each iteration in the carbon model, the age of the forest in the grid cell is checked, and a hew
adjustment factor raster is created with the corresponding values from the spline being added
to each grid cell. This adjustment factor raster is then multiplied with the carbon sequestration
values from Cook-Patton et al. (2022) to generate the carbon sequestration rates per forest
grid cell per year.

In addition to their role in carbon sequestration, wetlands play an especially important role in
carbon storage (Li et al., 2024). We assumed that the wetlands represented in the land
systems map have little above-ground vegetation that would contribute significantly to carbon
storage. Thus, we considered soil organic carbon to be the main sink for carbon in wetlands.
In the absence of a specialised product for soil carbon in wetlands, SoilGrids (Poggio et al.,
2021) was used to estimate carbon storage. A specialised marsh wetland carbon dataset is
available (Maxwell et al., 2024), along with an area of applicability map, however only to a
depth of 1 m. We used the marsh carbon values where applicable and available and
supplemented this with the SoilGrids values for a depth of 1-2 m to make sure the depth of
soil carbon being considered is as consistent as possible.

Carbon sequestration in wetlands is dependent on the wetland type and environmental
conditions. However, research on this phenomenon is ongoing, and no spatial datasets exist
yet on how much carbon would be sequestered by different wetland systems. We used the
EEA report on carbon storage and sequestration in wetlands (Abdul Malak et al., 2021) to
assign average carbon sequestration rates based on wetland type, and where possible region
(Table 2.7). Wetland types were identified using CORINE land cover (CLC, 2018).

Table 2.7 Average carbon sequestration rates (Mg C/ha/yr) per wetland type (based on Abdul Malak
et al., 2021).

Wetland Type European squestrationrate Regionalsequestration ate
(Mg C/halyr) (Mg C/halyr)

Inland marshes 1.73 -

Peat bogs 0.57 0.34 (in boreal regions)

Intertidal flats 0.5 -

Salt and saline marshes 2.82 1.66

Based on the above framework for assigning carbon storage and sequestration to different
land systems across Europe as detailed above, base maps were created for carbon storage
and carbon sequestration in the year 2020.

These carbon storage and sequestration base maps were created by simply assigning carbon
storage from input datasets (Table 2.2) to grid cells based on their land system, with numerous
grid cells having a value of 0 Mg C/ha. An analysis was conducted to ensure the correctness
of these grid cells. First, using a raster calculator in QGIS a binary layer was generated
identifying the zero value grid cells from the base carbon stock map. This layer was then
multiplied with the land systems map, meaning that all grid cells having zero values were being
matched to the land systems.

The total number of grid cells having a value of 0 (excluding water bodies and rocks) was less
than 1% and likely due to mismatches between the extent and coverage of the input data vs
the land systems map.
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All 0 value grid cells, except water body, glacier or bare rock and shrub systems, were filled
with a nearest neighbour fill conditional to the land system. This ensured that grid cells were
only being assigned values from other grid cells of the same land system in the vicinity.

Future projections of carbon storage and sequestration were made for three scenarios: Nature
for Nature, Nature for Society, and Nature as Culture. The effects of land system change on
the carbon regulation are twofold: 1) on the carbon storage in a land system, and 2) on the
carbon sequestration by the land system. The storage is assumed to undergo a loss of 80%
post a land system transition (Schulp et al., 2008). The equation below was used to calculate,
on a yearly basis, the changes in storage of land systems that either underwent transition or
remained the same.

In general, storage per year is calculated as

5 _ { Si.L ‘I‘ CSI'.L' !I — LI'
T (0.8= S, + €Sy, 1+ L

where:

Silis the total carbon storage (in Mg C/ha) that is accumulated within grid cell i by a
simulated land system | in one year.
Li is the land system observed in grid cell i in the baseline year map.

SiL is the total carbon storage (in Mg C/ha) of land system L in grid cell i in the baseline
year

CSit and €5:1 are the carbon sequestration values (in Mg C/halyr) of land systems L and
| (after conversion), respectively, indicating the amount of carbon that is
lost/accumulated within a year in grid cell i through land-based carbon emissions and
removals.

0.8 is the carbon storage loss factor we assume for land systems undergoing conversion
(based on Schulp et al. 2008),

The change in sequestration of systems undergoing transition is represented by changes in
soil carbon sequestration, and in the case of transitions to forests, the age curve weighted
carbon accumulation potential is added to account for sequestration by woody vegetation.

Soil carbon sequestration rates are significantly different between organic soils and other soil
types (IPCC, 2019). A soil types map (Panagos, 2005) was used to identify histosols (organic
soils) vs other soil types in Europe to differentiate carbon dynamics between them as
suggested in the Tier 1 guidelines (IPCC, 2019).

In transitions taking place on histosols, the soil carbon sequestration rate was determined by
IPCC Tier 1 default values for different climatic zones for each land system (IPCC, 2006). A
Koppen-Geiger climate zone map (Beck et al.,, 2018) was used to identify climate zones
present in the study area and match them to the IPCC sequestrations per land system in each
climate zone (Table 2.8).

Table 2.8 Soil carbon sequestration rates (MgC/ha/yr) for land systems on histosols per climate zone,
based on IPCC (2006, 2019).

Climate zone Koppen Geiger sub Forest Arable land / Grassland
type Permanent crop /
Settlement
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Boreal and Polar BSk,Dfc, ET -0.16 -5.00 -0.25
Cool Temperate Cfc, Dfa, Dfb -0.68 -5.00 -0.25
Warm Temperate Csa,Csb, Cfa, Cfb -0.68 -10.00 -2.50

In transitions taking place on non-organic soils, weighted coefficients of soil organic carbon
change rates by Diogo et al. (in review) were used to estimate the effects of land system
transitions on soil carbon sequestration. Diogo et al. (in review) derived annual change rates
based on the carbon response functions presented in Poeplau et al (2011), by considering the
coefficients of soil organic carbon change after 20 years, after 100 years and how long it takes
for a system to reach equilibrium. Based on these factors, they derive a coefficient of soil
organic carbon change for 30 years, which is then divided by 30 to get an annual rate (Table
2.9).

For | and systems that do not fall/l
rate was assumed to be the same as that of the new land system.

under t

Table 2.9 Annual SOC change rates for land system transitions in mineral soils from Diogo et al (in
review).

Land system change| Coefficient of annual SOC change rg%)
Arable to grassland 1.75
Grassland to arable -1.2
Forest to arable -1.15
Arable to forest 0.92
Grassland to forest -0.16

The carbon storage map for 2020 (Figure 2.1) visualises the distribution of carbon storage
across different land systems. It is clear that forest and wetland regions are of the highest
importance for carbon storage maintenance. Notably, the wetlands in Scotland stand out, with
carbon storage values ranging from 6000 to 8000 MgC/ha, because large amounts of carbon
are stored in the soil. In contrast, urban areas, croplands, and grasslands all have much
smaller amounts of carbon stored within them.
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Figure 2.1 Carbon storage across Europe in 2020 with quantile-based classes (MgC/ha).

The carbon sequestration base map (Figure 2.2) sharply depicts the sources (negative values,
red) and sinks (positive values, green) of carbon across Europe. Wetlands and forest regions
are depicted as the biggest sinks with carbon sequestration values up to 4.33 MgC/halyr.
Mosaics and grasslands serve as smaller sinks, while arable areas are sources of carbon
emission and have negative carbon sequestration values.
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Figure 2.2 Carbon sequestration across Europe in 2020 (MgC/halyr).

2.2.2. Future projections

The future projections of carbon storage and sequestration are driven by land systems change
as projected by the land systems maps of CLUMondo in three different scenarios, namely: 1)
Nature for Nature; 2) Nature for Society; and 3) Nature as Culture. The changes in carbon
storage and sequestration in each of these scenarios are best represented with change maps.
These maps highlight the loss or gain in carbon storage between 2020 and 2030 per grid cell
and are presented below.

In Nature for Nature, the carbon storage map depicts carbon gains across northern, central,
and parts of southern Europe (Figure 2.3). Agricultural areas across Europe, but especially in
eastern Europe, contribute to carbon losses. This reflects the land systems changes
characteristic of Nature for Nature, likely leading to the maintenance and further intensification
of existing agricultural areas, while natural areas are conserved or rewilded as much as
possible. Importantly, wetlands continue to show gains of carbon storage under this scenario.

In Nature for Society, carbon gains continue in the northern and parts of southern Europe
(Figure 2.4). However, major carbon losses are seen in western and central Europe in addition
to the continued losses in agricultural regions across the continent. The land systems
transitions in this scenario result in the conversion of wetlands, especially in the UK, leading
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to large carbon stock losses in these areas. Mosaic and permanent croplands play a bigger
role in carbon sequestration in this scenario.

In Nature as Culture (Figure 2.5), carbon gains continue in the northern and some of the
southern parts of Europe. However, major carbon losses are seen in western and eastern
Europe, in addition to the continued losses in agricultural regions across the continent. The
land systems transitions in this scenario leads to the loss of numerous forest and mosaic
systems, most visible as the big carbon losses in eastern Europe. In addition, the wetlands of
the UK also undergo disturbance, resulting in further carbon storage losses. The remaining
forests, mosaics, and permanent croplands act as important carbon sinks across the
continent.
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Figure 2.3 Carbon storage changes between 2020 and 2050, under Nature for Nature (MgC/ha).
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Figure 2.5 Carbon storage changes between 2020 and 2050, under Nature as Culture (MgC/ha).
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In the present work, soil retention as an ES refers to the biotic prevention of on-site soil loss.
To provide ES layers that align with different land management goals, we distinguish two
distinct perspectives: a conservation and a restoration perspective. Following a conservation
perspective, our approach quantifies soil retention supply as the amount of soil loss that is
prevented by the current vegetation, as compared to a counterfactual situation without
vegetation, which would correspond with the maximum potential soil loss (Box 3.1, Figure 3.1).
The more soil loss is prevented by the current vegetation, the higher the conservation value
of the vegetation from a soil retention perspective. From a restoration perspective, we quantify
the potential additional supply of soil retention if the vegetation were restored from its current
state to a maximum cover percentage (100%). We refer to this as potential additional flow, so
the difference between the actual soil loss and the minimum potential soil loss (Box 3.1; Figure
3.1). The larger this difference, the larger the benefits of vegetation restoration in terms of
prevented soil loss. For both perspectives, we quantify the demand for soil retention by
comparing the (potential) soil loss with the soil formation rate, reasoning that any loss of soll
above the soil formation rate represents a demand for retention (Figure 3.1).

Box 3.1 Glossary of soil retention-related terms.

Maximum potential soil loss: amount of soil loss when no vegetation is present and therefore ng
retention is supplied.

Minimum potential soil loss: amount of soil loss when vegetation cover is at its maxfimauni00 %)
Actual soil loss: amountf @oil loss when the current vegetation is present.

Soil formation rate: the formation of soil over time due to physical, chemical and biological
weathering of rocks and minerals (Burkhard, 2019).

(Additional) sil retention demand: the amount of (additional) soil retention needed to ensure no
loss of soil.

Actual(soil retention) supply: the amount of soil that is retained due to the current state of
vegetation.

Potential additiona(soil retention) supply: the amount of soil that could be retained if the current
state of vegetation was restored to a maximum vegetation cover.

Actual goil retention) flow: the amount of soil that is retained due to current vegetation cover wh
there is denand for soil retentior{applied the general definition of actual fldwom La Notte et al.
(2019)to soil retention)

Potential additional (soil retention) flow: the additional amount of soil that could be retained due
an increase of vegetation coviEom the current state to the maximum coverage state, where ther
demand for additional soil retentio(applied the general definition of potential flow from La Notte
al. (2019) to soil retention)
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Figure 3.1 Conceptual model of soil retention supply, demand and flow for the conservation (left) and
restoration (right) perspectives for low (top), medium (centre) and high (bottom) soil formation rates.
The demand for soil retention is defined based on the amount of (potential) soil loss that exceeds the
soil formation rate, hence needs to be prevented. The supply is the amount of (potential) soil loss that
is or could be prevented by (restored) vegetation. In (a) and (d), the demand is larger than the supply,
leading to unmet demand. In (b) and (d), the supply is larger than the demand, meaning the demand is
fully met by the flow. For (c) and (f), there is no demand and therefore no flow.

3.1.2. Modelling soil retention from a conservation perspective

We define the actual soil retention supply in a given grid cell as the amount of soil erosion
avoided due to the soil-retaining properties of the vegetation in its current state, as:

SRSact = PSLmax - SL (Eq. 3.1)
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where SRS, represents the actual soil retention supply, PSLmax represents the maximum
potential soil loss and SL represents the actual soil loss.

We quantify the soil retention demand for conservation as the difference between the
maximum potential soil loss, i.e. soil loss in absence of vegetation, and the natural soil
formation rate illustrating the amount of soil which needs to be retained to avoid the risk of soll
loss. If the maximum potential soil loss is greater than the natural soil formation rate, we
assume that the demand is equal to the maximum potential soil loss that exceeds the soil
formation rate, while if the maximum potential loss is less than the soil formation rate, we
assume that there is no demand for soil retention, as follows:

SRDcon = PSLmax T FR if PSLmax > FR (Eq. 3.2)
SRDcon =0 if PSLmax O F R (Eq. 3.3)
where SRDcn represents the soil retention demand (t/halyr) from the perspective of

conservation (con), PSLmax is the maximum potential soil loss in absence of vegetation
(thalyr) and FR is the formation rate of the soil (t/ha/yr).

From a conservation perspective, we quantify the actual soil retention flow by confronting the
actual supply of soil retention with the conservation demand, as follows:

SRact = SRSact = PSLmax i SL if SL > FR (Eq. 3.4)
SRact = PSLmax T FR if PSLmax > FR > SL (Eq. 3.5)
SRact = O |f SRDcon = O, |e, |f PSLmax O F R (Eq 36)

where SRq is the actual soil retention flow.

According to the restoration perspective, we quantify the potential additional soil retention
supply as the difference in soil loss between the current situation and a situation where the
vegetation is restored to a cover of 100%, as follows:

SRSadd = SL - PSLmin (Eq 36)

where SRS,qq represents the potential additional soil retention supply and PSLmin represents
the minimum potential soil loss.

In the restoration perspective, we quantify the demand for additional soil retention supply
based on the extent to which the actual soil loss exceeds the natural soil formation rate. If the
actual soil loss is greater than the natural formation rate, we assume that the demand
corresponds with the actual soil loss that exceeds the soil formation rate, while if the actual
soil loss is less than the formation rate, we assume that there is no demand for additional soil
retention, as follows:

SRDrest = SLT FR if SL > FR (Eq. 3.7)
SRDyest = 0 if SL O FR (Eq. 3.8)
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where SRD:est is soil retention demand (t/ha/yr) from the perspective of restoration (rest), SL
is the actual soil loss and FR is the soil formation rate (t/ha/yr).

For the restoration perspective, we consider how much additional service or flow could be
provided if the vegetation were restored to a maximum cover percentage, considering both
the potential additional supply and the corresponding restoration demand, as follows:

SRadd = SRSadd = SL = PSLmin |f PSLmin > FR (Eq 39)
SRages = SLT FR if SL > FR > PSLin (Eq. 3.10)
SRaaa = 0 if SRDwest = 0, €., ifSLO  F R (Eq. 3.11)

where SRaqq is the potential additional soil retention flow.

To quantify soil retention in line with the approach outlined above and in view of the intended
application in the NaturaConnect project, we identified a few criteria for the parameterisation
of the model. Specifically, we considered that our model must:

Allow to quantify both actual and potential (minimum or maximum) soil loss;

Allow future projections that align with the land use and climate change scenarios

adopted in NaturaConnect;

9 Align with the European land systems (ELS) map designed for the NaturaConnect
project (Sandstrom et al., 2023);

1 Be applicable across a European extent;

1 Be able to capture small-scale variability in highly variable and important factors such as

topography.

1
1

In line with these criteria, we quantify soil loss and potential soil loss (SL and PSL in Egs.1-
11) using the revised universal soil loss equation (RUSLE). We use the RUSLE since it is a
spatially resolved model that has already been applied extensively across Europe (Panagos
et al., 2015a; Panagos et al., 2021). Further, it can be linked to the ELS map as well as future
climate scenarios via changes in rainfall erosivity. The integration of vegetation cover into the
cover management (C) factor also allows the estimation of the maximum and minimum
potential soil loss by adjusting the vegetation cover to 0 and 100%, respectively. Following
Panagos et al. (2015c), we exclude wetlands, beaches, glaciers, water bodies, and artificial
areas from the soil loss calculations given their negligible sensitivity to soil erosion. We
describe how we apply the RUSLE to estimate soil loss and potential soil loss in Annex 1.

In absence of a pan-European map of soil formation rates (FR in Egs. 3.1-3.11), we take the
midpoint of the range of values reported by Verheijen et al. (2009). They have estimated
natural soil formation rates by dust deposition and weathering in Europe at 0.3-1.4 tonnes per
hectare per year (t/halyr) (Verheijen et al., 2009). We use 0.55 t/ha/yr as an overall solil
formation rate for all grid cells.

NaturaConnect receives funding under the European Union's
Funded by Horizon Europe research and innovation programme under grant
M agreement number 101060429
the European Union



D4.2 Current and future natural capital and ecosystem services
27.06.2025

3.2. Results

3.2.1. Base year

Under the current climate conditions and land systems, the total estimated soil protection by
vegetation against the erosive effects of rainfall is approximately 7.8 Mt/yr across the whole of
Europe (Figure 3.2). There is an estimated 14.1 Mt/yr of additional soil retention supply that
could be achieved if vegetation were restored to a maximum cover, corresponding with a flow
of 13.9 Mt/yr. This highlights the large potential of restoration to mitigate soil loss in Europe.

1e7 Total Soil Retention: Supply, Demand, Unmet Demand, and Flow
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Figure 3.2 Total soil retention supply, demand and flow values (107 t/yr) according to the conservation
and restoration perspectives for the base year.

Across Europe, hot spot s an dof sOilcretenfios flow tfos the conservation and
restoration prespectives are estimated to occur in the same areas (Figures 3.3, 3.4). Soll
retention flow is mostly driven by steep terrain and hotspots of erosive rainfall. In the Pyrenees,
the Alps and the Dinaric Alps, where the terrain is on average the steepest across Europe, we
see there is high soil retention flow. Although the actual soil loss in these areas is still very
high (50-200 t/halyr), the vegetation that is there provides a great service to retaining the soil.
These areas also represent the greatest opportunity in retaining more soil, as the minimum
estimates soil loss with full vegetation is very low (<1 t/ha/yr). In contrast, lower laying regions
such as the Netherlands and southeast England have low levels of soil retention flow, which
is due to the low levels of actual soil loss (<1 t/ha/yr). Additionally, where there are frequent
and intense rainfall storm events, such as in Norway, southern Spain, the Highlands in
Scotland, Wales and the Peak District in England, we see the flow of soil retention is predicted
to be much higher than in areas with low rainfall erosivity, such as Finland and Sweden, where
snowfall drastically reduces the average annual rainfall erosivity across the winter months.
Similarly to the high soil retention in the steeper terrain, the actual soil loss in the highly rainfall
erosive areas is very high (50-200 t/halyr), but the maximum potential soil loss is even greater
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(200-400 t/halyr) leading to high levels of soil retention but also leaving much room for more
soil retention thanks to restoration, which is reflected in the map of unmet demand (Figure
3.4).

The greatest amount of soil retention was estimated for bare, rock and shrub lands, with 0.8
Mt/ha/yr and 2.3 Mt/halyr estimated for the conservation and restoration perspectives,
respectively. In cropland and grassland mosaic landscapes the total soil retention was
predicted to be significantly greater for both conservation and restoration perspectives (0.11
Mt/ha/yr and 0.11 Mt/ha/yr respective to conservation and restoration) compared to the total
soil retention in the arable and grassland landscapes (8,030 t/ha/yr and 7,789 t/halyr
respective to conservation and restoration). Overall, our results highlight a need for vegetation
conservation and restoration efforts to be focused on areas with high rainfall erosivity and
steep terrain. In particular landscapes that are a mosaic of bare, rocky and shrubby features
and agricultural mosaics should be a focus for conservation and restoration efforts.

Conservation Restoration
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Figure 3.3 Soil retention supply and demand (t/ha/yr) for the conservation and restoration perspectives

for the base year.
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Figure 3.4 Soil retention flow and unmet demand (t/ha/yr) for the conservation and restoration
perspectives for the base year.

3.2.2. Future scenarios of soil retention

Across European landscapes, we observe similar spatial patterns of flow as compared to the
base year (Figures 3.5 and 3.6), where flow is greater in the steeper and more rainfall erosive
areas. Southern Europe has greater flow of soil retention and the northeast has much lower
levels. The main difference between the flow in the base year and the future scenarios is the
markedly lower flow in Norway, which may be explained by shifts in spatial patterns of storm
events in the future RCPs.
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Figure 3.5 Future soil retention flow in different RCP and NFF scenarios according to the conservation
perspective.
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Figure 3.6 Future soil retention flow in different RCP and NFF scenarios according to the restoration
perspective.
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We model crop pollination according to a supply-demand approach where supply is defined
as the total abundance of wild pollinators in cropland thanks to the presence of pollinator
habitat in the surroundings, and demand depends on the presence of pollinator-dependent
crops. After estimating wild pollinator abundance in croplands, we then attribute the
abundance values to the habitat cells surrounding each cropland cell (i.e., the service-
providing units), to facilitate application of the model results in spatial conservation
prioritisation.

The crop pollination modelling consists of three steps:

A quantitative relationship that allows to estimate wild pollinator abundance in pollinator-
dependet croplands (n/m?) based on various ecologically relevant covariates.

A map that identifies where cropland is located, to which the relationship described above
is applied. This allows us to generate spatial layers where each grid cell containing
cropland contains an indication of the wild pollinator abundance.

A map where wild pollinator abundances of each cropland cell have been attributed to the
habitat cells within 3 km from the cropland cell of focus.

We compiled records on the abundance of pollinating insects in agricultural land from field
observations obtained from various data sources. We first capitalised on the CropPol database
(Allen-Perkins et al., 2022), which contains 3,394 field observations from 202 studies. From
CropPol, we selected studies that reported both pollinator abundance as well as latitude and
longitude. To allow for standardising all pollinator abundance estimates based on the unit of
area sampled, we only included records where the total sampled area was provided. This
resulted in a total of 485 records from 40 studies. To obtain additional studies, we then carried
out a systematic search in Web Of Science core collection (topic) on the 5" of February 2022,
using the following terms: RAgirfii*e |GR cfoanrdm t*i oORd AQ
pollinat* OR Awild pollinat*d AND Abundanc* OR ¢c
articles, of which 902 remained based on title and abstract screening. We subsequently
performed full-text screening in order to identify and extract suitable data. We obtained the
data either directly from the paper or online supplementary material or by contacting the
authors. To allow a smooth link with the records collected from CropPol, we asked authors to
provide the following information: total pollinator abundance per sampling site, coordinates of
each site, size of the sampled area, sampling year, and if all pollinators were sampled or
specific taxonomic groups. The literature search resulted in 306 records from eight additional
studies, resulting in an overall database containing 2074 records from 109 studies from 25
countries. We then filtered the pollinator abundance database to records from Europe (in line
with the scope of NaturaConnect), resulting in an overall dataset containing data on ~30,300
pollinators grouped in 750 records from 47 studies from 12 European countries.

We identified a set of ecologically relevant variables as potential predictors of pollinator
abundance (Table 4.1). We used the coordinates of each pollinator record to extract the
corresponding value for each covariate. We obtained the proportion of pollinator habitat within
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3 km from each record from the European land systems map (Sandstrom et al., 2023). To do
so, we first classified the land systems into pollinator habitat or not (Table 4.2). We also
included a variable indicating if a pollinator-friendly measure (i.e., if a flowerstrip) was present
in the sampled site, retrieving this information from the associated manuscript or by contacting
the authors. Further, we included a variable indicating the management practice of the sites
where records were sampled. This information was already present for the CropPol records;
for the additional records extracted from the literature we obtained the information from the
manuscript or authors. Finally, we calculated the distance between each record and the
closest small woody feature, as well as the proportion of small woody feature cover within a 3
km radius from the sampled records.

Table 4.1 Covariates explored for the pollinator abundance model. Sources and resolutions are
provided, as well as a brief description of each layer. Resolutions equaling NA indicate a covariate
which is not spatially explicit.

Covariates(unit) Rationale Source Resolution
Management Intensive agricultural management practice A categorical variable | NA
practice €) are known to threaten pollinator abundancq indicating the

(IPBES 2016). management practice

(i.e., conventional,
organig integrated pest

management)
Proportion of natural| Seminatural habitat in agricultural EuropearLandSystems | 1km
habitat within a 3 km| landscapes can sustain wild pollinators map (Sandstrom et al.,
radius (%) (Winfree et al., 2009; Brown & Paxton, 2023)
20009).
Pollinator friendly Measures saoh as flower strips positively A binary variable NA
measure <) affect pollinators due to an increase in florg indicating the
resources (Haaland et al., 2011; Haussler ¢ presence/absence of
al., 2017; Rundlof et al., 2018). pollinator friendly
measures, obtained
from the literature
associated with each
pollinator record.
Distance to closest | Hedgerows and shrubs benefit pollinators | European map 100 m
small woody feature | (Gagliardi & Walker, 2018; Morandin & containing information
(m) Kremen, 2013 on the amount and

presence/absence of
small woody features
Proportion of cells (Faucqueur et al., 2019)
with small woody
features within a 3
km radius (%)

Table 4.2 Classification of the European land systems into pollinator habitat, used to quantify the
proportion of habitat within 3 km from each pollinator record.

Land systentode Land systendescription Pollinator habitat
100 Water and glacier No
210 Lowintensity settlement No
220 Medium-intensity settlement No
230 Highintensity settlement No
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300 Wetlands Yes
410 Forest, shrub and cropland mosaics Yes
420 Forest, shrub and grassland mosaic Yes
510 Lowintensity arable cropland No
520 Medium-intensity arable cropland No
530 Highintensity arable cropland No
610 Lowintensity grasslands Yes
620 Medium-intensity grasslands Yes
630 Highintensity grasslands No
700 Permanent cropland No
810 Primary forest Yes
820 Close to nature forestry Yes
830 Combinedobjective forestry Yes
840 Intensive forest management No
850 Very intensive forestry No
900 Bare, rock and shrub Yes

We used mixed effects models to explore the relationship between wild pollinator abundance
(response variable) and the set of covariates. For each record, we first summed the
abundance of wild bees, flies and butterflies to obtain the total number of wild pollinators. We
excluded honeybees, reasoning that in Europe they represent a human input rather than an
ecosystem service. To ensure comparability between pollinator abundance estimates from
different studies, we standardised the abundance values by the sampled area in m?, obtaining
wild pollinator densities (n/m?). For the random structure of our model, we included a random
intercept for study ID to account for the non-independence of records from the same study, as
well as a random intercept for the sampling method utilised to sample pollinators. Our full
model had the following structure, following the R syntax:

Pollinator density ~ 1 + distance to closest small woody feature + pollinator friendly
measure + proportion of natural habitat within 3 km + management + amount of small
woody features within 3 km + (1|studyid) + (1|sampling method)

Prior to model fitting, we logit transformed the proportion of natural habitat within 3 km and
applied a natural logarithm transformation to both pollinator density and distance to the closest

small woody feature. We then checked for potential multicollinearity among the fixed effect
variables based on generalized variance inflation factors (GVIFs) (Fox and Monette, 1992).

We finally performed model selection on both the random effects (using the full fixed effects
model) and the fixed effect sqgn(ACS o dentifyAhedestk e 6 s
supported model.

Model selection resulted in the following best-supported model:

Pollinator density ~ 1 + distance to closest small woody feature + management +
proportion of natural habitat within 3 km + (1|studyid) + (1|sampling method)

The top supported model included the proportion of habitat within 3 km, distance to the closest
small woody feature and presence/absence of pollinator friendly measures. The model
revealed an overall positive relationship between pollinator density and the proportion of
habitat within 3 km (b = 0.06, SE = 0.02) and a negative relationship between pollinator density
and the distance to the closest small woody feature and (b = -0.07, SE = 0.03) mediated by
management practice (b = 0.53, SE = 0.21 for organic and b = 0.28, SE = 0.32 for integrated
pest management).
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To map the crop pollination ecosystem service across Europe for the current state, we used
the model described in section 4.1.2 in combination with the European land systems map to
predict wild pollinator densities in agricultural landscapes. We applied the best-supported
pollinator density model to all cells containing cropland in the land systems map. Although
animal-mediated pollination provides benefits only to pollinator-dependent crops, we applied
the relationship to each cell containing cropland, since information on the presence/absence
of pollinator-dependent crops is not available. Specifically, we applied the relationship to four

l and syst-emsendéiLiow arabl e croplandosi{itpdaer &4 0D
(code 52DhtenBigh arabl e cropl andd n(dcoo d ec 05d3e0

did not calculate wild pollinator density
mosaicsod (code <4dntained eniaveage 20% croglamd. We instead treated
code 410 as pollinator habitat (Table 4.2). To account for the management practice in the
prediction of pollinator density, we classified each land system identified as cropland as
organic, conventional or IPM (Table 4.3). For each cropland cell, we then calculated the
proportion of natural habitat within 3 km from the center of the cell as well as the distance to
the closest cell containing small woody features. We applied the relationship using the
categoryfi s we e pf rnoemt 0t he random ef f ect ,sirce duaabadlyss
suggested that this method led to the highest densities of caught pollinators.

Table 4.3 Classification of the cropland land systems into different management practices.

Landsystem Code Management
Low-intensity arable cropland 510 Organic

Mediumintensity arablecropland 520 Conventional
Highintensity arable cropland 530 Conventional
Permanent cropland 700 Conventional

To generate an output map useful for the purpose of spatial conservation prioritisation, we
post-processed the crop pollination model output. Specifically, for each cropland cell, we
divided the modelled wild pollinator density by the number of habitat cells present within 3 km
from the centre of the cropland cell and assigned the resulting density score to each of the
habitat cells. For each habitat cell located within 3 km from multiple cropland cells, we summed
the density scores from the nearby cropland cells, such that habitat cells that act as pollination
service providing unit for multiple cropland cells got a higher score. In contrast, if a cropland
cell was not surrounded by any habitat cell, its wild pollinator density was not attributed to any
habitat cell. We note that because we estimated wild pollinator density utilising a mixed model,
a cropland cell without habitat in the surroundings was assigned a small (but not zero) density
value, represented by the intercept of the model.

We generated crop pollination layers for each of the three Nature Future scenarios, Nature for
Nature (NfN), Nature for Society (NfS) and Nature as Culture (NasC), using the land systems
maps projected for these scenarios as generated in WP5. To overcome the absence of a small
woody feature layer for the scenarios, we calculated the average distance to small woody
features for each cropland land system and utilised the resulting averages as an input when
computing wild pollinator density in cropland cells. To capture possible regional differences
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across Europe, we calculated region-specific averages of the distance to small woody features
(North, South, East, West). This resulted in four averages (i.e., one for each region) for each
of the four cropland land systems. We then built the wild pollinator density maps and post-
processed them following the same procedure as described above.

Because our model attributes wild pollinator densities in cropland cells to cells with natural
habitat in the surroundings (within 3 km), the model outputs highlight habitat cells which supply
pollinators to nearby cropland cells (Figure 4.1). Habitat cells located in areas dominated by
cropland tend to receive the highest scores, as they serve multiple cropland cells. Examples
include habitat cells located in the Po valley in Italy, South-East of England and the northern
part of France. In contrast, when multiple habitat cells surround a single cropland cell, the
resulting pollinator density is equally shared between the surrounding habitat cells, resulting
in smaller values in the crop pollination layer. Examples of areas with these characteristics
include the central part of Italy, as well as of France and Germany, where cropland cells are
more frequently surrounded by parcels of natural/semi-natural habitats.

In(wild pollinator density)

3.03
-3.78
EYy - &
_— . ‘W
0 500 1,000 km

Figure 4.1 Output of the crop pollination model for the current state (base year). In line with our
approach, pollinator densities (n/m?2) are attributed to habitat cells in the proximity of cropland cells. For
visualisation purposes, we applied the natural logarithm transformation to the model output. Note that
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the natural logarithm transformation introduces negative values, but these values should not be
interpreted as negative pollinator densities (this applies also to Figures 4.2, 4.3, 4.4).

The maps for the future projections revealed spatial similarities and differences between
scenarios, as well as between the current state and the scenarios. Overall, the Nature for
Nature scenario (Figure 4.2) revealed reductions in crop pollination in the mountain regions
such as the Alpine and the Pyrenees, as well as in the most northern east part of Europe. At
the same time, the map revealed higher values across Denmark and north of Germany, as
well as in the central and eastern parts of Romania and Bulgaria, while areas like the Balkans
and the Po valley maintained values in line with the current state. The Nature for Society
scenario (Figure 4.3) is characterised by reductions in crop pollination in the mountain regions
similar to the Nature as Culture scenario, as well as in the north part of Poland, while areas
like the north and southwest parts of France, as well as the Balkans present higher pollinator
values compared to the current state. Finally, the Nature as Culture scenario (Figure 4.4) is
also characterised by reductions in the mountain regions, but not as sharp as the Nature for
Nature scenario. Similarly, values across the Po valley remained similar to the current state,
while higher values occur in areas like the Balkans and northwest of Great Britain. The Nature
for Nature and the Nature for Society scenarios present lower values for Lithuania, Estonia
and Latvia compared with the current state, with the sharpest reductions being for the Nature
for Nature scenario.

Since we model wild pollinator density in cropland (i.e., in areas where there is demand for
crop pollination) and then assign the values to the surrounding natural cells, the spatial
differences across the scenarios are ultimately driven by the redistribution of the cropland and
natural areas across Europe. Areas that contain reductions in crop pollination values
compared to the current state indicate that either the agriculture land has contracted or that
the natural areas have expanded, resulting in an overall lower value for crop pollination.
Specifically, if an agriculture area disappears, the crop pollination value is not modelled any
more (due to the absence of demand), while if the natural land in proximity to cropland
increases, then the crop pollination value is diluted between a larger number of natural cells.
On the contrary, the portions of Europe where crop pollination values have increased
compared to the current state indicate an expansion of agricultural area or a contraction of
natural areas. These are areas in more need of protection because the demand has increased,
or the supply (driven by the habitats) has decreased.
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Figure 4.2 Output of the crop pollination model for the Nature for Nature scenario. In line with our
approach, pollinator densities (n/m?) are attributed to habitat cells in the proximity of cropland cells.
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Figure 4.3 Output of the crop pollination model for the Nature for Society scenario. In line with our
approach, pollinator densities (n/m?) are attributed to habitat cells in the proximity of cropland cells.
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Figure 4.4 Output of the crop pollination model for the Nature as Culture scenario. In line with our
approach, pollinator densities (n/m?) are attributed to habitat cells in the proximity of cropland cells.
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We developed a spatially explicit framework to quantify how forest structural characteristics
influence recreational value, integrating ecological attributes, societal preferences, and natural
capital accounting principles (United Nations, 2021; Vallecillo et al., 2019; Obst and Hein et
al.,, 2016). First, we elicited recreational preferences through a visual discrete choice
experiment (DCE) embedded in an online survey in which respondents compared their most
recent forest visit with two hypothetical alternatives that varied in travel distance and forest
characteristics. The DCE captured willingness to travel (WTT) - a welfare-based metric - for
five ecologically salient forest attributes: forest type, tree species richness, mean tree height,
vertical structure, and presence of deadwood (Giergiczny et al., 2021; Giergiczny et al. 2015).
We then used the estimated preferences to model and map recreational potential, defined as
the ecosyst embs c ap-basdadéexperignees, im acoovdandeavithithe Systene
of Environmental-Economic Accounting (SEEA) Ecosystem Accounting framework (United
Nations, 2021).

We used DCE data from a harmonized online survey administered in 2017 and 2021 across
the following countries: Austria, Belarus, Bulgaria, Czechia, Denmark, France, Germany,
Poland, Romania, Scotland, Slovakia, and Switzerland (Giergiczny et al. 2021). Respondents
were asked to describe the perceived structural features of their last visited forest using visual
aids, which ranged from plantation-like to close-to-natural stands. The following attributes and
corresponding levels were used in the DCE:

1 Tree height (8 m, 18 m, 24 m)

9 Forest layers (single, two-layered, multi-layered)

9 Tree species composition (11 4 species, coniferous/broadleaf mix)

1 Deadwood volume (low, medium, high)

9 Travel distance (personalized based on previous visit)

To isolate the influence of forest structure on recreational preferences, we held the contextual

setting constant across alternatives. Participants were instructed to assume that motivations

for visiting, as well as spatial characteristics such as terrain, presence of water bodies, and

access infrastructure, were identical across all options and matched those of their last visit.

Only forest attributes and travel distance-pi vot ed around the individualé
- were allowed to vary. This design ensured that stated preferences reflected responses to

forest structure alone, minimizing the influence of site-specific or motivational factors.

The DCE consisted of 36 choice sets, grouped into three blocks. Bayesian D-efficient designs
were generated using priors from 900 pilot interviews and applied uniformly across all
countries (Bliemer et al., 2008; ChoiceMetrics, 2022).

The collected stated preference data enabled us to estimate the marginal rate of substitution
between having a characteristic present in the forest and travelling an additional distance unit.
The trade-offs between forest characteristics and distance therefore indicate the relative value
of forest characteristics in terms of willingness to travel (WTT).
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We derived WTT estimates directly from the coefficients of a mixed logit model estimated in
Awillingness t o 2% yirairs anad Weeks, 200b)r wath correlated random
parameters (full covariance matrix). The unconditional choice probability in the model takes
the form:

ﬁ;lxni
e
Pni = f B (p(ﬁlb,ﬂ)dﬁ,
Zje n*nj
P
2 ol Bb. )
where J is a standard multinomial logit formula, !

is the density of the random
coefficients with mean b and covariance q. Since we are interested in marginal WTT, it is
convenient to estimate parameters directly as WTT. That is, we estimate:

Unjt - a(pnjt + Ynjtb) +€,; = a(pnjt + K?jtﬂ) €0

In this specification, the vector of parameters can be directly interpreted as a vector of implicit
cost associated with traveling a certain distance to visit forests with certain characteristics Yiju.
Forest age, number of tree species, and dead wood were included in the utility function as
continuous variables, allowing preference estimates to be extrapolated beyond the ranges
used in the choice experiment.

All random distributions in the mixed logit models, except for distance to the forest, were
assumed to be normal. The distance coefficient was assumed to follow log-normal distribution.
This is equivalent to imposing the economic theory-driven restriction that marginal utility of
money (the inverse of marginal disutility of cost of traveling) is expected to be positive for all
respondents. WTT represents the number of additional kilometers that a person would be
willing to travel to visit a forest with the characteristic of interest (relative to a baseline level),
all else being equal, and is used as a measure of recreational potential.

We assumed the utility specification that allowed for best match between the preference
estimates and forest management classes. For further details and WTT estimates (in km) we
refer to Giergiczny et al. (2021).

Following Oostdijk et al. 2023, we used five forest management classes (Table 5.1), and we
assigned the forest structural attributes as included in the DCE to these classes (Table 5.2).
In the DCE design, the range of forest age presented to respondents varied from 40 to 100
years, and dead wood levels ranged from none to medium. For simulation purposes, these
ranges were extended to capture conditions representative of primary forests, including higher
levels of dead wood and greater tree species richness. For instance, the dead wood level for
primary forests was extrapolated to a 'high' level, and the number of tree species was
extended to include up to five speciesd beyond the maximum of three species shown in the
choice sets.

Table 5.1 Forest management classes and definitions (Oostdijk et al. 2023).

Forest management class Definition

Primary forest Barely disturbed forest with nature function. No to barely any
management in place.
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Nature management Forests with nature function. These have been disturbefbre.
Management actions are applied to enhance ecosystem functioning.

Multifunctional management | Mixed objective forests, where any single objective is not dominant in
the management strategy. Functions may include protection, recreati
wood production or other functions.

Intensive forestry Forests dominantly managed for wood production. Rotation length is
based on maximum profit. Large patches of forests are cut down for
wood production either in one period or over a longer period of time.

Plantation/short rotation Forests which are intensely used for wood production. The trees are

forestry down in a short period of time (i.e. shorter or equal to maximum profit
cut in large patches (i.e. big cleauts) and/or consist of fagjrowing
species only.

Table 5.2 Assumed levels of forest characteristics for different management classes.

Plantatio.n/ Intensive Multifunctional Nature Primary
short rotation Management
Forest type Broad Conifer/Broad Mixed Mixed Mixed
Tree species 1 1/2 2 3 4/5
Forest age 30 40 60 90 140+
Age variation Even Even Two-aged Multi Multi
Dead wood None None-Low Low Medium High

The defined forest management classes, along with the assumed levels of key forest
characteristics, provided a consistent and structured framework for assessing societal
preferences across a continuum of defined forest management intensity.

Within the defined ranges of the studied attributes, tree height has the highest impact on the
recreational benefits in terms of the WTT value (Figure 5.1). We observe a strong positive
relationship between WTT and this attribute, suggesting that the presence of old, tall trees is
a crucial factor attracting people to visit a forest. On average, individuals would be willing to
travel an additional 39 kilometres (roundtrip) to visit a forest with 24-meter-tall trees, with a
young forest composed of 8-meter trees serving as the baseline.

In terms of forest type, mixed forests with four tree species were the most preferred, with a
WTT of 33 km, using broadleaved monoculture as the baseline. When comparing forest types
after controlling for the number of species, mixed forests are preferred over broadleaved,
which in turn are preferred over coniferous stands. Interestingly, this preference between
broadleaved and coniferous reverses when monocultures are compared. Within each forest
type, forests with a larger number of tree species are considered more attractive, underscoring
respondentsd strong preferences for diversity.

The importance of tree layers and the presence of deadwood in the forest is found to be lower
compared to tree height, forest type and number of tree species. Nevertheless, within the
studied ranges, forests with a greater number of tree layers and higher abundance of
deadwood are considered more attractive, with an increasing rate for tree layers and a
decreasing rate for deadwood. Overall, the results indicate strong positive preferences for
older stands with more complex forest structures.
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One of the most controversial issues in the management of multifunctional forests around the
world has been the simplification of forest structure and composition as a part of intensive
wood production (Bauhus et al. 2009; Puettmann et al. 2009). The type and intensity of
disturbances that occur under industrial forestry can deviate dramatically from those of natural
disturbance processes. Our results demonstrate a consistent increase in the additional
number of forest visits as the forest structures transition from a simplified plantation-like state
to a complex phase resembling a close-to-natural stand (Figure 5.2).

4 species mix e
3 species mix n g

2 species mix e+

2 species broad e

2 species conif e

Monoculture conif e

Monoculture broad ]

Tree height 24m e
Tree height 18m e

Tree height 8m L

Multi-aged e

Two-aged [

Single aged ®

High deadwood b
Medium deadwood e
Low deadwood [ ]
0 10 20 30 40
WTT (in km)
Reference level @  95% Confidence interval pF——

Figure 5.1 Visitor preferences for forest structural attributes, showing the mean willingness to travel (in
km) to visit a forest with a given level of forest characteristics relative to the reference level,
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Figure 5.2 Changes in WTT and in marginal additional visits resulting from changes in Tree height (1
Y 2), Tree species composition (2 Y 3), Age variation (3 Y 4), Presence of dead wood (4 Y 5) and
replacing complex forest structure by simplified, homogenous forest in the growing phase (5 Y 1).

5.2.2. Choice experiment validation

To validate the preference study results, we directly evaluated forest characteristic
preferences in a subset of countries. We asked participants in Bulgaria, Poland, and Romania
not only to complete the standard questionnaire, but also to indicate their most and least
preferred levels for each forest characteristic. This process generated a comprehensive
preference ranking (Figure 5.3). The findings show a significant qualitative correspondence
with preference estimates derived from the DCE and regression analysis, confirming the
consistent preference for more complex forest structures.
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Figure 5.3 Validation of preferences for forest structural characteristics in Bulgaria (N=960), Poland
(N=1001) and Romania (N=968). In green/red the share of respondents who perceived a given level as
the most/least attractive. (a) Forest type (b) Number of tree species (c) Tree age variation (d) Tree
height (e) Dead wood.

5.2.3. Mapping recreational potential

Initially, we assigned a fixed WTT estimate to each forest management class, regardless of
bioregional context (Table 5.3). These WTT values represent the average distances (in
kilometers) that respondents are willing to travel to visit forests managed under different
regimes. The estimates increase progressively along the continuum from intensively managed
plantations to primary forests, reflecting a clear societal preference for more natural forest
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conditions. We used these WTT values to map the recreational potential of European forests
as a function of forest management intensity (Figure 5.4).

Table 5.3 WTT estimates for different management classes. Standard errors are reported in
parentheses.

Plantation/
. Intensive | Multifunctional Nature Primary
short rotation Management
WTT in km 15.3 30.5 60.1 97.8 150.6
(s.e.) (2.3) (4.1) (7.9) (12.1) (18.1)

The simplified approach faces a key limitation: it assumes that forests within a given
management class are homogeneous across Europe. This assumption does not hold, as
forest characteristics vary considerably across bioregions. For example, maximum tree height
is typically greater in the temperate zone than in the boreal or Mediterranean zones. Similarly,
tree species richness is highest in the Mediterranean region and decreases progressively
toward the north.

To address this limitation, we combined the map of forest management classes with a tree
species diversity map (Mauri et al., 2016) and a canopy height map (Lang et al., 2020). This
integration introduces significantly greater spatial heterogeneity in forest characteristics,
providing a more realistic representation (Figure 5.5). This map presents the first European-
scale assessment of forestsd <capacity to
recreation, based on forest management intensity and bioregional variation in tree height and
tree species richness.
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Figure 5.4 Recreational potential of European forests, expressed as WTT (km), as a function of forest
management intensity.
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Figure 5.5 The recreational potehtial of forests in Europe expressed using‘the wiIIiQness to travel
(WTT) indicator (in kilometers).
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We assessed landscape recreational potential across Europe, i.e., the potential for nature-
based outdoor recreation, as proxy for benefits of outdoor activity for human health and well-
being (Rosa et al., 2024; Bratman et al., 2019; Komossa et al., 2018; Bowler et al., 2010). In
this context, recreational landscapes are understood as natural or semi-natural areas with the
potential to support recreational behaviours and uses (Koppen et al., 2014), including activities
such as birdwatching, experiencing nature, or active travel across the countryside (Hermes et
al., 2021). Such areas are subsequently referred to as recreational opportunities. Moreover,
here, landscape recreational potential is assessed from a perspective of everyday or daily
recreation. This is understood as the potential daily, leisurely use of recreational opportunities
through beneficiaries or shorter day trips, and excludes longer-distance (day) trips or overnight
trips.

The model of landscape recreational potential implemented in the following aims to assess
distinct dimensions of recreational potential based on a rapid methodology, in alignment with
the European land systems (ELS) map used in NaturaConnect (Sandstrom et al., 2023) in
terms of spatial as well as thematic resolution. Proposed indicators are devised to map
recreational opportunities tied to land systems across a spatial continuum in a robust, i.e.,
predominantly data-driven manner. The chosen indicators are aligned to the following
dimensions of landscape recreational potential: (i) supply; (i) diversity; (iii) demand; and (iv)
potential pressure on ecosystems in terms of potential flow of beneficiaries; and (v) cost (e.g.,
as suggested in Kimpton, 2017):

T Supply refers to the overall number of recreational opportunities that are accessible from
any given location. Here, a given type of recreational opportunity refers to an associated
class in the ELS map, for which at least some recreational potential is being assumed.
The corresponding patches (grid cells) resemble Service Providing Areas (SPA).
Accessibility of recreational opportunities refers to their proximity to a given location (i.e.,
grid cell), and thus cost. In the model, (Euclidian) distance is used as cost criterion, with
distinct cost thresholds chosen as potential willingness to travel of potential beneficiaries.

1 Diversity refers to the heterogeneity of accessible ELS with recreational potential from a
given location, therefore reflecting on landscape composition within assessed costs. On
the one hand, from a recreational perspective, more diverse recreational opportunities
and thus higher landscape heterogeneity may account for recreational and visual
attractiveness. On the other hand, more diverse recreational settings may also support a
wider range of recreational uses, and may further provide potential for the compensation
of use conflicts particularly when overall supply is potentially scarce (Biedenweg et al.,
2019; Schirpke et al., 2018; Kienast et al., 2012).

1 Demand refers to the potential number of mapped (i.e., spatially disaggregated)
beneficiaries that subsequently correspond to Service Benefiting Areas (SBA).

1 Flow to beneficiaries emerges to meet recreational demands, with SPA being ex-situ SBA
(Schirpke et al., 2018). Here, as a robust indicator assessed from the perspective of SPA,
flow is used synonymous to the maximum number of potential beneficiaries within given
cost(s), i.e., within a certain distance from a given SPA, and is thus considered indicative
of potential anthropogenic, recreational pressure on ecosystems.

1 Cost, as mentioned, refers to the potential willingness to travel (WTT) of potential
beneficiaries in terms of distance as cost, respectively, as scoping range for the
identification of recreational opportunities.
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Proposed indicators are summarised in Table 6.1.

Basic assumptions of the presented methodology for the assessment of robust indicators
include, at a minimum (Figure 6.1): (i) a specification of land systems considered to provide
recreational potential; and (ii) a set of one or more cost-distance thresholds in terms of

potent.i

al benef i ci an(WTd)sd potentidlly assogiate@ raosles of travel.r a v e |

In addition, preferences towards specific land systems and thus types of recreational
opportunities, e.g., forest, grasslands, etc., as well as preferences in terms of WTT may be
included in the assessment in the form of land systems weights and cost weights.

Table 6.1 Proposed set of robust (i.e., data-driven) indicators of landscape recreational potential.

Dimension Indicator Description Aggregation
LU (e
Class The number of opportunities of a given type, accessibl i
supply from a giverlocation, within a specific cost.
Aggregated The number of opportunities accessible from a given
Supply . " e X -
supply location, within a specific cost.
Average Average number of opportunities accessible from a giv X X
supply location, within maximum cost.
The number of unique types of recreational
Class " : . . -
: . opportunities accessible from a given location, withina X -
diversity o
specific cost.
. . Shannon Assessment of richness and evenness of recreational
Diversity . . o o o X
Diversity Index opportunities, within aspecific cost.
The number of unique types of recreational
Average » : . .
. ; opportunities accessible from a given location, average X X
diversity .
across considered costs.
Disagareqated The number of potential beneficiaries at a given locatic
9areg This is zero for neresidential (non buikup) land - -
population
systems
Number of The potential maximum number of beneficiaries at a
Demand L . . o o
beneficiaries given location, within a specifast. - -
within cost
Average The potential number of beneficiaries at a given locatic X
beneficiaries averaged across considered costs.
Class The potential number of visitors at avgh recreational i i
flow opportunity (grid cellevel), within aspecific cost.
Flow - ——
Averaged The potential number of beneficiaries averaged across X X
flow considered costs.
Minimum The minimum cost to the closest opportunity of a giver X i
cost type.
The averaged cost to the closest opportunities of all
Cost opportunity types accessible from a given location, i.e.
Average s : . .
cost within maximum cost. Opportunity types not accessible X X

within maximum cost are not considered in the
determination of average cost.

1 Cost-specific aggregation: Class-specific indicator aggregation for a given cost threshold.
2 Averaging of indicators across all specified cost thresholds.
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Figure 6.1 Hypothetical landscape configuration including land systems with recreational opportunities
(shades of green), built-up area (red), waterbodies (blue), and other land systems not considered (grey).
From the perspective of beneficiaries, i.e., in terms of demand as number of potential beneficiaries
mapped to residential land, for a given SBA, recreational supply is initially estimated for specific costs
(solid circle). However, as SPA and SBA are ex-situ, flow of potential beneficiaries from SBA to SPA
within cost is required to meet recreational demands (red arrows). In the model, however, flow is
conceptualised from the ecosystem perspective, i.e., (unscaled/robust) flow to a given SPA is equal to
the potential number of beneficiaries within cost (purple arrows within dashed circle).

The proposed model implements a workflow as shown in Figure 6.2. Overall, based on the
specified model assumptions, ELS data is pre-processed for analysis, and pre-processed data
is subsequently used in the determination of the indicators proposed in Table 6.1. Generally,
data is typically determined at the level of individual cost thresholds. Indicators that are also
assessed at the land system level, as is the case for example for supply and flow (pressure),
are therefore aggregated at the cost-level, as needed. Indicators are subsequently averaged
across cost thresholds. Depending on the type of indicator assessed, additional intermediate
data are computed as required, e.g., disaggregated population.

To support transferability of the proposed approach as well as reproducibility, the devised
workflow is implemented in Python. In the following, steps in the proposed workflow are
described in more detail.
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Figure 6.2 Schematic workflow of the proposed methodology. Coloured nodes indicate model data
as well as levels of indicator assessment.

In the model, opportunity typically refers to a given grid cell with a specific land system. Hence,
any given number of opportunities relates to the number of accessible grid cells. However,
grid cells may also form and be considered as so-called clumps, as outlined below. The
following steps are conducted for model setup:

a. Define cost thresholds to consider: Here, costs (with distance as cost) correspond to an
assumed willingness to travel, and determines accessibility as function of cost (with
distance expressed in units of grid cells). At the personal level, this willingness may be
resultant from preferences and characteristics at the personal level, including potential
issues of health and mobility. Costs may also be a function of corresponding mode of
travel, and with respect to this, also assumed duration and speed of travel. Therefore,
although the presented approach considers such mobility behaviour only implicitly, any
given cost threshold may also be representative of a distinct travel mode and time;

b. Define the roles of land systems: This includes the designation of land systems with
recreational opportunities as SPA, as well as built-up (in lieu of residential) areas as SBA.
The latter are used as target zones in the spatial disaggregation of potential beneficiaries.
The population disaggregation method is outlined below. This designation is initially
based on simple selection, therefore, potential differences in recreational potential at the
land system/SPA level are neglected at this stage. However, in subsequent steps, a
differing relative importance of land systems for recreation may be expressed in the form
of weights;

c. Define type of opportunity: The type of opportunity refers to the consideration of a ELSM
class as either patch or edge. Patches are classes for which their actual spatial extent is
being considered in the determination of opportunities, for example, forests. For these
classes, it is assumed corresponding areas are fully accessible for recreational purposes.
On the other hand, for the so-called edge classes, it is assumed that the actual spatial
extent is not relevant for their recreational function (for example, in the case of water
bodies), or that the associated areas are not fully accessible (e.g., for permanent crops
such as vineyards). Therefore, for these types of classes, only their boundaries with
neighbouring classes are considered in model calculations, which may represent
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shorelines, coastlines, or perimeters of patches assumed as otherwise inaccessible, as
in the case of, e.qg., vineyards;

d. Define barriers: Land systems acting as barriers hamper the traversal of a landscape and
thus connectivity between grid cells.

Table 6.2 summarises the land systems as used in this assessment, including their specified
role as SBA or SPA in the model, type of opportunity, and use as barrier class in the detection
of clumps. The classes as listed in this table are derived from a mapping, or respectively,
recategorisation, of land systems included in the baseline scenario and/or in the future NFF
scenarios.

Table 6.2 Role, type of opportunity and potential to act as a barrier assigned to each land system.

Land system ID Description Role  Type of opportunity Barrier
100 Water andGlaciers SPA Edge X
210 Lowdensity rural settlement SBA - -
220 Medium-density periurban settlement SBA - -
230 Highdensity urban settlement SBA - -
300 Wetland SPA Patch -
410 Forest, shrub and cropland mosaics SPA Patch -
420 Forest, shrukand grassland mosaic SPA Patch -
510 Lowintensity arable cropland - - -
520 Mediuntintensity arable cropland - - -
530 Highintensity arable cropland - - -
610 Lowintensity grasslands SPA Patch -
620 Mediumintensity grasslands SPA Patch -
630 Highintensity grasslands SPA Patch -
700 Permanent crops SPA Edge -
810 Natural reserves and cloge-nature forestry  SPA Patch -
830 Combined objective forestry SPA Patch -
840 Intensive forest management and forest SPA Patch -

plantations
900 Bare, rock and shrub - - -
0 NODATA - - X

The classes as shown in Table 6.2, that are used in the assessment in baseline and future
scenarios, were recategorised/mapped from baseline and scenario-specific data as shown in
Figure 6.3. Changes to baseline land systems include the merging of systems 810 and 820,
as well as of 840 and 850. In doing so, forest classes were aligned across baseline and
scenarios maps to achieve higher consistency and maintain comparability.

Scenario data do not indicate land systems 100 (water and glaciers) and 900 (bare, rock and
shrubs), holding NODATA values instead. As NODATA is used as a barrier class for the
delineation of clumps as contiguous land areas, this poses a challenge for clump detection
based on provided scenario data. To avoid this issue, following the recategorisation of classes
per scenario, land systems 100 and 900 as designated in baseline were subsequently burned
into the scenario maps, for all locations equal to NODATA grid cells. Therefore, in the so-
prepared scenario data, land systems 100 and 900 correspond to baseline conditions.
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Figure 6.3 Mapping of land systems across baseline and future scenarios.

Moreover, for the proposed model, four cost thresholds are assessed: 1 km, 5 km, 10 km,
and 30 km. These cost thresholds are chosen to approximate thresholds based on the state-
of-the-art, as follows:

1 Near-residential recreational supply (1 km). Although often lower cost thresholds are
considered, e.g., 300 m (Wolff et al., 2020), this value is chosen to account for near-
residential supply as a function of the spatial resolution of the underlying ELSM;

1 Intermediate recreational supply (5 km, 10 km). The lower value of these intermediate
thresholds is chosen in line with surveyed travelled distances in three European cities, for
which highest UGS visitation frequencies were observed for distances up to 5 km (and
with distances averaged at 4.4 km (Rouen), 3.9 km (Luxembourg), and 2.9 km (Brussels;
cf. Schindler et al., 2022). The 5 km threshold value is further based on the reported
willingness to travel based on time as cost of 43.6 min to 47.7 min for walking, and of 13.8
min to 15.2 min for cycling, respectively (Kukulska-K o zi e et al .; 2024). As
travelling speeds of 3.6 km/h for walking, and of 12 km/h for cycling (as used by the r5r
model; cf. Pereira et al., 2021), these time-based costs translate to distances of
approximately 2.6 to 2.7 km (walking), and 2.76 to 3.04 km (cycling), respectively, and
are thus within the 5 km range. The 5 and 10 km thresholds are also in correspondence
to averaged origin-destination travel distances derived from tracked walking and cycling
activities of 5 km (walking) and 12 km (cycling), respectively (Venter et al., 2020). The
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threshold value of 10 km further approximates previously used close-to-home costs of 8
km for pan-European assessments (Paracchini et al., 2014);

1 Remote recreational supply (30 km). This value is chosen based on the average distance
travelled by local daily visitors of German national parks of 31.6 km for car-based travel
(Majewski et al., 2024).

Chosen near-residential, intermediate and remote distance cost thresholds are also roughly
in line with Hermes et al. (in print), that reported surveyed time-based willingness to travel,
where the mode of travel time is reported at the 20 min to 30 min interval (14% of respondents).
This is also in line with Hermes et al. (2021) reporting travel times of 0.4 h for leisure activities.
Considering this interval and assuming r5r-based average travel speeds for walking and
cycling as mentioned above, as well as averaging car-based travel speeds across all road
types and spatial settings as reported in Hermes et al. (in print), with 51.57 km/h, resulting
distances equate to 1.8 km (walking), 6 km (cycling), and 25.7 km (car-based travel).

To reflect on the typically reported preference for recreational opportunities in comparatively
close proximity, and thus, to account for lower likelihoods of willingness to travel to more-
remote recreational locations at a daily basis, cost weights are derived based on an inverse
logistic function in line with Paracchini et al. (2014), based on the following equation (cf. also
Figure 6.4):

1+k
We = k + e®c

Eq. 6.1

where 0 is the weight for cost &) where qis equal to distance in m, and where 'Q 12 and |

¢8 p 11 . The coefficients of ‘Qand @ are chosen such that the importance of recreational
opportunities - or conversely, willingness to travel, likelihood of visitation/use, or emergence
of flow - is very high for lower cost thresholds, thereby accounting for the importance of
greenery in near proximity to beneficiaries, and this importance decreases substantially
beyond the 5km threshold, that marks the lower end of the intermediate cost range. The

majority of potential beneficiaries ( - is assumed to travel up to the rounded mean of all cost
thresholds considered, i.e., Q p ckm.

Potential weighting schemes

100%
80%
60%

40%

Relative weight

20%

0%
0 10 20 30

Cost (distancein km)

»»»»»»»»» inverse distance

inverse logistic

Figure 6.4 Potential cost-weighting schemas include inverse distance weighting or the use of an
inverse logistic function. As suggested for example by Paracchini et al. (2014), this study uses the
inverse logistic function to derive cost weights.
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6.1.4. Data pre-processing

Based on the model specification, data pre-processing subsumes, first, the identification of
contiguous areas of land that, in the following, are also referred to as clumps. Clumps
correspond to contiguous, labelled features in the ELS map, assumingqueen 6 s conti gui t vy,
are identified under consideration of barriers as specified in the model (Figure 6.5). Second,
data pre-preprocessing involves the creation of so-called land class masks 'Y for each land
system class ¢ i.e., Boolean masks derived from the ELS map according to the model
specifications. Furthermore, for those classes that are designated Edge-type recreational
opportunities, edge detection is conducted based on a 3x3 kernel filter, with edges to NODATA
regions being ignored (as illustrated in Figure 6.6). Third, similar to the detection of clumps in
the ELS map, labelled features are also identified at the level of recreational land systems.
These features are subsequently referred to as patches.

CILAmp Conmn Cll:\mp .
// & \\ // \\
) AN / N

Clump
B [=3

Figure 6.5 lllustration of the applied moving window method and the clumps concept for a given land
system of interest. Left: Assuming water bodies as barriers (refer to Figure 6.1), three distinct clumps,
A, B, and C, are identified that are separated by barriers. Three cost thresholds, c1, ¢2, and Cmax, are
defined in the model. Right: When assessing indicators of landscape recreational potential for a given
type of opportunity and cost, clumps are considered in the assessment. As exemplified, for the focal
cell in question, all recreational opportunities (marked in green) within clump B are considered
accessible. However, whilst there are also opportunities within cost in clump C, these are considered
inaccessible, due to barriers. Similar to supply, also the diversity of recreational opportunities, demand
in terms of number of potential beneficiaries, and cost indicators are determined on the basis of clumps.
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(a) (b) (c)

Figure 6.6 Pre-processing of the European land systems map. (a) Original ELS map. (b) Relevant land
systems defined as SPA are extracted from the ELS map as Boolean presence/absence raster. (c) For
opportunities of type edge, an edge detection algorithm is applied. Open sea is characterised by a
Nodata value in the ELS map, similar to territory included in the assessment. This hampers a proper
detection of coastlines as recreational opportunities.

Supply of recreational opportunities, and likewise, the diversity of recreational opportunities
are assessed per clump, and per land system of interest (SPA). To do so, a convolution
approach is implemented, i.e., a moving window operation is conducted iteratively, per cost ¢
and with a circular convolution kernel of size Q & Hence, at each grid cell "6Q, for each land
system defined as SPA ¢ and cost threshold 6)(i.e., the desired cost threshold in terms of half-
size or radius) chosen, supply s is determined as the number (grld cell count) of recreational
opportunities within a circular kernel window of total size ¢Q p ®¢Q p:

k k
Ste(ij) = Z Z Ri(i+m),(j+n) (Eq. 6.2)

m=—kn=—k

where Y corresponds to a class mask of land system & i.e., a Boolean presence/absence
raster, that is prepared in data pre-processing, and where the value of 'Y at any location "@Q
is either O (denoting absence of the recreational opportunity in question) or 1 (denoting
presence).

Class-specific supply i is subsequently aggregated, in order to determine the total supply i
of recreational opportunities for a given cost () as follows:

Z Ste@) non-weighted case ( 63)
Eg. 6.
Se(ij) =

WZ wiSic(i,jy land-use class-weighted case
=17
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Averages across cost thresholds U at raster location "@Qare determined as follows:

1
EZ Vetig non-weighted case
_ c=1
V(@ij) =
z Z wcAV(ij) cost-weighted case (Eq. 6.4)
c=1We

Veti) ife=1
ﬁVC(ij o {VC(EJJ — Vc—l(i,j) ifec>1

where Gis equal to a given cost threshold from all cost thresholds 8, and where @ is equal to
the assessed indicator or dimension of recreational potential for the cost of interest, i.e., one
of supply "Y demand 6, or flow 0. For the cost-weighted case, 0 is equal to the weight
assigned to cost @

The diversity Qis determined at the individual cost threshold level as the number of unique
types of recreational opportunities within a given cost & and thus kernel ¢’Q p w¢Q p
with™Q @

degijy = z [ maxk (Rici+m).¢+m) (Eq. 6.5)

m——k n=

Similarly, Shannon Diversity Index 'Ois determined at the cost-level, following Hermes et al.
(2018):

He ) = sz(f,j) ‘In Py j (Eq. 6.6)
=1

where 0 i ; JQ is the proportion of class & within cost @ and 'Q the sum of kernel
weights of the kernel used to assess cost

Spatial disaggregation refers to the mapping of potential beneficiaries, i.e., to the small area
estimation of population counts with respect to SBA, where SBA refers to all relevant (built-
up) land systems & included in the model as target classes 0 for the spatial disaggregation.
For baseline, two methods were originally considered for spatial disaggregation, including
simple area-weighting (SAW; cf. Li et al., 2007; Wolff et al., 2020) and intelligent dasymetric
mapping (IDM; cf. Baynes et al., 2022; Mennis and Hultgren, 2006). As population source for
baseline, gridded global population counts (WorldPop, 2018) for the year 2020 have been
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used, with a spatial resolution of 1 km. Due to the identical spatial resolution of both the ELSM
and the chosen gridded population dataset, SAW has consequently been chosen as a
disaggregation method.

Applying SAW, population at a given location "6@Q of target class 0 is estimated based on
target zone 0 | (i.e., as a function of raster resolution), w  being equal to gridded
population wof source zone 6 containing “GQ, and the total area of built-up classes 6 f in 0,
as follows:

~ Yu(ij)
Peciy) = Aeij T%t‘hu (Eq. 6.7)

Similar to the determination of supply within cost thresholds, also demand considers cost
thresholds in the determination of potential beneficiaries. Therefore, the total number of
potential beneficiaries G at a given location "@Q within a specific cost ¢ i.e., within a kernel
¢Q pwcQ p andwithQ ¢ is determined as:

k k
bC(E:J‘): Z Z H(E+m],(j+n) (Eq 68)

m=—kn=—k

where "Ocorresponds to the count of potential beneficiaries, i.e., disaggregated population.

Class-specific flow A in terms of potential recreational pressure, i.e., as a function of total
potential beneficiaries 6 within cost wof a location "@AQ is assessed as the intersection of
demand 6 and class mask 'Y of land system a

Q1c(ij) = BepRiip (Eg. 6.9)

This robust formulation of flow is in line with Kimpton (2017) conceptualising flow as potential
of crowding. However, in addition to this robust formulation of flow, an additional method for
more-specific flow modelling, that allows an estimation of flow for each populated grid cell
independently, as a function of actual demand (population at the grid cell level) and
characteristics of patches accessible from each respective grid cell, including type of
recreational opportunity (land system), area of patch, and cost, has been implemented.

Similar to supply that is initially determined for each land system separately and that is
subsequently aggregated per cost threshold, flow is also aggregated at the level of each
considered cost, based on Eq. 6.3.

Class-specific minimum cost (proximity) ]  , i.e., the Euclidean distance (in units of grid cell)

to the closest SPA of a given recreational type &from any given location "@Q, is computed
using the proximity method of xarray.spatial. In line with the overall methodology,
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proximities are constrained to individual clumps, i.e., proximities are only assessed to SPA
within each clump, even though distances to SPA on adjacent clumps may be shorter.

Minimum cost )}  at a given location to the nearest recreational opportunity, irrespective of
land system, is subsequently derived from class -specific minimum cost, and is defined as:

L
Pmin i,y = min (Pyajy ) (Eq. 6.10)
I —

where 0 is the proximity to the closest opportunity type dat location "GQ
Finally, average cost 1) to recreational opportunities is assessed at each location "@Q Here,

the average only considers accessible classes U, i.e., land systems with minimum cost 1

@ , and thus minimum cost to the closest opportunity of type abeing lower than or equal to
the maximum cost threshold w  considered.

O(E,j) ={lel] Pitij) = Cmax}

(Eq. 6.11)

i 1
Pan = O(i.j) Z'”Eﬂci-ﬂ P

To establish a holistic perspective on landscape recreational potential, i.e., to consider the
assessed dimensions in an integrative manner, a principal component analysis is conducted
for on the baseline results to uncover potential relationships between assessed indicators. To
do so, we first standardized the set of computed indicators, using a linear transformation in
order to retain potential correlations between indicators. Importantly, for the subsequent
interpretation, except for demand, higher standar di zed values shoul
more favourable conditions, e.g., higher supply or higher diversity of recreational
opportunities. Therefore, we applied an inverse transformation to respective indicators, i.e.,
costs, so that higher transformed values indicate lower cost and thus assume better
accessibility. Transformation of indicators and the subsequent PCA were conducted using the
scikit-learn package (Pedregosa et al., 2011).

In line with the methodology outlined above, land systems for the NFF scenarios were mapped
to assessment classes as listed in Table 6.2, to retain comparability with baseline conditions.
Following this class mapping, proposed indicators of landscape recreational potential were
assessed for each of the three scenarios Nature for Nature (N4N), Nature for Society (N4S)
and Nature as Culture (NasC), similar to baseline.

For the small area estimation of population for the NFF scenarios, a series of simple transfer
rules has been applied, due to lack of suitable data. For each built-up land system included in
the model, the following rules were applied:

9 Direct transfer of population counts from the baseline to the NFF scenario for grid cells
with built-up land in both the baseline and the scenarios;
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9 Estimating the mean population per grid cell for the relevant built-up land system; and
1 Assigning the estimated mean population to grid cells with built-up land in the NFF
scenario, but not in de baseline.

In the following, findings are presented regarding the assessment of proposed dimensions of
landscape recreational potential, as tied to the land systems. As discussed above, most
indicators were averaged across cost thresholds using a cost-weighting schema, with weights
for each cost threshold derived from an inverse logistic function. This applies to supply,
diversity, and demand.

First, based on ELS included in the model as recreational opportunities (Table 6.2), supply
has been determined (Figure 6.7). Based on this indicator, areas with comparatively low levels
of supply of recreational area, including, e.g., most of Iceland, parts of England, particularly
East Midlands and East of England, parts of France, particularly Hauts-de-France and lle-de-
France, Flanders in Belgium, parts of Germany, including the Westphalian bay, the Ruhr area,
and the loess regions, the Emilia-Romagna in Italy, the Southern Great Plain in Hungary,
areas in the Balkans, including Romania (Walachei) and Serbia (Vojvodina), parts of the
Iberian peninsula, including particularly parts of Castile-La Mancha, Castile and Ledn, and
Aragon, and due to overall size, many islands and separated clumps across Europe (including,
e.g., Madeira, Azores, Canary islands) can be identified. In contrast to that, well-supplied
areas encompass, e.g., the western Iberian peninsula (Portugal) and the Pyrenees, the
Auvergne, Rhone-Alpes, and the Provence-Alpes-Cot e dO0Azur in France,
the Alps and Dinarides as well as the Baltics (Estonia, Latvia), and large parts of the
Scandinavian Peninsula and Finland.

Estimated supply within distinct cost ranges additionally allows to determine accessibility to
certain (groups of) land systems as recreational opportunities in a qualitative manner. This is
exemplified in Figure 6.8, where accessibility to forests (considering ELSM classes 810, 830,
840, excluding mosaic classes with forest) within categorised cost is being illustrated. This
approach allows to quickly determine areas across Europe with potentially higher cost or lack
of access to specific types of recreational opportunities.
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Projection: Lambest Azimuthal Equal Area
Map units: Meter
Cartography: Sebastian Scheuer

Cost-weighted average supply (units of pixel)
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Figure 6.7 Cost-weighted baseline supply of recreational opportunities. Supply is estimated in units of
grid cell, which translates directly into km2 as unit of supply given the spatial resolution of the ELSM.
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Figure 6.8 Baseline accessibility to forest in terms of forest supply in categorised cost ranges. Near is
equal to forest opportunities present within 1 km distance; intermediate refers to forest supply in a
distance from 1 km to 10 km; and remote refers to forest supply in a distance greater than 10 km, up to
the maximum cost threshold of 30 km. Therefore, for areas shown with no access to forest, this refers
to forest within maximum cost. More-distant forest grid cells are not considered.

Diversity

Estimated diversity of recreational opportunities reflects patterns of supply, where higher
supply of recreational opportunities is seemingly associated with higher diversity (Figure 6.9).
This indicates that in areas of poor supply, low diversity may potentially contribute to limit
recreational potential, as compensatory potential and support for specific recreational uses
and behaviours may be lacking (Schirpke et al., 2018; Kienast et al., 2012).
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Figure 6.9 Cost-weighted baseline diversity of recreational opportunities.

Demand

The resulting mapped demand for baseline is shown in Figure 6.10. Subsequently, based on
demand and thus the disaggregated population, the potential beneficiaries within each cost
threshold were estimated, and averaged in line with the remaining indicators (Figure 6.11).
Expectedly, demand is particularly high for the European megacities and the various
conurbations and metropolitan areas, and consequently, it is for these areas where it is also
assumed that pressure on recreational opportunities is likely high, provided that an overall
higher number of potential beneficiaries likely results in higher flow.

Moreover, estimated demand for baseline has been used to model demand for the NFF
scenarios, using the transfer rules as described previously. In the application of these transfer
rules, the following mean population counts were determined from baseline, and applied for
each built-up class: for built-up class 210, the mean population count is 212.52; for class 220,
this is 271.47; and for class 230, this is 1325.29.
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Figure 6.10 Baseline demand in terms of small area estimates for population, i.e., population
disaggregated to grid cells of built-up area (ELSM classes 210, 220, 230). Due to the spatial resolution
of the ELSM, simple area weighting (SAW) has been used for this disaggregation.
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Figure 6.11 Mapping of demand in terms of total potential users of recreational opportunities, i.e., sum
of population within maximum cost thresholds considered.

Cost

Both the average cost to recreational opportunities within maximum cost considered (Figure
6.12), as well as minimum cost, i.e., the distance to the closest recreational opportunity
irrespective of type (Figure 6.13), were determined. Spatial cost patterns seem to follow
patterns of supply and diversity, where either cost indicator is seemingly higher in areas of
lower diversity and with lower overall supply. Based on minimum cost, subsequently, the
associated type of recreational opportunity and thus land-use class is being mapped. Based
on the closest opportunity type, regions may be identified as follows: (i) wetland-dominated,;
(i) grassland-dominated; (iii) crop-dominated; (iv) forest-dominated; and (v) recreational
opportunities dominated by mosaics (Figure 6.14).
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Figure 6.12 Average baseline cost to recreational opportunities accessible within maximum cost. Cost
is visualised in units of grid cell (pixel), which translates to distance in km based on the ELSM spatial
resolution.
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Figure 6.13 Minimum baseline cost, i.e., cost to the closest recreational opportunity, irrespective of
type.
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Figure 6.14 Type of closest recreational opportunity.

6.2.2. Relationships between supply, diversity, demand, and cost

The PCA resulted in three main components (Figure 6.15), explaining in total 75.13% of the
variance. The loadings (Table 6.3) indicate that the proposed indicators are interrelated in

various ways.
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