cU

Assessing
Funded by Cimate Change
the European Union | “ Risk N €Urope

Impacts on Ecosystems & Biodiversity

GA number: 101081358; Funding type: HORIZON-CL5-2022-D1-07-two-stage

Deliverable number (relative in WP) D2.4

Deliverable name: Impacts on ecosystems & biodiversity

WP / WP number: WP2

Delivery due date: Project month 25 (June 2025)

Actual date of submission: 15 July 2025

Dissemination level: Public

Lead beneficiary: 1IASA

Responsible scientist/administrator: Gemma Gerber (IIASA); Amanda Palazzo (IIASA)
1HASA:

Amanda Palazzo

Andre Nakhavali
Gemma Gerber

Juliana Arbelaez-Gaviria
Martin Jung

DTU:

Martin Drews

Ophélie Georgina Marie Meuriot
Jorge Soto Martin;

GCF:

Sebastiano Bacca
Jochen Hinkel

Daniel Lincke

Contributor(s):

Internal reviewer: Francesco Bosello

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the

European Union. Neither the European Union nor the granting authority can be held responsible for them.



ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

Changes with respect to the DoA

There are no changes with respect to the description of work outlined in Task 2.4 of the ACCREU Grant
Agreement.

Dissemination and uptake

The findings and methodologies from this deliverable can directly inform ecosystem-based adaptation
strategies within ACCREU's WP3 adaptation case study CS3.2 and provide essential inputs to WP4
macro-economic models, creating an integrated assessment framework across work packages.

Beyond the project, our results offer valuable evidence for EU-level biodiversity policy development,
protected area planning, and agricultural adaptation strategies that balance productivity with pollinator
conservation.

Additionally, our novel modeling approaches and economic valuation frameworks will benefit researchers

across disciplines, including environmental economists, conservation biologists, agricultural scientists,
and government agencies implementing the EU Biodiversity Strategy and Climate Adaptation policies.

Short summary of results

See a full summary of all chapters under “Executive Summary” on pages 5-7.

Evidence of accomplishment

Published Manuscripts
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https://www.accreu.eu/wp-content/uploads/2025/01/D2.1 Impacts-on-infrastructure-and-built-
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https://www.accreu.eu/wp-content/uploads/2025/01/D2.2WaterEnergyLand.pdf

Published Datasets & Code

e Code: Bacca, S. (2025). SebastianoBacca/Coastal-Wetlands-Economic-Valuation: Coastal wetlands
valuation toolkit (v1.0.0). [Code]. Zenodo. https://doi.org/10.5281/zen0d0.15536288

e Meuriot, 0.G.M., Martin, J.S. (2025). DTU Wildfire Modelling Suite for ACCREU. GitHub. [Code].
https://github.com/ophme/DTU_wildfire_modeling

e Gerber, G. (2025). Wildfire and Biodiversity Meta-Analysis Dataset (European Forests) (1.0)
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Executive Summary

The purpose of this task and deliverable is to report the work conducted and progress made towards
achieving the objectives of ACCREU’s Task 2.4 Impacts on ecosystems & biodiversity. Specifically, we
present a comprehensive assessment of European ecosystem and biodiversity impacts across the
terrestrial and coastal ecosystems and species distribution at a 10 km? resolution, including the impacts
of wildfires.

This report presents an overview of our results and the significant advancements in modelling the
projected impacts of climate change and land use (ACCREU Deliverable 2.2) on the ecological and
economic dimensions of biodiversity and ecosystem services. We provide future assessments aligned
with the ACCREU-defined scenarios. To expand on the novelty of this work, we incorporated the impacts
of wildfires (M2.1) and sea level rise on biodiversity and ecosystem services.

For this report, our biodiversity analysis focused on target species (e.g., Birds and Habitats Directive
species, pollinators). For ecosystem services, we concentrate on both use and non-use services, including
crop provision, crop pollination, and coastal protection. Our analysis may serve as the basis for informing
ecosystem-based adaptation and conservation strategies, including linkages to WP3 adaptation case
study CS3.2 and inputs to macro-economic models (WP4).

The Task 2.4 consortium conducted several interlinked research subtasks addressing different facets of
the Task 2.4 objectives (Appendix A). These are presented in this deliverable as five separate chapters.
Detailed methodologies and further results are described in the report and several technical appendices.

Chapter 1: Coastal wetlands & protection services

In Chapter 1, we addressed Task 2.4's objective of estimating wetland area changes and the resulting
economic benefits from coastal protection services. We developed a comprehensive economic valuation
framework that quantifies how coastal wetlands (mangroves, salt marshes, and tidal flats) protect
European coastlines from erosion, flooding, and storms. Our approach combined two complementary
valuation methods (replacement cost and avoided damage) to assess the full spectrum of economic
benefits these ecosystems provide across different climate change and wetland loss scenarios through
2100.

Our analysis revealed that coastal wetlands currently deliver protection benefits exceeding USD 10 billion
annually across Europe. The United Kingdom shows the highest replacement cost benefits (USD 4.2
billion in sea-dike construction savings), while the Netherlands experiences the greatest avoided damage
benefits (USD 2 billion). Most notably, replacement costs consistently exceed avoided damages by a
factor of 2-3, demonstrating that nature-based solutions provide equivalent protection at substantially
lower costs than engineered alternatives. However, these benefits decline significantly under scenarios of
10-30% wetland loss, highlighting the economic consequences of allowing these ecosystems to degrade.
By framing wetland conservation in economic terms, our work strengthens the case for investing in
natural infrastructure as a cost-effective adaptation strategy that becomes increasingly valuable as sea
levels rise and coastal development intensifies.



Chapter 2: Wildfire Risks & Impacts

In Chapter 2, we address Task 2.4 objective of comprehensively assessing wildfire impacts across
European ecosystems. We developed advanced wildfire risk projections by integrating the
ForeFire-Climate model with Fire Weather Index metrics, creating spatially explicit risk maps under three
climate scenarios (RCP2.6, RCP4.5, RCP7.0) through 2100. This novel methodology allowed us to quantify
both direct fire impacts and secondary ecological consequences.

We incorporated the wildfire risk projections into the GLOBIOM-G4M forest sector model to assess the
effect of fire events on harvest wood supply, biomass and carbon emissions. Our analysis revealed that
climate-driven wildfire impacts will be substantial but heterogeneous across Europe. Southern European
countries face the greatest biomass losses, with approximately 90% of total losses concentrated in Spain,
Italy, France, and Greece.

These impacts extend beyond direct burning effects on forests, as our meta-analysis of 2016 effect sizes
from 36 studies demonstrated striking taxonomic-specific responses to fire. Most taxa showed a
significant decline in abundance after fire, whereas beetles and reptiles showed increased abundance.
Fire severity emerged as a critical determinant of outcomes, with several taxa showing positive responses
to low-severity fires but negative responses to high-severity fires. Our findings highlight the urgent need
for further research on wildfire impacts on biodiversity, particularly in southern Europe, where economic
and ecological impacts are projected to be most severe.

Chapter 3: Impacts of sea-level rise on crop and grassland provision and opportunity cost for
sustainable land management and conservation

In Chapter 3, we assessed the impacts of sea-level rise on agricultural land availability as well as the
economic and environmental impacts of adopting more conservation-focused land management policies
across Europe. Building on adaptation scenarios quantified by the economic land use model GLOBIOM
developed in ACCREU project Task 2.2 and presented in ACCREU Deliverable 2.2, we examined how rising
sea levels may reduce cropland and grassland in low-lying areas, impacting crop production and livestock
feed availability. We then evaluated the foregone agricultural benefits when these lands are not available
for agricultural production. Our analysis found that sea-level rise poses a risk to coastal agricultural and
forest areas, leading to production and revenue losses and increasing pressure on inland ecosystems. Our
analysis shows that Germany, Italy and the Netherlands are the most affected by the coastal flooding on
agricultural lands. The grass production gap, unsatisfied local demand for grass for livestock, is
non-negligible in coastal areas which can have a significant impact on the profitability of livestock farmers
in these areas.

In this task we also integrated novel biodiversity-conservation policies aligned with the global “bending
the curve” strategy by Leclere et al. (2020) into the adaptation scenarios developed and quantified in
Task 2.2 of the ACCREU project. The conservation scenarios prioritize areas with high biodiversity value
and restoration potential and apply strict land-use protections within EU countries. The ACCREU scenario
framework integrates climate impacts, mitigation, and adaptation dimensions. Our analysis from
Deliverable 2.2 showed that mitigation assumptions significantly influence the future development of the
agricultural sector, while higher warming levels exert varying pressures across different regions of Europe.
In this analysis, we find that conservation policies further compound these land-use pressures but



contribute to gains in biodiversity intactness and restoration area expansion. We report changes in both
the Biodiversity Intactness Index (BIl) and economic welfare, including net revenues and value added for
producers, under ACCREU scenarios with and without the conservation-focused scenarios.

Our findings underscore the complex trade-offs between maintaining agricultural output and achieving
biodiversity goals under climate change. By combining economic and environmental perspectives, this
chapter provides insights into how integrated land-use strategies can support sustainable food systems,
climate adaptation, and ecosystem protection in Europe.

Chapter 4: Impacts of global change on habitat suitability

In Chapter 4, we addressed Task 2.4 objectives of evaluating combined climate and land-use impacts on
European species habitat suitability. Using the ibis.iSDM modeling tool, we projected habitat suitability
for species listed in the EU Birds and Habitats Directives across different climate scenarios (RCP2.6,
RCP4.5, RCP7.0) and agricultural adaptation pathways through 2050. We further expanded our analysis to
include impacts of wildfire and sea level rise to account for multiple threats to habitat suitability.

Our analysis revealed that most taxonomic groups will face declining suitable habitats by 2050, with
impact patterns varying significantly across taxa and increasing with emission intensity. We found that
strategies to maintain agricultural productivity often increase habitat losses, particularly for pollinators
like bees and butterflies. This is concerning given pollination's essential ecosystem service value. The
varied responses across taxonomic groups indicate that effective conservation planning must incorporate
taxonomic differences in climate sensitivity and responses to agricultural practices. Our findings provide
evidence that biodiversity-friendly agricultural adaptation approaches are urgently needed, especially for
species showing high sensitivity to intensive farming practices, creating a scientific foundation for
developing targeted conservation strategies that reconcile agricultural adaptation with biodiversity
protection in a changing climate.

Chapter 5: impacts on non-market ecosystem services: the case of crop pollination

In Chapter 5, we build upon the SDMs presented in Chapter 4 to assess how global change impacts
European pollinators and crop pollination services. This directly addresses Task 2.4 objectives of
evaluating non-market ecosystem service values. We used an integrated assessment framework that
connects changes in pollinator habitat suitability to agricultural outcomes, combining habitat projections
for 153 pollinator species with crop distribution data across multiple climate scenarios and adaptation
pathways. This supply-demand approach simultaneously models changes in both pollinator habitat and
crop distributions, allowing for the identification of potential spatial mismatches.

Our analysis revealed a concerning "double pressure" on European crop pollination through 2050.
High-quality pollinator habitat in Europe is projected to decline by 12-18%. At the same time,
pollinator-dependent crops show mixed responses: highly dependent crops like sunflower decrease
substantially, and moderately dependent crops like soybean increase. Our methodology estimated the
current economic value of crop pollination services to be approximately 5.2 billion USD in 2020.
However, note that this is an underestimation given our model's lack of fruit and vegetable crops. Our
crop pollination estimates will decline to 2.2-3.8 USD billion by 2050 with geographic variability. While
Central European agricultural regions face substantial service losses, countries like Ireland and Greece



could see dramatic increases under specific adaptation scenarios. These findings highlight the need for
regionally tailored strategies that balance agricultural adaptation with pollinator conservation, ensuring
this critical ecosystem service continues to support European agriculture in a changing climate.



ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

1 Coastal wetlands & protection services

1.1 Introduction

In this chapter, we address Task 2.4's objective of estimating wetland area changes and the resulting
economic benefits from coastal protection services. Coastal wetlands such as mangroves, salt marshes,
and tidal flats support nature and coastal communities. These ecosystems help regulate the climate by
storing carbon and act as natural barriers that protect coastlines from erosion, flooding, and storms.
(Howard et al., 2017; Mcleod et al., 2011; Schuerch et al., 2018; Taillardat et al., 2020; van Zelst et al.,
2021). For example, mangroves are estimated to protect around 15 million people from coastal flooding
each year. (Menéndez et al., 2020).

Despite their value, coastal wetlands are disappearing at an alarming rate. In the past, they were often
seen as unproductive land and were drained or developed for farming, housing, and industry. (Davidson,
2014; Fluet-Chouinard et al., 2023). Today, they are being lost even faster than tropical rainforests
(Davidson et al., 2018; Newton et al., 2020), with significant impacts on biodiversity, coastal resilience,
and human well-being. Climate change, particularly sea-level rise (SLR), is worsening the situation, but it
is not the primary driver of global wetland loss. The main cause is anthropogenic pressure, especially the
expansion of the built environment, such as roads, buildings, and seawalls, that obstructs the natural
biophysical processes wetlands rely on to adapt to rising seas. Under natural conditions, wetlands can
migrate inland in response to SLR. However, this adaptive mechanism is increasingly being blocked or
"squeezed" by human development along coastlines, preventing this essential landward migration
(Schuerch et al., 2018; Spencer et al., 2016). As a result, it is the combined effect of climate-induced SLR
and human-induced landscape modification that is driving the ongoing and projected global loss of
wetlands throughout the 21st century (Schuerch et al., 2018).

To effectively protect coastal wetlands, it is crucial to understand and measure the benefits they provide.
In environmental economics, ecosystems are regarded as natural capital assets that generate valuable
services over time (Dasgupta, 2021; Krutilla, 1967; OECD, 2018). By assigning economic value to these
services, we can more clearly assess the costs of ecosystem loss and strengthen the case for their
conservation (Barbier, 2013). Given the growing threats to these ecosystems, there is increasing
recognition of the need to evaluate their contributions to human well-being. From this perspective, the
loss of wetlands constitutes a depreciation of the natural capital and a loss of future service flows,
reframing ecological decline as a form of economic loss (Barbier, 2013; OECD, 2018).
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1.2 Methods

Our methodology follows two main steps (Figure 1). In step 1, we build a global database that includes
coastal wetlands, floodplains, and their socio-economic features (Appendix B Table B1). This database
serves as the foundation for the next step. In step 2, we construct two models to measure the benefits of
wetlands in reducing flood risk and infrastructure costs. One model called avoided damage (AD)
calculates the avoided flood damage by having wetlands attenuating extreme water level events. In
contrast, the other, called replacement cost (RC), estimates how wetlands reduce the cost of building and
maintaining sea dikes. Both these models quantify the coastal protection service provided by wetlands.

Data ‘
1 input/output |
| Grdded | | L Wetiands
i Crdded : i1 Wetlands !
| population § ID |gltal : | database !
elevation ! (types and f

i and GDP

............ | GDPper |
capita and !
opulation |

vt
1Attenuated |
i extreme *

Dike height
and cost

R

Maximum
water
depth

.'\. : Biophysical production function module ) 4 '.

Figure 1: Flowchart showing the processes and module interactions in DIVA modeling framework and the
ecosystem services valuation modules: the biophysical production function module composed by the
avoided damage and replacement cost models.
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We then compare the results from these models under different scenarios: the current extent of
wetlands (the 'Actual Wetlands' scenario) and three future scenarios where wetland areas are reduced
by 10%, 20% and 30% by the year 2100. These reductions are based on projections from Schuerch et al.
(2018), which calculates that up to 30% could be lost by 2100 without more space for wetlands to
expand.

Our coastal wetlands database is based on the approach of Vafeidis et al. (2008), but we improve it using
higher-resolution spatial data (Appendix B Table B1) and a more accurate method to define coastal
floodplains as in ACCREU D2.1 Impacts on infrastructure and built environment. In our method, the
world is divided into nearly 138,000 coastal floodplains. A floodplain is a low-lying area connected to the
sea and located below the local 1-in-100-year extreme sea level. These levels are taken from COAST-RP
surge data (Dullaart et al., 2022) and we also consider administrative boundaries in our definitions.

To assess flood exposure in each floodplain, we overlay elevation data from MERIT-DEM (Yamazaki et al.,
2017) With population data from the Global Human Settlement Layer (Schiavina et al., 2023).

We estimate the value of assets at risk by converting the exposed population into economic terms. This is
done by multiplying the population by the country’s GDP per capita data. (Kummu et al., 2018) and then
scaling it using a 'produced capital to GDP' ratio calculated in Hallegatte et al. (2013). This study found a
strong correlation between GDP and produced capital. Based on their findings, we use a global average
ratio of 2.8, applied uniformly across countries:

Assets = GDPpC * Pop * 2.8#(1.1)

To estimate the cost of sea-dike construction and maintenance, we follow the approach of Nicholls et al.
(2019), which uses cost data from the Netherlands (Jonkman et al., 2013) and adjusts it to each country
using a country cost factor (CCF) based on expert assessments. Sea-dike unit costs represent the cost of
building one kilometre of dike raised by one meter. For each country, we use the lower-end Dutch rural
cost for rural sea-dikes and the upper-end Dutch urban cost for urban sea-dikes elsewhere in the world,
reflecting the higher flood protection standards and costs in the Netherlands. These costs are converted
into US dollars (in 2011 PPP terms) and adjusted using each country’s CCF.

The total cost of sea-dike protection includes the investment cost plus an annual maintenance cost of 1%
of the investment:

S=h*L* C*(+0.0)#(1.2)

Where S is the total cost of the sea-dike, h is the dike's height, L is the length of coastline protected, and
C,; is the unit cost for country i.

To map global coastal wetlands, we use a k-nearest neighbors (KNN) algorithm to map spatial data on

mangroves. (Bunting et al., 2022), salt marshes (Mcowen et al., 2017) and tidal flats (Murray et al., 2019)
To our floodplains in DIVA. This mapping is done using the DIVACoast library GIS functionalities.

12
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Figure 2: Wetlands and downward sloping propagation (attenuation) of extreme water levels in DIVA.

Vertically, coastal wetlands are positioned between the mean low water (MLW) level and the mean high
water spring (MHWS) level (Figure 2), representing the typical tidal elevation range in which these
ecosystems exist. Extreme sea level (ESL) events, driven by storm surges, tides, and sea-level rise, are
assumed to be attenuated as they pass over wetlands. The degree of attenuation depends on the
wetland width (w), the height of the ESL, and the wetland type (attenuation coefficient a). We model this
attenuation process using a static, type-specific (j) attenuation coefficient a, whereby ESL height is
linearly reduced across the wetland surface. The attenuation height Ax for each segment is defined as:

Ax =w * aj#(l. 3)

where w is the wetland width, calculated by dividing the wetland area from our spatial wetlands
database by the length of the coastline segment it occupies and g, is the attenuation coefficient for each
wetland type j taken from Vafeidis et al. (2019). This approach allows us to account for the protective
function of wetlands against ESL events within each floodplain, linking their spatial characteristics directly
to flood attenuation potential.

Figure 3 and Figure 4 show sample regions from the resulting global wetland dataset and Figure 5 the
European distribution of coastal wetlands (salt marshes and tidal flats).
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Figure 3: Map showing the coastal wetlands between the Netherlands and Germany along the North Sea
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Figure 4: Map showing the coastal wetlands in The Wash, UK. Floodplains are highlighted in yellow, tidal
flats in orange and salt marshes in dark blue.
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Figure 5: European wetlands (salt marshes in blue and tidal flats in pink) distribution.

The DIVACoast.jl library is available in the GitHub repository at the following link:

https://github.com/GlobalClimateForum/DIVACoast.jl.git. The wetlands change economic valuation code

is available at the Zenodo repository https://doi.org/10.5281/zenodo0.15536288.
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1.2.1 Coastal wetland change

Coastal wetland change is primarily driven by two interlinked factors: sea-level rise and land-use change.
While earlier global assessments highlighted the overwhelming influence of SLR on the loss of wetlands,
more recent regional and local case studies suggest that these impacts may be overstated. Previous
research demonstrates that many coastal wetlands, including marshes and mangroves, are capable of
maintaining or even exceeding vertical accretion rates in response to historical SLR, thanks to sediment
accumulation and biophysical feedback mechanisms (Kirwan et al., 2016; Sasmito et al., 2016). These
studies emphasize that vulnerability assessments often fail to account for these processes and the
capacity for inland migration, leading to exaggerated projections of wetland loss.

A significant advance in reconciling these divergent perspectives (Schuerch et al., 2018) integrates the
DIVA model with a biophysical feedback module that incorporates both vertical and horizontal wetland
adaptability. This model introduces the concept of "accommodation space," the land available for
wetlands to migrate inland in response to rising sea levels. Their findings indicate that the true limiting
factor is not SLR per se, but rather the presence of human infrastructure that blocks inland migration
pathways. In scenarios with sufficient sediment supply and available accommodation space, SLR can even
enhance sediment deposition and support wetland expansion. Conversely, where horizontal space is
constrained by development, wetlands face severe loss.

Land-use change further exacerbates this problem. In the absence of effective mechanisms to value
natural ecosystems, decisions frequently favor development over conservation. The conversion of coastal
wetlands into agricultural, industrial, or urban land results in the irreversible loss of ecosystem services.
Previous research has emphasized that without policies that reflect the full value of these ecosystems,
exploitation remains the default outcome (Costanza et al., 2014; de Groot et al., 2012).

Building on a previous modeling framework (Schuerch et al., 2018), we apply a scenario-based approach
to evaluate the potential future loss of global coastal wetlands under the assumption that no additional
accommodation space is made available. We define three loss scenarios representing 10%, 20% and 30%
reductions in global wetland area by the year 2100. These scenarios reflect increasing severity in land-use
pressure and infrastructure development, which block inland migration and reduce the adaptability of
wetland systems. Finally, in these scenario-based runs, we do not consider future SLR projections but the
current distribution of extreme water levels as a test-simulation of the model.

1.2.2 Coastal ecosystem services

Two main classes of methods have been developed to estimate the non-market value of ecosystem
services (ESS) at regional and global scales. The two classes of methods are the benefit transfer methods
and the biophysical production function methods. Benefit transfer methods estimate ESS values at policy
sites by adapting values derived from existing studies at comparable locations (Rosenberger and Loomis,
2017). These include unit value transfer, which applies average monetary values per unit area, and value
function transfer, which adjusts estimates using statistical models such as meta-regression (Brander et al.,
2012; Rosenberger and Loomis, 2017). However, the accuracy of benefit transfer is often limited by
regional data gaps and difficulties in accounting for ecological and socio-economic variability (Brander et
al., 2012; de Groot et al., 2012; Ghermandi and Nunes, 2013; Rao et al., 2015).
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Biophysical production function methods, on the other hand, derive values from ecological processes
that underlie the ecosystem service provision. These methods are particularly useful for estimating
services with direct use value, such as coastal protection. The avoided damage method evaluates the
reduction in potential damage to people, infrastructure, and property due to the presence of wetlands
(Barbier, 2016, 2013; Menéndez et al., 2020; Reguero et al., 2020, 2018), while the replacement cost
method estimates the cost of replicating these services through artificial means (Barbier, 2016; van Zelst
et al., 2021). However, these cost-based approaches often equate avoided costs with economic value,
potentially overstating benefits by not directly measuring changes in welfare.

In this model simulation, we assess the coastal protection benefits of wetlands using two biophysical
production function valuation methods: avoided damage and replacement cost. In the avoided damage
approach, the benefit of coastal wetlands is quantified as the reduction in expected annual damages
(EAD) from coastal flooding, due to the attenuation of extreme sea level events (ESL) by the presence of
wetlands on the floodplain. In the replacement cost approach, the benefit is framed as the cost savings
from constructing lower sea dikes, made possible by the wetlands’ ability to reduce water levels before
they reach hard defenses. In both cases, the protective function of coastal wetlands translates into
measurable economic value, either by reducing direct flood damages or by lowering infrastructure
investment requirements (less investment and maintenance costs).
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Figure 6: Avoided damage (lower panel) and replacement cost (upper panel) biophysical production
function methods used for coastal wetlands coastal protection service valuation. In avoided damage the
coastal protection benefit is framed as a reduction in expected annual damages from coastal flooding due
to the presence of coastal wetlands on the floodplain. In replacement cost, the coastal protection benefit
is framed as a reduction in the cost of building lower sea dikes (cost-saving) because the wetlands
attenuate the water level.
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1.3 Results & Discussion
1.3.1 Coastal wetland change

In the final DIVA model run for the ACCREU project, results will include global projections of total coastal
wetland loss under sea-level rise (SLR) and spatial constraints imposed by the built environment. These
unconstrained wetland loss scenarios assume that no additional horizontal accommodation space will be
available for inland wetland migration due to the continued expansion of coastal defenses and urban
development. Under this assumption, wetlands are unable to retreat landward and are considered lost
once their elevation falls below the 1-in-1-year flood return level, consistent with previous outlined
approaches (Nicholls et al., 2011). This modeling framework represents a worst-case scenario where the
natural adaptive capacity of wetlands is severely impeded.

In the test simulation presented in this deliverable, we apply a simplified version of this framework by
modeling three fixed scenarios of global wetland loss 10%, 20%, and 30% by the year 2100 (Table 1),
without incorporating future SLR projections. These hypothetical loss levels reflect the increasing severity
of spatial constraints and policy inaction. We then compute the resulting economic impacts in terms of
lost coastal protection benefits, specifically focusing on avoided flood damages (using AD) and
replacement costs (using RC) of artificial protection (e.g., sea dikes). This test provides an initial
assessment of the magnitude of economic losses associated with declining wetland extent.

At this preliminary stage of the analysis, we apply fixed global wetland loss scenarios (10%, 20%, 30%) by
2100 to isolate and illustrate the sensitivity of economic impacts to declining wetland extent under
increasing spatial constraints. This approach reflects the growing severity of non-climatic drivers,
particularly the continued expansion of coastal infrastructure and urban development, which increasingly
prevent inland wetland migration. As explained in Subsection 1.2.1, the presence of such hard coastal
defenses is a major contributor to wetland loss, as it restricts the horizontal accommodation space
required for natural adaptation (Schuerch et al., 2018). Therefore, this simplified framework allows us to
benchmark the magnitude of potential losses without introducing the complexity and uncertainty
associated with future SLR projections and the wetlands response.

Full integration of climate-based (SSP-RCP based) wetland loss scenarios will be included in the final DIVA
model runs, enabling a dynamic coupling between SLR trajectories, wetland migration potential, and
socio-economic pathways. However, at this exploratory phase, our goal is to assess the directional
economic implications of worsening policy inaction and hard infrastructure expansion, independent of
climate forcing uncertainties.

Table 1: Actual global wetlands area (km?) and global wetlands area loss in the three wetlands loss
scenario: 10, 20 and 30%.

Wetlands Actual 10% loss 20% loss 30% loss

Salt marshes 73,207 65,886 58,566 51,245

18



Tidal flats 108,006 97,205 86,404 75,604
Mangroves 98,780 88,902 79,024 69,146
Total 279,993 251,993 223,994 195,995
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1.3.2 Coastal ecosystem services

The comparison of avoided damage (Table 2) and replacement cost (Table 3) estimates across European
countries reveal distinct patterns in the valuation of ecosystem-based coastal protection. Countries with
high population density along low-lying coastlines, such as the United Kingdom, Netherlands, and France,
consistently show the greatest economic reliance on coastal wetlands protection services, both in terms
of reduced flood damages and lower infrastructure expenditure. Replacement cost values are generally
much higher than avoided damage values, reflecting the relatively high costs of engineered alternatives
like sea dikes compared to the freely available protection offered by natural systems. This gap further
supports the notion that nature-based solutions, particularly coastal wetlands, provide protective
services at a significantly lower cost than man-made infrastructure. Moreover, the diminishing benefits
under progressive wetland loss scenarios (10—-30%) indicate a nonlinear decline in protection value,
especially for nations with limited room for inland wetland migration (urban and densely populated
low-lying coastal areas).

Table 2: Avoided damages coastal protection values for European countries (million USD PPP 2011). The
values represent the flood damage reduction across wetlands loss scenarios.

Country Code AD Actual wetlands AD Wetlands loss 10% AD Wetlands loss 20% AD Wetlands loss 30%
France FRA 552.9 508.1 462.8 415.1
Netherlands NLD 1952.3 1755.0 1561.5 1367.6
United Kingdom GBR 958.0 863.8 770.0 674.3
Portugal PRT 11.3 10.2 9.1 8.0
Romania ROU 20.9 20.9 20.9 20.8
Belgium BEL 32.7 29.4 26.2 22.9
Norway NOR 233.7 210.1 186.8 163.0
Italy ITA 45.8 42.4 41.0 34.3
Albania ALB 5.9 5.3 4.6 4.1
Greece GRC 28.2 26.3 24.3 22.0
Lithuania LTU 2.8 2.6 2.3 2.0
Ukraine UKR 7.0 6.4 5.8 5.2
Poland POL 111 111 9.9 8.7
Montenegro MNE 1.2 11 0.9 0.8
Spain ESP 238.6 220.2 201.0 180.2
Sweden SWE 62.8 56.9 51.0 45.0
Turkey TUR 56.5 53.1 49.1 45.0
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Country Code AD Actual wetlands AD Wetlands loss 10% AD Wetlands loss 20% AD Wetlands loss 30%
Malta MLT 0.0 0.0 0.0 0.0
Ireland IRL 87.8 80.3 725 64.5

Slovenia SVN 7.9 7.1 6.2 5.4
Latvia LVA 0.8 0.7 0.6 0.5

Denmark DNK 54.1 49.0 42.1 38.6
Iceland ISL 29.4 26.5 235 20.5
Estonia EST 0.1 0.1 0.1 0.1
Croatia HRV 31.9 29.6 27.0 243

Bulgaria BGR 8.7 8.2 7.7 7.1
Finland FIN 52.0 47.4 42.7 37.6

Germany DEU 168.3 151.3 134.6 117.9

Table 3: Replacement cost coastal protection values for European countries (million USD PPP 2011).
Values represent the cost savings from lower coastal protection constructions across wetlands loss

scenarios.
Country Code RC Actual wetlands RC Wetlands loss 10% RC Wetlands loss 20% RC Wetlands loss 30%
France FRA 2514.3 2371.6 2207.2 2099.9
Netherlands NLD 1462.6 1443.8 1425.0 1406.3
United Kingdom GBR 42433 4127.4 3930.0 3738.4
Portugal PRT 83.9 80.3 84.3 85.0
Romania ROU 232.4 240.6 222.4 199.8
Belgium BEL 186.6 186.1 185.5 185.0
Norway NOR 1113.7 1090.5 1069.3 1037.5
Italy ITA 308.6 295.0 284.7 274.2
Albania ALB 12.5 12.0 11.5 11.0
Greece GRC 107.3 103.1 97.3 86.7
Lithuania LTU 21.7 20.4 19.2 17.9
Ukraine UKR 162.5 150.5 138.4 123.4
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Country Code RC Actual wetlands RC Wetlands loss 10% RC Wetlands loss 20% RC Wetlands loss 30%
Poland POL 78.0 76.4 74.8 733
Montenegro MNE 9.7 9.2 8.7 8.1
Spain ESP 437.7 423.4 405.7 388.3
Sweden SWE 406.5 383.4 353.4 334.1
Turkey TUR 129.6 122.3 113.5 102.5
Malta MLT 0.7 0.7 0.6 0.6
Ireland IRL 642.2 643.5 556.4 537.7
Slovenia SVN 4.1 3.9 3.6 34
Latvia LVA 104.0 103.0 61.3 60.1
Denmark DNK 540.2 518.9 495.1 464.4
Iceland ISL 158.5 141.4 1334 127.0
Estonia EST 18.1 17.4 16.7 16.0
Croatia HRV 71.7 68.5 66.0 63.5
Bulgaria BGR 43.0 39.8 36.5 333
Finland FIN 188.4 177.8 167.8 166.7
Germany DEU 888.3 872.5 856.7 820.8
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1.4 Conclusion/Key takeaways

The analysis of European-level protection benefits reveals significant economic value derived from
coastal wetlands, both through avoided flood damages (avoided damage) and reduced infrastructure
costs (replacement cost). Among European countries, the United Kingdom exhibits the highest cost
savings in sea-dike construction, estimated at USD 4.2 billion annually, due to its long, densely populated
coastline and extensive built environment. Conversely, the Netherlands leads in terms of avoided
expected annual damages (USD 2 billion), reflecting its exposure as a low-lying country with highly
developed flood protection systems. Countries like France, Germany, and the Nordic nations also show
substantial benefits. Under current conditions, total European coastal protection benefits exceed USD 10
billion annually. However, these benefits decline significantly under scenarios of 10-30% wetland loss by
2100, reinforcing the vulnerability of coastal protection services when wetlands are spatially constrained
and adaptive capacity is lost.

A consistent finding across all wetland loss scenarios is that replacement cost values are 2—3 times higher
than avoided damage estimates. This underscores a fundamental economic insight: nature-based
solutions, such as wetlands, could provide equivalent protective benefits at a substantially lower cost
than engineered alternatives. Unlike dikes or sea walls, which require high upfront capital and ongoing
maintenance, wetlands offer passive, self-reinforcing protection that scales with environmental change,
making them more cost-effective over time for rural and low-populated areas. These findings highlight
the urgent need for proactive investment in conserving and restoring coastal wetlands. Protecting
existing natural infrastructure is not only ecologically sound but also economically rational, especially as
the cost of relying solely on engineered defenses continues to escalate in the face of rising sea levels.
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

2 Wildfire Risks & Impacts

2.1 Introduction

European forests provide crucial ecosystem services, including timber production, carbon sequestration,
and recreational opportunities. However, these forests face mounting threats from wildfires, with many
regions experiencing increases in burned area over the past few decades (Fernandez-Anez et al., 2021).
This trend is expected to intensify as climate change brings warmer, drier conditions to many European
regions previously unaffected by significant fire activity.

The ecological impacts of these changing fire regimes are complex and taxon-specific. Some species
thrive in post-fire landscapes, e.g., fire-adapted plants that require heat for seed germination and
dispersal. (Garcia-Duro et al., 2019), and certain birds that exploit newly available resources in burned
areas (Brotons et al., 2008; Versluijs et al., 2020). Conversely, other species suffer from increased fire
frequency and intensity, directly through increased mortality or indirectly through increased fire. (Kim
and Holt, 2012; Sgardelis et al., 1995), or indirectly due to loss of habitat (Puig-Girones et al., 2023), and
key food resources (Franklin et al., 2022), leading to overall reductions in species abundance and diversity
(Rey et al.,, 2019). With increasing annual fire-related damages to European forests and significant
biodiversity implications, a comprehensive assessment of wildfire risks and impacts is essential for
effective climate adaptation planning.

To address this critical need, we pursued three complementary research objectives that directly speak to
ACCREU Task 2.4 of estimating the impact and risk of wildfires across terrestrial and coastal
ecosystems.

1. First, to understand the risks of European wildfires now and in the future, we built upon ACCREU
Milestone 2.1 and developed advanced wildfire risk mapping and projections by combining the
ForeFire-Climate model with the Fire Weather Index system. We aimed to create spatially explicit
wildfire risk maps under different climate scenarios (RCP2.6, RCP4.5, RCP7.0) for 2020-2100.

2. Second, we conducted a forest sector impact assessment to quantify impacts on European forest
carbon stocks, harvested wood supply, and forest sector GHG emissions.

3. Third, we performed a biodiversity impact analysis through a systematic literature review and
meta-analytical modeling of taxa-specific responses to fires of different extents and severities,
allowing us to disentangle how different taxonomic groups respond to varying fire regimes.

Integrating these three components provides a holistic assessment of wildfire risks and impacts across
European landscapes.
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2.2 Methods
2.2.1 Wildfire Risk

A modular wildfire modeling suite was developed to assess wildfire risk under historical and future
European climate conditions. The simulations focus on the fire season (June to October) and rely on
multiple climate data sources, including the ERA5-Land reanalysis (2008—2023) for historical validation
and bias-corrected CLIMEX2 projections (1991-2010 and 2021-2100) for future scenario analysis.

The methodology's core is a machine learning (ML) based fire probability model trained using observed
fire events from the EFFIS dataset and 23 predictors, including climate, land cover, topography, and
human activity. A Random Forest algorithm was selected as the best-performing model. This ML model
generates daily fire risk maps, which are subsequently used to estimate ignition points and simulate fire
spread. The main steps of the modelling suite (Figure 7) include:

e Bias correction of CLIMEX2 data using linear scaling and quantile mapping to address model
biases.

e Fire risk mapping through the ML model produces daily fire risk probabilities.

e Ignition point selection, based on the relationship between historical events and model-derived
probabilities.

® Future scenario scaling, to account for missing years and align data with SSP2 scenario
conditions.

e Fire spread simulations with ForeFire and WindNinja used to downscale wind fields (the primary
driver of fire spread) and simulate dynamics at an effective resolution of 50 meters.

A [ N

1. Bias correct 2. Fire risk map 3. Ignition point 4. SSP scenario 5. Fire spread
data (daily) selection scaling modelling

Figure 7: Overview of DTU wildfire modeling methodology.

All spatial data is provided in the ETRS89 / LAEA Europe projection (EPSG: 3035). Simulation outputs
include daily time series of burned areas, enabling comparative assessments across different climate
scenarios. For a more detailed and technical description of the methodology, including the whole
modeling workflow and underlying assumptions, see Appendix C. The complete code and
implementation of the modeling suite are in the GitHub repository:

https://github.com/ophme/DTU_wildfire_modeling.
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2.2.2 Impacts of wildfire risk on forest sector

To quantify the impacts of wildfires on European forest carbon dynamics, biomass stocks, and harvested
wood supply, burned area estimates from the DTU Wildfire Model (ForeFire) were integrated into the
GLOBIOM-G4M modeling framework, which provides a consistent, spatially explicit representation of
forest growth, management, and land-use change under different climate and policy scenarios.

GLOBIOM (Global Biosphere Management Model) is a global, partial equilibrium model that captures the
competition for land among agriculture, forestry, and bioenergy sectors (Havlik et al., 2011). G4M (Global
Forest Model) is a spatially explicit forest growth and management model designed to estimate forest
biomass development, harvested wood potential, and greenhouse gas (GHG) emissions and removals
from forests, including the effects of climate change and natural disturbances such as wildfires
(Augustynczik et al., 2025; Kindermann et al., 2008). The two models operate in a linked framework.
GLOBIOM provides G4M with projections of changes in land cover and land use, including deforestation,
carbon prices for GHG emissions, and harvested wood demand consistent with socioeconomic scenarios
and climate policy pathways. G4M simulates forest growth, management decisions, and the impacts of
disturbances such as wildfires. It operates at a spatial resolution of 0.5 degrees globally, with detailed
forest structure, age distribution, and species-specific biomass characteristics for each grid cell.

This task aggregated burned area estimates from ForeFire to 0.5-degree resolution and aligned with
G4M’s forest sector spatial structure. Within each affected grid cell, burned area is distributed across five
forest types, reflecting the heterogeneity of forest composition. The allocation follows a random
sequence that allows for variability in which forest types are affected, recognizing uncertainty in fire
spread patterns within landscapes.

The translation of burned area into biomass damage depends on multiple factors:

The area of each forest type affected by fire within the grid cell;

Standing biomass per hectare, specific to forest type and age;

The proportion of trees vulnerable to fire, based on species composition;

The age structure of the forest, determining which cohorts are impacted by fire;
Species-specific mortality rates applied post-fire, accounting for differences in fire
susceptibility.

Previous studies have demonstrated how G4M accounts for spatial heterogeneity in forest structure,
species composition, and management, allowing for differentiated fire impacts on biomass and carbon
dynamics (Gusti, 2010; Gusti et al., 2020).

Forest recovery after fire is modeled based on both management regime and site productivity. Actively
managed forests undergo salvage logging, with an assumed recovery rate of 54% of damaged biomass,
based on the CBM database and expert consultation (Blujdea, personal communication, 26 July 2023).
These burned areas are then promptly replanted. In contrast, unmanaged or protected forests regenerate
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naturally, which generally results in slower biomass recovery. Site productivity further influences
regrowth rates, with more productive locations experiencing faster regeneration.

The timing of fire events is also considered, as earlier fires provide more time for biomass accumulation
and recovery within the simulation period, whereas later fires result in higher net biomass losses due to
limited recovery time.

By comparing scenarios with only climate change impacts to scenarios that include both climate change
and fire disturbances, the model isolates the additional GHG emissions attributable to fires. With this
approach we can assess wildfire impacts on forest carbon stocks, harvested wood supply, and forest
sector GHG emissions. The framework also allows for targeted analysis of fire impacts on forests likely to
be under natural regeneration only, providing insight into the greater vulnerability of unmanaged or
protected forest areas under future climate and disturbance conditions.

2.2.3 Impacts of wildfire risk on local plant & animal communities

Here, we aim to estimate the average impact of wildfires across Europe on forest species from reported
literature via a meta-analytical approach. This is the first step in deriving empirical evidence to use in
later spatial assessments of the impacts of wildfire on forest biodiversity. We use taxa abundance as a
biodiversity indicator, as this allows us to account for potentially varying responses of different species to
fire (e.g., Mason et al. 2021; Bieber et al. 2023). Our objectives included fitting the best possible model of
the measured effects of forest wildfire on taxa abundances, deriving in situ quantitative data from the
literature.

To fit a quantitative model of the effects of fire on species abundances, we first conducted a systematic
literature review following scientifically established frameworks (Cummings et al., 2013; Mattos and
Ruellas, 2015; Page et al., 2021). We considered studies eligible for inclusion in our meta-analysis if (1)
the study was conducted within European forested areas, (2) mean taxa abundances, sample sizes, and
preferably standard deviation, were compared before and after fire in the same area, or between a
burned and unburned area of similar vegetation, land-use, and climatic conditions, and (3) the
abundances were measured < 10 years after the fire, accounting for ‘shorter’ term impacts. We
conducted an initial literature search of the Scopus database and combined this with additional reference
articles from previous meta-analyses. We screened the database, removing any duplicates, retracted
articles, and those that did not meet our eligibility criteria. From the eligible studies, we manually
extracted and collated data pertaining to study design, site, and fire characteristics that could significantly
influence taxa abundance (Mason et al., 2021). We extracted means and variances of taxa abundances
(species-specific, where possible) from reported results, supplementary material, or digitized from figures
using plotdigitizer https://plotdigitizer.com/app (e.g., Fayt, 2003; Nunes, 2006).

We categorized all effect sizes (ES) into 11 broad taxon groups, two categories of fire severity
(low-medium, and high), and two postfire assessment categories (0-5 years; 5-10 years). Thereafter, we
performed meta-analyses on the effect sizes by fitting multivariate mixed-effect linear models using the
restricted maximum likelihood (REML) method (Viechtbauer, 2010). As there was no significant difference
between the two postfire assessment categories (p = 0.20), we omitted this factor from the model and
refitted the model with ‘broad taxa group’ and ‘fire severity’ only. Thereafter, we calculated the modelled
predicted ES per taxon group, per fire severity (Viechtbauer, 2010). Further technical details regarding the
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methodology and statistical analyses performed are in Appendix C. The full dataset and code are
available on Zenodo https://doi.org/10.5281/zenodo0.15800907 (Gerber, 2025).
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2.3 Results & Discussion
2.3.1 Wiildfire Risk
2.3.1.1 Simulation and Validation Approach

The results are presented as a daily series of burned areas. To first validate the ignition point selection
component of our methodology, the observed number of ignitions from the EFFIS database (Figure 8a) is
compared with the ignitions predicted by our ML model (Figure 8b), assessing whether the ignition
points estimated by the model have a similar spatial distribution to the historical ignitions. Both maps
show the number of ignitions per 10x10 km grid cell.

{a) EFFIS Recorded fires 2008-2023 {b) ML-Predicted fires 2008-2023

Figure 8: Number of fires per grid cell (a) from the historical record (b) from the ML probabilities using
ERA5-land.
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The spatial distribution of ignitions in both datasets reveals strong agreement in Southern Europe, where
fire activity is more frequent. High ignition densities are consistently captured across the northwest part
of Portugal and Spain, as well as the southwest of Italy and large parts of Greece, demonstrating the
model’s ability to identify these hotspot areas. Over Central and Northern Europe, ignition densities are
lower, again reflecting the spatial patterns observed in the historical dataset. However, our ML model
shows a wider spread of ignitions across these regions compared to the historical EFFIS ignitions.

The next step is to assess the ability of the fire spread model to capture the burned area across Europe,

also considering its interannual variability. Figure 9 shows a comparison between the annual total burned
area recorded in the EFFIS database and the values simulated by ForeFire for the period 2008-2019.

Total Burned Area by Year and Source (2008-2019)

—e— ForeFire Trend
10000 4 EFF'S Trend

8000 A

6000 A
4000 - 4 /
2000 4 /

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Burned Area (km?)

Figure 9: Comparison of total annual burned area in Europe between ForeFire simulations and EFFIS
observations for the period 2008-2019.

Overall, the ForeFire spread model exhibits a good ability to capture the interannual variability of the fire
activity. It identifies years of high fire occurrence, such as 2012 and 2017, and reflects the year-to-year
fluctuations in the burned area. Although the magnitude of the burned area sometimes differs from
observations, the temporal alignment indicates that the model is sensitive to fire-prone conditions,
despite occasional under- or overestimation in certain years.

2.3.1.2 Projected Burned Area Under Future Climate Scenario

Building on the validated performance of our fire ignition and spread model, the analysis is extended to
explore how wildfire activity may evolve throughout the 21st century. Using climate projections based on
three scenarios (SSP2-RCP2.6; SSP2-RCP4.5; SSP2-RCP7.0), the daily burned areas across Europe from
2021 to 2100 are simulated. Figure 10 presents the total annual burned area for each scenario from the
fire spread simulations. Similarly, Figure 11 shows the cumulative burned area for four 20-year periods:
2021-2040 (near future), 2041-2060 (mid-century), 2061-2080 (far future), and 2081-2100
(end-of-century) for the different scenarios.
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Figure 10: Annual projected burned area across Europe from 2021 to 2100 under three climate scenarios.
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Figure 11: Cumulative burned area for four future periods (2021-2040, 2041-2060, 2061-2080, and
2081-2100) under three different climate change scenarios.

Both Figure 10 and Figure 11 illustrate both the long-term trends and interannual variability of burned
area projections under different climate scenarios. While interannual fluctuations persist throughout the
century in all scenarios, a clear underlying trend can be seen. Under RCP2.6, burned areas gradually
decrease by the end of the century (2081-2100) compared to the near future (2021-2040), reflecting a
more sustainable pathway with effective climate mitigation. In contrast, RCP4.5 and especially RCP7.0
show substantial increases in burned area over time, with RCP7.0 exceeding 150000 km? by the end of
the century.
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2.3.2 Impacts of wildfire risk on forest sector

The integration of burned area projections from the DTU Wildfire Model into the GLOBIOM-G4M
framework allows us to make a detailed assessment of the impacts of wildfires on European forests
under different ACCREU/climate scenarios. The results presented in this section illustrate both the spatial
extent of burned areas across Europe and the associated impacts on forest carbon losses and greenhouse
gas (GHG) emissions.

Figure 12 provides a map of the total burned area extent used within G4M, including historical
observations, ERA5 reanalysis, and future climate scenarios, aggregated to 0.5-degree resolution. The
spatial patterns reflect both regional differences in projected fire activity and the underlying forest
structure simulated within G4M.

Once integrated into G4M, the burned area projections are translated into biomass damage and carbon
losses, accounting for the heterogeneity of forests and management practices within each affected grid
cell. Burned area is distributed across five forest types within each cell using a randomized selection
process, which reflects differences in forest composition, protection status, and management intensity.
The extent of biomass loss depends on several factors, including the standing biomass per hectare for
each forest type, species composition, site productivity, and the vulnerability of individual tree species to
fire. Species with higher susceptibility to fire contribute disproportionately to overall biomass losses
(Table 4).

In the scenarios presented here, the G4AM model relies on the underlying land-use scenario data
produced by the GLOBIOM model as part of ACCREU Deliverable 2.2. Specifically, GLOBIOM provided
consistent projections of land cover and biomass demand under the ACCREU scenario protocol which
considers adaptation, climate impact, and mitigation policy scenarios. According to the ACCREU scenario
protocol, the socioeconomic drivers (GDP, population growth, food demand projections) are held the
same across all scenarios and follow the SSP2 middle-of-the-road assumptions. The climate impacts on
the mean annual increment of forest growth were also taken from the forest growth model 3PGmix (also
conducted under the ACCREU Task 2.2). These projections serve as key drivers for G4M, allowing for a
detailed analysis of future forest dynamics and biomass supply under climate change.

To assess the impacts of fire on forest dynamics and biomass supply, we build incrementally on our
ACCREU reference scenario. First, we add the effects of climate change on forest growth and then a
second step, we include both climate change impacts and burned areas from fire events. This approach
allows us to isolate and compare the influence of each factor. For consistency, the same RCPs are used for
both the climate impacts on forest productivity and the burned area projections. Mitigation policies
influence the biomass demand, and therefore we keep biomass demand pathways consistent across all
the climate impact and fire scenarios for clarity. This ensures that any observed changes in future
biomass supply can be attributed directly to climate and fire impacts, rather than to differences in
demand.
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Figure 12: Burned area extent (ha) over time period as modeled by ForeFire and used within G4M,
including historical observations, ERA5 reanalysis, and future climate scenarios
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Table 4: Applied mortality rates for different species groups following fire events, based on expert
judgment and data from Portugal's National Inventory Document (NID, 2025; Table 6-19).

Species/Forest Type Applied Mortality Rate After
Fire
Pinus pinaster 70%
Pinus pinea 30%
Other coniferous 70%
Eucalyptus spp. 50%
Quercus suber 30%
Quercus rotundifolia 10%
Quercus spp. (other oaks) 30%
Other broadleaves 30%
Shrublands 90%

The age structure of the forest further influences fire damage, with different age cohorts experiencing
varying levels of impact depending on their developmental stage. Following fire events, regeneration in
G4M depends both on the forest management and local conditions. Actively managed forests typically
undergo salvage logging followed by immediate replanting with the assumed recovery share set at 54%,
based on expert consultation with the developers of the Carbon Budget Model (CBM) (Blujdea, personal
communication, 26 July 2023). However, protected forests are left to regenerate naturally, following the
natural forest succession cycle. The underlying productivity of the cell also influences recovery rates, as
more productive areas tend to exhibit faster regrowth. Through this mechanism, G4M translates spatially
explicit burned area from the DTU fire model into biomass losses and recovery dynamics that reflect both
ecological conditions and forest management practices.

Figure 13 shows the estimated losses in aboveground biomass carbon supply due to fires in all forested
areas. The estimates are measured in 1000 tons of carbon (t C), under the three different climate impact
scenarios: RCP2.6, RCP4.5, and RCP7.0. For each country, the bars show the magnitude of change in the
total accumulated aboveground biomass carbon (expressed in 1000 tons of carbon) which are
attributable to fire by 2050, the solid bars indicate that the accumulation results in a loss while the
hatched bars indicate that the accumulation ends in a positive biomass accumulation. The overlaid points
indicate the cumulative burned forest area (in 1000 hectares) over different time periods (2020-2030:
white, 2020-2040: grey, 2020-2050: black). Facets are ordered so that countries with the largest absolute
differences in biomass accumulation appear first, moving left to right, top to bottom. The biomass
accumulation shown in the figure is relative to the total biomass that would accumulate in these forests
under the corresponding climate scenario without fire disturbance. It is important to note that the
impacts of climate change on biomass accumulation (e.g., mean annual increment) may be positive
under higher RCP scenarios in some regions, due to CO, fertilization or longer growing seasons. However,
in most cases, the occurrence of fire leads to reduced biomass accumulation within these forested areas,
regardless of the underlying climate-driven productivity trends. It is also important to note that the
timing of fire events influences biomass dynamics, as fires in the earlier years of the period allow more
time for recovery before the end of the period.
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The largest biomass losses are primarily found in southern European countries, Spain, Italy, France,
Greece which account for almost 90% of the total biomass loss due to fire. The total burned areas are
highest under RCP 7.0 and at a regional level the total biomass loss is highest under that RCP as well. In
general, more burned areas across all forested areas results in higher losses in biomass, however there
are notable exceptions. Since the spatial distribution of fires varies across the RCP scenarios, and owing
to the differences in forest age structure and biomass stocks, some countries can experience positive
gains in biomass accumulation over the period less burned area (e.g., Czech Republic) or in the case more
mature forests being replaced by younger regenerating forests resulting in increased biomass
accumulation after fire (e.g., Ireland).
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Figure 13: Magnitude of change in above ground biomass after fire for all forested areas in 2050 under
MPI GCM scenario under different representative concentration pathways (1000 t C, bars, primary axis)
and cumulative burned areas at different time intervals in the fire scenarios (1000 ha, points)
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Unmanaged forests, particularly those under protection or set aside for conservation purposes, are
generally more susceptible to biomass losses following fire events due to their limited natural
regeneration. By our estimates, under all RCP scenarios a third of the biomass losses occur in the
unmanaged forested area, because unlike managed forests, where salvage logging and active replanting
can accelerate regeneration and partially mitigate fire impacts, unmanaged forests rely solely on natural
regeneration processes for recovery. This lack of intervention, combined with the fact that many of these
forests are older, more mature stands, makes them especially vulnerable to persistent biomass losses
when fires occur. Figure 14 specifically highlights the biomass losses in these forest areas classified as
unmanaged and potentially protected, which are assumed to regenerate only through natural processes
after fire events. These areas play a critical role in biodiversity protection and carbon storage, but their
limited regenerative capacity after disturbances such as fire means that biomass losses can be more
severe and persist for longer periods. Additionally, the age structure and biomass density of these forests
contribute to the variability in losses, with mature forests often experiencing disproportionately high
carbon losses when burned. Most of the unmanaged forest biomass losses are concentrated in southern
European countries (70-75%). Between 20-25% of the losses are split between western Europe and
central and eastern European countries.

Magnitude of change in aboveground biomass after fire for unmanaged forests
Soild columns represent biomass losses, hatched bars represent biomass gains; Points represent cumulative burned forested area in 000 ha (grey: 2030, black: 2040, red: 2050)
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Figure 14: Magnitude of change in above ground biomass after fire for unmanaged forested areas in
2050 under MPI GCM scenario under different representative concentration pathways (1000 t C, bars,
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primary axis) and cumulative burned areas at different time intervals in the fire scenarios (1000 ha,
points)
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Fire-related carbon dioxide emissions from European forests are projected to increase under future
climate scenarios, reflecting both greater fire occurrence and higher biomass losses in vulnerable regions.
Historical estimates from the Global Fire Emissions Database (GFED4.1s) suggest that between 2000 and
2016, the average annual CO2 emissions from fires in Europe were approximately 7 Mt CO2 per year,
with substantial year-to-year variability driven by extreme fire seasons, particularly in Southern Europe
(van der Werf et al., 2017). In comparison, our model results from the ACCREU scenarios presented here
estimate that, by 2050, annual fire-related CO2 emissions from forests in Europe could reach 11.86 Mt
CO2 per year under RCP2.6, increasing to 12.86 Mt CO2 per year under RCP4.5, and 14.55 Mt CO2 per
year under RCP7.0. These estimates indicate a potential doubling of average fire emissions relative to
recent historical levels under higher warming scenarios, underscoring the increasing role of wildfires as a
source of greenhouse gas emissions in Europe’s forest sector. To isolate the emissions specifically
attributable to fire events, we compare two sets of model runs: the first incorporates only the impacts of
climate change on forests, and the second includes both climate change impacts and the additional
burned areas from fire events. By subtracting the emissions from the climate-only scenarios from the
emissions in the combined climate and fire scenarios, we can estimate the net additional greenhouse gas
emissions that are directly linked to fire events. The difference in the total fire-related emissions is
presented in Figure 15 which provides a comprehensive view of how forests contribute to or mitigate
climate change. The emission estimates include emissions and removals from multiple components of
the forest sector, such as afforestation, dead organic matter, deforestation, forest management,
deadwood, and litter.

Additional CO2 emissions from forest fires in 2050, aggregated by European region (Mt CO2)
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Figure 15: Estimated additional carbon emissions attributed to the forest sector from forest fires events
for different major European regions in 2050, expressed in million tons of carbon (Mt C), under three
different climate impact scenarios (RCP2.6, RCP4.5, RCP7.0).
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The country-level impacts of fire-related carbon emissions are presented in Figure 16, providing a more
detailed view of how fire affects forest carbon dynamics across different European countries, the figure is
ordered such that the countries with higher emissions appear in the upper left of the figure. Southern
Europe is the most affected region, with by far the highest additional CO2 emissions from forest fires
across all climate scenarios. Central and eastern Europe have the second most significant CO2 emissions
from fires though the model results highlight the strong spatial variability in fire-related emissions
especially for RCP 4.5 and suggest that the relationship between fire risk and carbon emissions is not
uniform across Europe.
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Figure 16: Estimated additional carbon emissions from the forest sector from forest fire events in 2050 at

the country level, expressed in million tons of carbon (Mt C), under three different climate impact
scenarios (RCP2.6, RCP4.5, RCP7.0).
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As noted before, after fire events burned or damaged trees under forest management can be recovered
and harvested which we refer to as salvage harvest. Planned harvest is the regular, scheduled forest
management based on the long-term for growth cycles and management. Figure 17 presents the
projected change in harvested wood supply across European countries from wildfire events occurring
between 2020 and 2050. The figure distinguishes between the two types of harvested wood, salvage
wood (hatched bars), and planned harvested wood (solid bars). Our results show that salvage operations
can partially offset wood supply losses from a fire event but the total harvested wood over the long-term
may fall below pre-fire expectations. This is because salvage only recovers a fraction of the biomass that
would have been available under normal management and because the timing of salvage harvesting is
likely suboptimal relative to the management plans and forest growth cycles. Owing to this, fire events
not only reduce standing biomass but also interfere with optimal harvest scheduling, which can lead to a
reduction in both economically optimal harvested wood supply in many cases.

Difference in harvested wood supply due to fire events (2021-2050)
Hatched areas indicate harvested salvaged wood from fire events; solid areas represent planned harvested wood
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Figure 17: Estimated difference in harvested wood supply due to fires in 2050 at the country level,
expressed in 1000 m3 (Mt C), under different harvesting types (salvage and planned harvesting) under
three different climate impact scenarios (RCP2.6, RCP4.5, RCP7.0).
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2.3.3 Impacts of wildfire risk on local plant & animal communities

We calculated 2016 unique effect sizes of the effect of fire on local taxa abundances from 36 studies,
covering four European forest biomes (Mediterranean Forests, woodlands and scrubs; Temperate
broadleaf and mixed forests; Temperate Coniferous Forest, and Boreal forests/Taiga) and 15 ecoregions
(Olson et al., 2001). Our data set had 1068 unique plant and animal species (or the closest possible
taxonomic classification), which we grouped into one of 11 broad taxon categories. This data set allows
us to quantitatively explore the effects of fire on various European taxa and provides the foundation for
robust predictions of taxon-specific local abundance responses to future forest fires in Europe.

Our overall meta-analysis model that pools all effect sizes together showed a non-significant, small
positive association between fire and taxa abundances (effect size = 0.07; 95 % Confidence Intervals Cl
-0.10, 0.24; p = 0.43). Our subgroup analysis, accounting for taxa-specific responses and fire severity,
revealed that the effect of fire on taxa abundances was significantly different between broad taxa
groups and between fires of different severity (p < 0.001). Notably, local abundances of arachnids, other
arthropods, birds, insects, and molluscs significantly decreased after fire (p < 0.05) (Figure 18).
Non-significant overall declines in abundance after fire were shown for mammals, plants, pollinator
insects, and springtails (p > 0.05). In contrast, beetle and reptile abundances significantly increased after
fire of any severity (p < 0.05). Increases in beetle abundances after fire have previously been attributed to
patch moisture (Toivanen, 2014), and vegetation (Santos et al., 2014). Habitat homogenization, reptile
thermal preferences by open areas, has been suggested as a reason for reptile abundance increase after
fire (Ferreira et al., 2017). However, this has also been shown to be species-specific (Ferreira et al., 2016).

Interestingly, within some taxonomic groups, while fires of high severity led to a decrease in abundance,
fires of low-medium severity led to an increase in abundance. This was particularly apparent for
pollinator insects, plants, mammals, and springtails. Positive associations between pollinator insect
(butterflies, bees, hoverflies) abundances and lower severity fires have previously been explained by trait
diversity, increased plant survival compared to high severity fires, and local habitat modification (Mason
et al., 2021). For example, increased bee abundances after lower severity fire have been attributed to
increased abundance and accessibility to nesting sites (in deadwood or underground) after fire (Mason et
al., 2021; Passovoy and Fulé, 2006). Butterfly abundance increase after lower severity fires may be
related to increased survival of plants during these events, thereby increasing food resources and refugia
(Swengel and Swengel, 2007). Mammal abundances have previously been noted to increase in
recently-burned sites of lower intensity, often attributed to higher abundance of preferred regrowth
vegetation in those sites (Chard et al., 2022; Driscoll et al., 2024).
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Our meta-analysis represents a significant step toward empirically modeling taxon-specific responses to
wildfire in European forests. The results demonstrate divergent abundance responses across taxonomic
groups under the same fire scenarios, with some taxa increasing while others decline. Our results
corroborate the consistently contrasting responses of abundances to fire in previous research (Driscoll et
al., 2024; Giorgis et al., 2021; Gonzalez et al., 2022; Mason et al., 2021), and adds evidence to the general
scientific consensus that biotic community responses (e.g., taxa abundances) to fire are complex.
Previous work shows that such responses are dependent on at least (1) underlying climatic and site
condition e.g., biome (Moyo, 2022) and prevailing climate (Giorgis et al., 2021); (2) fire characteristics,
e.g., severity, frequency, and time since fire (Grau-Andrés et al., 2024); and (3) species/taxa-specific
ecological and functional traits (Bieber et al., 2023; Moyo, 2022; Santos et al., 2014).

This heterogeneity underscores the necessity of multi-taxa approaches in biodiversity impact
assessments rather than relying on surrogate taxa to estimate ecosystem-wide effects. While we aimed
to integrate these empirical effect sizes with projected wildfire scenarios, our meta-analysis revealed that
fire severity, rather than simply fire extent, is a critical determinant of ecological impacts for most taxa.
This creates a fundamental limitation, as current wildfire projections in Section 2.3.1 report only on the
extent of the fire without characterizing its severity.

It should be noted that fire intensity and fire severity represent distinct concepts that should not be
conflated in ecological modeling. Fire intensity refers to the energy released during combustion (typically
measured in kW/m?) (Rossi et al., 2020). Fire severity describes the ecological impact on vegetation, soils,
and ecosystem structure (Hardy, 2005). Although related, the relationship between intensity and severity
is highly context-dependent, influenced by factors such as fuel structure, vegetation type, soil moisture,
and seasonal timing. This complexity prevents us from making ecologically meaningful projections based
solely on fire frequency and extent data without accompanying severity information.

We recommend that future integrated assessment of wildfire impact on biodiversity should (1) focus on
species/taxa, or similar functional groups, rather than overall biodiversity, as our study taxa show
different responses to fire than the ‘overall’ predictions, (2) account for wildfire characteristics (e.g.,
severity, extent, frequency) as these can have significant effects on biodiversity measures, and (3)
account for the type of forest ecosystems, its management and ecological intactness. Further, we
recommend that future fire projection models include severity metrics alongside extent and frequency
projections to incorporate wildfire impacts into biodiversity impact modelling effectively.
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2.4 Conclusion/Key takeaways

We developed a modular wildfire modeling suite to assess wildfire risk across Europe under historical
and future climate conditions. The modeling framework integrates multiple climate data sources,
including ERA5-Land reanalysis for historical validation and bias-corrected CLIMEX2 projections for future
scenarios. This approach provides the foundation for quantitative assessment of fire impacts, though the
effectiveness of management interventions requires further investigation.

Integrating wildfire projections into forest modeling reveals significant spatial heterogeneity in biomass
losses, with southern European countries (Spain, Italy, France, Greece) bearing approximately 90% of
total biomass losses. Fire impacts are amplified under higher emission scenarios, with RCP7.0 showing
the greatest burned area and biomass loss at the regional level. Management practices significantly
influence post-fire recovery trajectories: (1) managed forests benefit from salvage logging and replanting
(54% recovery rate); (2) unmanaged/protected forests rely solely on natural regeneration, making them
disproportionately vulnerable (accounting for one-third of biomass losses despite smaller spatial extent).
Wildfire-related CO, emissions from European forests are projected to increase substantially by 2050.
These projections represent a potential doubling of fire emissions compared to recent historical levels.
Salvage harvesting can partially offset immediate wood supply losses but typically results in suboptimal
timing and volume compared to planned management, reducing long-term harvested wood supply.

We used a meta-analytical approach to investigate the empirical impacts of fire on biodiversity. Our
meta-analysis of 2016 effect sizes from 36 studies demonstrates that wildfire impacts on biodiversity are
highly taxon-specific and severity-dependent. We found that different taxonomic groups show
contrasting responses to fire: (1) Significant decreases: arachnids, arthropods, birds, insects, molluscs; (2)
Significant increases: beetles, reptiles; and (3) variable responses based on fire severity: pollinators,
plants, mammals, springtails. Fire severity emerges as a critical determinant of ecological outcomes, with
several taxa showing positive responses to low-medium severity fires but negative responses to
high-severity fires. The current wildfire modelling that quantifies only extent and frequency, without
characterizing severity, is insufficient for robust biodiversity impact assessment. From our findings, we
make several recommendations for future integrated assessments: (1) focus on species/taxa or functional
groups rather than generalized biodiversity metrics; (2) account for multiple fire characteristics (severity,
extent, frequency); (3) consider forest ecosystem type, management practices, and ecological intactness;
and (4) incorporate severity metrics alongside extent and frequency in projection models

The combined modeling approaches demonstrate that complex interactions will mediate climate change
impacts on European forests between fire regimes, forest management practices, and taxonomic
responses. While projected increases in fire activity will generally reduce forest carbon stocks and
increase emissions, outcomes are highly context-dependent and vary significantly across regions,
management regimes, and biodiversity components. A more integrated approach linking fire severity
predictions with taxa-specific response models is needed to develop effective adaptation strategies that
balance carbon sequestration, timber production, and biodiversity conservation objectives.
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

3 Impacts of Sea-Level Rise on Crop and Grassland
Provision and Opportunity Cost for Sustainable Land
Management and Conservation

3.1 Introduction

This chapter explores the economic implications of policies to promote conservation and restoration
efforts under climate change and climate adaptation scenarios in Europe. Additionally, we assess the
provisioning service of European ecosystems to provide crop and livestock products by examining how
these services are impacted by change in land for the agriculture and forestry sector due to 1) sea-level
rise impacts, and 2) conservation and restoration policies. Rising sea levels are expected to reduce the
extent and productivity of low-lying agricultural and forest lands, leading to potential production and
revenue losses and increased pressure on inland ecosystems. At the same time, protecting biodiversity
and ecosystem integrity requires careful consideration of potential trade-offs with land allocated to
agricultural production.

This chapter builds on the adaptation scenarios developed in Task 2.2 of the ACCREU project. We
introduce additional policies targeting land conservation and ecosystem restoration. These policies are
consistent with the global strategy developed by Leclére et al. (2020) to "bend the curve" of biodiversity
loss. We evaluate the outcomes in terms of Biodiversity Intactness Index (BIl), and economic welfare
impacts, reporting changes in consumer and producer surplus under conservation and
restoration-enhanced scenarios relative to adaptation-only baselines. The assumptions for conservation
and restoration follow the global strategy in Leclere et al. (2020) and include spatial prioritization of areas
for conservation based on biodiversity value and restoration potential as well as the expansion of
protected areas, with strict limits on land conversion in biodiversity-rich regions. As the focus of the
ACCREU project is on Europe we have applied the biodiversity policies to EU countries only. By combining
economic and ecosystem service perspectives, this analysis provides insights into trade-offs and synergies
between land-based mitigation, adaptation, and production goals in Europe.

3.2 Methods

This section describes the methodological approach used to assess the economic implications of
conservation and restoration policies, as well as the impacts of sea-level rise (SLR) on the provisioning
ecosystem services of crop and grassland production in Europe. The analysis is carried out using the
Global Biosphere Management Model (GLOBIOM), a global, partial equilibrium model developed by the
International Institute for Applied Systems Analysis (IIASA).

GLOBIOM is a global partial equilibrium model that is used to model the supply and demand of
agricultural products at a high spatial resolution in an integrated approach that considers the impacts of
global change (socioeconomic and climatic) on food, feed, and fiber markets (Havlik et al., 2011).
GLOBIOM models the supply and demand for various agricultural and forestry products using regional
level and spatially explicit data inputs (Figure 19). In GLOBIOM, land is allocated or converted to
production activities in the agricultural and forestry sector in order to maximize the sum of producer and
consumer surpluses, subject to market equilibrium and resource, technological, and policy constraints.
The equations of the model are linear or have been linearized so that the model can be solved using a
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linear programming method. The model is recursive-dynamic and runs on ten year time steps, meaning
that endogenous model solutions depend on the solutions found for the previous period.
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Figure 19: lllustrative representation of the bottom-up structure of GLOBIOM (Source: updated from
Havlik et al. (2011) and GLOBIOM.org)
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3.2.1 Restoration and conservation policies for biodiversity protection

For the ACCREU analysis, we examined the economic and biodiversity impacts of increased conservation
and restoration efforts. To do this, we relied on three different measures for conservation and
restoration. The first was the expansion of protected areas (PA) aligned with the work from Lecléere et al.
(2020). In this approach, spatial layers at 30-arcminute resolution were developed, which represent both
the extent of protected area expansion and the possible land-use change restrictions within them. The
expanded protected areas were created by combining information from three global datasets: the World
Database of Protected Areas (for existing protections), the World Database on Key Biodiversity Areas
(priority conservation areas), and wilderness areas as of 2009 (identified for their ecological integrity).
These were first mapped at 5-arcminute resolution and then aggregated to 30-arcminute resolution to
calculate the proportion of applicable land in each grid cell. These were then aggregated to the GLOBIOM
land units to be used in the economic land use modeling.

The second type of expansion of protected areas is more aligned with the concept of Other Effective
Area-Based Conservation Measures (OECMs) than with traditionally protected areas. This approach was
also used by Leclére et al. (2020) to determine where land-use change should be restricted and
prohibited if it led to a negative effect on biodiversity, as indicated by the Biodiversity Intactness Index
(BIl) modeled using the PREDICTS database. These layers were then used in the land-use change
modeling to constrain how land could change in areas under the scenario assumptions. For unmanaged
land (e.g., natural land and primary forests), conversion is fully restricted, consistent with strict
protection. For managed land within these areas, existing land uses are permitted, and a shift towards
land uses more favorable to biodiversity are allowed. These conservation modeling assumptions do not
guarantee biodiversity improvement, but rather they aim to prevent further degradation through
restrictions on land use change.

The third type of policy is considered a restoration policy which follows the methodology from Leclere et
al. (2020) which developed a spatially explicit biodiversity value score (BV) at a 30-arcminute resolution.
This score estimates the relative biodiversity importance of each grid cell based on land use. It combines
(i) a regional, pixel-specific species richness index weighted by range rarity (RRRWSR), (ii) the biodiversity
intactness (Bll) associated with each land-use type and pixel, and (iii) the proportion of land area covered
by each land use in each pixel. The RRRWSR score was calculated from species range maps covering a
wide range of taxonomic groups (e.g., mammals, birds, amphibians, plants), and provides a measure of
the contribution each pixel makes to regional biodiversity. This information was then used within
GLOBIOM to identify priority areas for conservation and restoration outside of existing protected areas.
Restoration-focused scenarios explicitly introduce a new land use class (RstLnd) which represents
restored areas, alongside a biodiversity-weighted subsidy or tax that influences land use change decisions
to favor restoration or less intensive land uses.

The ACCREU modeling framework aims to examine conservation and restoration lines with global
biodiversity targets, though within a shorter timeframe than the original 'Bending the Curve' framework
proposed by Leclere et al. (2020), which assessed biodiversity pathways to 2100. In the results section of
this chapter, we provide an assessment of the impact these policies have on different biodiversity
indicators as well as how the policies impact the supply of different crop and livestock provisioning
ecosystem services (e.g., crop production and grassland fodder).
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3.2.2 SLRimpacts on agricultural production and revenues

We further examine how different crop and livestock provisioning ecosystem services are affected within
a context of shrinking land availability due to sea-level rise. This analysis assesses the potential economic
impacts of sea level rise (SLR) on agricultural systems by overlaying spatial projections of SLR exposure
with land use outputs from GLOBIOM under the ACCREU climate adaptation scenarios. We estimate the
changes in crop and grassland production and associated revenues, comparing the indicators with and
without SLR-induced coastal flooding.

Flood hazard risk areas were identified using a high-resolution, country-specific SLR inundation model
based on the MERIT DEM (Yamazaki et al., 2017). This model applied a 10 km coastal buffer, excluded
permanent water bodies, and incorporated national-level relative SLR projections from the DIVA model.
The resulting binary flood maps were aggregated to 10 x 10 km fractional inundation grids, aligned with
the spatial structure of the ACCREU land-use scenarios.

We spatially overlaid these projected inundation extents with downscaled land-use data that categorize
agricultural and natural land into detailed management classes. For each polygon (SimUID), we used
zonal statistics to calculate the share of each land-use type affected by flooding. These flooded land-use
fractions were then used to estimate impacts on crop and grassland provisioning. Our method does not
make a distinction with the different hazard types stemming from sea-level rise including saltwater
intrusion and coastal flooding/erosion.

Economic impacts were calculated by comparing production and revenue under baseline and
SLR-affected conditions. For cropland, we estimated total production and revenue by crop using area,
yield, multicropping index (MCI), and price data. Losses due to SLR were derived by subtracting the
SLR-affected values from the baseline. For grassland, similar calculations were used to assess total grass
production and the shortfall resulting from inundation, which was then compared to livestock feed
demand to estimate the grass production gap.

This integrated approach enables us to quantify both the direct land loss and the indirect consequences
for crop and feed production and the resulting economic implications in terms of lost revenues and feed
gaps. For more detailed information on the methods used to examine the impacts of coast flooding
please refer to Annex D.

3.2.3 Scenario protocol

The scenario protocol for this analysis builds on three dimensions previously explored and assessed in
ACCREU Deliverable 2.2. In that analysis the protocol explored the biophysical climate change impact
scenarios representing four levels of warming (No climate change/reference climate, RCP 2.6, RCP 4.5,
RCP 7.0 based on four CMIP6 GCMs) as well as three different mitigation policy pathways, and the
ACCREU adaptation scenarios (Reference, High, and Low). We hold socioeconomic assumptions constant
across all scenarios by using the SSP2 narratives and drivers for GDP and population growth, as well as
SSP2 diets and demand for other products. In our analysis, we distinguish between the mitigation policy
scenarios, which assumes different carbon pricing for AFOLU emissions and biomass demands, and
scenarios that include climate impacts. This separation is important because mitigation policy and
climate change impacts influence the AFOLU sector through fundamentally different mechanisms.
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Mitigation affects profitability via policy-driven shifts such as increased biomass demand and GHG
emissions taxes, while climate impacts affect productivity and resource availability (via yields and water
availability) through biophysical changes in temperature, precipitation, and radiative forcing.

In the results presented here, we have presented the scenarios of the protocol that link the climate
impacts with their corresponding mitigation pathways (e.g., RCP2.6 impacts with RCP2.6 mitigation).
However, for comparison, we chose to focus on how the ACCREU adaptation scenarios (which include
both climate and mitigation effects) behave relative to a reference adaptation scenario with no climate
change and no mitigation policy so we can see the incremental and combined effects. The analysis for
this deliverable extends this scenario protocol to assess the economic and biodiversity implications of
increased conservation and restoration policy scenarios for Europe. We run the GLOBIOM model with
model-enforced restrictions on biodiversity-detrimental land use change (which we refer to as increased
conservation) and restoration in addition to the ACCREU scenario protocol from D2.2 which includes the
ACCREU adaptation, climate impacts, and climate mitigation policy scenarios.

The adaptation scenarios refer to the following levels of agricultural sector adaptation to changing
environmental conditions (See ACCREU Deliverable 2.2):

e The high adaptation scenario represents a future where farmers have a high adaptive capacity to
climate change. Significant investments are made to reduce the vulnerability of agricultural
systems to climate impacts, including proactive measures and advanced technology to increase
yields under climate change, more efficient irrigation systems, expansion of sustainable irrigation,
and increased trade from less climate-affected areas

o The reference scenario represents the medium adaptation scenario that aligns with the
underlying assumptions for the development of the agriculture and forestry sector under the
socioeconomic pathway SSP2.

e The low adaptation scenario represents a future where farmers have less access to technical
options and therefore, the agricultural sector has limited adaptive capacity to climate change. In
this scenario, irrigation systems are poorly maintained, which lowers their efficiency. Crop
switching and land use adjustments happen slowly and on a smaller scale.

49



3.3 Results & Discussion
3.3.1 Conservation and restoration scenarios

This section presents the results of the conservation and restoration policies applied to the economic
land use model GLOBIOM under the ACCREU scenario framework. It includes an assessment of
biodiversity outcomes (Biodiversity Intactness Index, Bll) and land use change, changes in net revenues
from agricultural and forest production which can offer an indication of potential economic trade-offs
from prioritizing biodiversity and finally the impacts of these policies on the crop and livestock
provisioning services provided by European ecosystems.

The Biodiversity Intactness Index (Bll) represents the average abundance of originally present species
across terrestrial ecosystems relative to pre-disturbance conditions. Values closer to 1 indicate higher
biodiversity intactness, with lower values signaling increased biodiversity loss. Bll was calculated using
the methodology established by Leclére et al. (2020) to assess biodiversity responses under different
land-use, climate, and conservation scenarios. In this section, we will examine three levels of climate
impacts: RCP2.6, RCP 4.5, and RCP 7.0. We would like to note that this scenario dimension for climate
impacts, as presented in the figures of this analysis, reflects the average of the modeling results obtained
using general circulation model (GCM) specific model inputs. The average of model results (in this case 4
GCMS) is not an average of the climate inputs themselves. Each biophysical input is specific to each GCM
scenario and was run separately with its own distinct climate inputs, and the resulting impacts were run
in GLOBIOM over the time period and then averaged to provide a representative mean outcome of the
climate impact. For more information on how the climate impacts were included in GLOBIOM, please
reference the ACCREU Deliverable 2.2.

Figure 20 shows the projected BIl outcomes for Europe in 2050 based on the ACCREU scenarios for
adaptation under climate impacts and mitigation assumptions. In the figure, the solid black horizontal
line represents the baseline Bll under the reference scenario with reference adaptation, no climate
change impacts, no mitigation, and no conservation action. The dotted green line shows the BIl for the
reference scenario (no climate impacts, no mitigation, reference adaptation) but with conservation and
restoration policies implemented. Our findings show that the conservation and restoration policies
increase the BII across all scenarios. Increased mitigation efforts (e.g., moving from RCP 7.0 to RCP2.6)
result in increased BIl for Europe as a region. The Bll is highest under the Low Adaptation scenario with
conservation and restoration policies. This reflects perhaps a trade-off where poor adaptation capacity
and lower agricultural productivity result in greater land abandonment, which can indirectly benefit
biodiversity.

These findings illustrate that while weak adaptation limits farmer resilience to climate change, it may also
create conditions favorable for biodiversity recovery, highlighting the complex interactions between
adaptation, land use, and ecosystem outcomes.
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Biodiversity intactness Index (BIl) by ACCREU Adaptation/Climate and Conservation Sceanrio
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Figure 20: Biodiversity Intactness Index (Bll) in 2050 for Europe under combined adaptation, conservation,
climate, and mitigation scenarios using the ACCREU framework. Bars represent Bll outcomes for different
mitigation pathways (RCP2.6, RCP4.5, RCP7.0) across adaptation scenarios (High Adaptation, Low
Adaptation, Reference Adaptation). Bar colors indicate climate impact scenarios, while hatching indicates
scenarios with the absence of conservation and restoration actions. The solid black lines indicate the
baseline Bll for the scenario with reference adaptation, reference climate and no mitigation and no
conservation), while the dotted green lines show the Bll for the same scenario but with conservation
policy.

When we look at the impact of the conservation and restoration scenarios at a more regional scale, we
can see that for all regions, the reference scenario with reference adaptation, no climate impacts, and no
mitigation the BIl is the lowest (Figure 21). The conservation and restoration policy assumptions in all
regions result in a higher BIl. Under climate impacts for the most part the impacts are quite small but
there are slight increases in the BIl likely due to shifts in agricultural areas that result in land
abandonment.
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Biodiversity intactness Index (BIl) by ACCREU Adaptation/Climate and Conservation Sceanrio for European Regions
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Figure 21: Biodiversity Intactness Index (Bll) in 2050 for European regions under combined adaptation,
conservation, climate, and mitigation scenarios using the ACCREU framework. Bars represent Bll
outcomes for different mitigation pathways (RCP2.6, RCP4.5, RCP7.0) across adaptation scenarios (High
Adaptation, Low Adaptation, Reference Adaptation). Bar colors indicate climate impact scenarios, while
hatching indicates scenarios the absence of conservation and restoration actions. The solid black lines
indicate the baseline Bl for the reference scenario (reference adaptation, reference climate and
mitigation, no conservation), while the dotted green lines show the Bll for the reference scenario with
conservation.

To look at the impact conservation and restoration policies have on the livelihoods of agricultural
producers we examined the changes in the production volumes across the scenarios. Production net
revenues reflect the total economic output of the agriculture and forest sector commodities, calculated
using the endogenous commodity prices and taking into account the carbon tax payments attributed to
agricultural and forest production (Figure 22). In the figure the bar colors indicate average of the GCMs
under different warming levels, while hatching indicates scenarios in absence of conservation and
restoration actions. The solid black lines indicate the baseline production volume for the reference
scenario (reference adaptation, no climate change, no conservation), while the dotted green lines show
the production volume for the reference scenario with conservation. Our results show the clear impact of
mitigation policy on the revenues for producers with higher mitigation scenarios (e.g. Mit2p6 having
lower net revenues compared to Mit7.0). The results show that adaptation plays a critical role in
sustaining farmer livelihoods under climate change. We find that the high adaptation scenario can likely
offset the negative impacts from climate change and potentially buffer the economic trade-offs of land
use policies that aim to shift land away from agriculture. Furthermore, our results show that low
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adaptation leaves producers more vulnerable under higher warming levels and under conservation
policies. Figure 23 also shows production across the same set of scenarios but this figure is in tons of dry
matter production for the crop sector. While the climate effect on production volumes in metric tons is
stronger with higher warming levels having the biggest losses in production (-11% less under low adapt,
-9% in reference adapt, and -3% in high adapt), the conservation policy effect results in losses of
consistently around 3% for the lowest warming levels across adaptation scenarios and 3.5% for the higher
warming levels. Low adaptation has the highest losses compared to the other adaptation scenarios under
the conservation scenarios with and without climate impacts considered. Implementing conservation and
restoration policies consistently lowers production volumes as well as revenues compared to scenarios
without such policies.

Net revenues from ag. and forest production by ACCREU Adaptation/Climate and Conservation Sceanrio
Hatched areas indicate no conservation and restoration policy. Net revenues include carbon tax payments.

Mit2p6 Mit4p5 Mit7p0
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Figure 22: Net revenues agriculture and forest products (Billion USD 2000) in 2050 for Europe under
combined adaptation, conservation, climate, and mitigation scenarios using the ACCREU framework. Bars
represent production revenues less carbon tax payments for different mitigation pathways (RCP2.6,
RCP4.5, RCP7.0) across adaptation scenarios (High Adaptation, Low Adaptation, Reference Adaptation).
Bar colors indicate the GCM average of the climate impact scenarios, while hatching indicates scenarios
absence of conservation and restoration actions. The solid black lines indicate the reference adaptation
scenario production volume for the reference climate and mitigation and no conservation), while the
dotted green lines show the production volume for the reference scenario under reference climate and
mitigation with conservation.
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Production volume for crop products by ACCREU Adaptation/Climate and Conservation Sceanrio
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Figure 23: Production volume for crop products (Mt dry matter) in 2050 for Europe under combined
adaptation, conservation, climate, and mitigation scenarios using the ACCREU framework. Bars represent
production volume for different mitigation pathways (RCP2.6, RCP4.5, RCP7.0) across adaptation
scenarios (High Adaptation, Low Adaptation, Reference Adaptation). Bar colors indicate climate impact
scenarios, while hatching indicates scenarios absence of conservation and restoration actions. The solid
black lines indicate the reference adaptation scenario production volume for the reference climate and
mitigation and no conservation), while the dotted green lines show the production volume for the
reference scenario under reference climate and mitigation with conservation.

Provisioning services, specifically the production of food, are a vital ecosystem service which contributes
to human well-being and socioeconomic stability. We examine the tradeoffs with the food provisioning
services of European ecosystems under the conservation and restoration policies. Figure 25 presents the
estimated percent change in key agricultural provisioning indicators in Europe by 2050, relative to the
ACCREU scenario with reference climate and mitigation and no additional conservation measures. The
indicators include cropland area, crop yield, total crop production value in USD (considering changes in
prices), grassland area, ruminant livestock numbers and livestock production value for ruminant and
dairy (considering changes in prices). The size of the symbols indicates the presence of additional
conservation and restoration assumptions, with larger symbols representing the biodiversity-focused
conservation and ecosystem restoration scenarios. Results are shown across the different climate
mitigation pathways (RCP2.6, RCP4.5, and RCP7.0) and the different ACCREU adaptation scenarios
(HighAdapt, LowAdapt, and Ref).
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Across all scenarios, implementing conservation and restoration policies aimed at biodiversity protection
reduces the value of crop production compared to the same scenario without the policies (i.e., big
squares compared to small squares). In all scenarios the conservation and restoration protections result
in a further decline in crop area (i.e., all circles are less than 0), but in most scenarios there is at the same
time an increase in the crop yield compared to the no conservation scenario (e.g., triangles greater than
0). This indicates that farmers employ intensification or abandonment of less productive land to buffer
the impacts of the increased warming levels and the protection measures on land. Under the additional
conservation policies, grassland areas, livestock production value, and livestock numbers are all lower
than in the same scenarios without conservation policies. However, under increasing mitigation (higher
carbon prices), the High and Reference Adaptation Scenarios have both a decline in the grassland area
and a decrease in the ruminant livestock numbers while also an increase in the livestock production value
compared with the ACCREU scenario under reference climate and mitigation for both the conservation
and the no conservation scenarios. In these scenarios, the carbon prices on AFOLU emissions drive
livestock managers to adopt more GHG-efficient practices, and the additional conservation policies do
not significantly limit their ability to adapt in an economically and environmentally sustainable way. The
area limited activities livestock managers can employ to buffer the impacts of carbon taxes on AFOLU
emissions or biodiversity and conservation policies targeting land. Reducing livestock numbers and
increasing the feeding of grains in lieu of grass are some options.

Overall, we find that the provisioning services that ecosystems deliver for food production are not too
negatively impacted by conservation and restoration policies as farmers endogenously adapt to land use
restrictions and incentives to restore land that may become less productive under higher warming levels.
When conservation policies are combined with ag R&D that boost crop yields (HighAdapt), crop areas can
be retired or restored to natural lands with minimal losses in the crop production value.
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% Change compared to ACCREU Adaptation scenario with reference climate, mitigation and no additional conservation
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Figure 24: Percent change in crop and livestock provisioning services in 2050 relative to the ACCREU
scenario with reference climate, mitigation and no additional conservation interventions. Size of symbols
show conservation measures with larger symbols representing scenarios with additional conservation and
restoration efforts. Colors indicate the climate mitigation pathways (RCP2.6, RCP4.5, RCP7.0). Panels
differentiate the ACCREU Adaptation scenarios: High Adaptation, Low Adaptation and Reference

Adaptation.
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Under the increased conservation and restoration scenarios there is, by design, an increase in the
protected area, firstly by their expansion and secondly, by restricting biodiversity-detrimental land use
change within high-biodiversity grid cells. In EU27 countries, by 2050 our results estimate an increase of
nearly 13 M ha compared to the ACCREU scenarios without increased conservation. These areas are not
different by adaptation scenario or climate scenario as these are strictly enforced protections. The
second type of conservation (more aligned with Other Effective area-based Conservation Measures
(OECMs)) results in around 92 M ha across EU 27 countries that would be prohibited from further land
use conversion that would degrade the biodiversity. The largest share of protected areas occurs in
southern Europe with around 42 M ha followed by western Europe with 24M ha. Strong climate
mitigation and higher warming levels have very little impact on the overall level of protected areas.

The net change in restoration area under the conservation and restoration scenarios is presented in
Figure 25 by major European regions in 2050 under different climate impact and adaptation scenarios.
The y-axis shows the difference in restoration area (in million hectares) compared to the Reference
baseline scenario without climate impacts, without mitigation and without conservation efforts.
Warming levels (i.e., climate impact levels) are presented along the x-axis. The colors of the points
distinguish mitigation pathways: blue for RCP2.6, green for RCP4.5, and red for RCP7.0. Different shapes
correspond to ACCREU adaptation scenarios: High Adaptation, Low Adaptation, and Reference
Adaptation. Across all regions and scenarios the restoration area increases under the restoration
scenarios, by design of the scenarios. Western Europe and central and eastern Europe have the largest
increase in restoration area by 2050. For most regions, the low Adaptation scenario, which faces limited
Ag R&D investment and relatively low crop yield growth, results in the largest restoration area under all
climate impacts and mitigation pathways. This indicates that the economic incentive for restoring land is
driven by farmers facing low productivity on land. In contrast, in most regions and climate and mitigation
scenarios, the restoration area is higher under the reference adaptation scenarios than under the higher
adaptation scenarios which faces significantly higher Ag R&D investment and raises the profitability of
agricultural land even in the face of higher warming levels. As a result less land is abandoned by
agriculture and even less land is economically attractive for restoration which suggests that restoration
policies must consider subsidies that are ambitious enough to attract farmers to achieve the restoration
targets in the future.
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Net change in restoration area by major European Region in 2050 (M ha)
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Figure 25: Net change in restoration area for different European Regions in 2050 relative to the baseline
without climate impacts or conservation interventions. Symbol shapes differentiate the ACCREU
Adaptation scenarios: High Adaptation, Low Adaptation and Reference Adaptation. Colors indicate the
climate mitigation pathways (RCP2.6, RCP4.5, RCP7.0). Panels represent different European regions.

58



3.3.2 SLRimpacts on agricultural production and revenues

This section presents the results of the sea level rise impact analysis applied within the ACCREU scenario
framework using the economic land use model GLOBIOM. The assessment incorporates the downscaled
land cover modeling results from the ACCREU scenarios presented already in ACCREU Deliverable 2.2,
which already consider the potential climate impacts from higher warming levels and adaptation to these
impacts but the land use scenarios do not include direct adaptation to rising sea levels. The analysis
focuses on identifying potentially flooded cropland and grassland areas along Europe's coastlines and
estimating the associated economic consequences. Specifically, it examines potential losses in cropland
production revenues and the implications of flooded grasslands for meeting livestock grazing
requirements, highlighting where sea level rise may further reduce the availability of grazing land and
fodder production.

For this work, we required spatial estimates of coastal flooding. The DIVA model deployed in ACCREU
Deliverable 2.1, and in this Deliverable 2.4 was not able to provide spatially explicit raster maps of
coastal flooding required for our model inputs. To address this limitation, we developed a custom model
to generate the required SLR raster maps. Using the identical inputs of relative sea level rise (RSLR) and
digital elevation model (MERIT DEM) as per the DIVA model deployment in Deliverable 2.1, we
developed a modified bathtub model to estimate coastal flooding (fraction of flooded area) per 10x10 km
grid cell, accounting for regional differences in RSLR. The full bathtub modelling approach is outlined in
Appendix D. In our analysis, we focus only on agricultural adaptation to climate change, such as shifts in
crop choice, management system, and land use, without taking into account any assumptions about
coastal protection adaptation measures. Coastal protections are not included in our current GLOBIOM
modeling framework.

Based on the overlaid coastal flooding on the projections of land use from the ACCREU scenarios we
estimate that by 2050 nearly 700,000 ha of land area would be flooded. Figure 26 presents the projected
flooded areas under different climate scenarios and time periods based on the GCM mean for the
reference ACCREU adaptation scenario. The left panel disaggregates the total flooded area by the
different European regions (Central & Eastern, Northern, Southern, and Western), while the right panel
breaks it down by different land use type. Figure 27 further differentiates the different flooded areas by
type and region. Our results show that across all RCPs, the total flooded area increases over time, with
Western and Southern Europe consistently accounting for the largest shares of impacted land. In terms of
land use, grassland and cropland are the most affected land use types with total flooded areas in excess
of 125,000 ha, nearly 75% occurring in Southern and Western Europe, highlighting the vulnerability of
productive land to coastal flooding.
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Figure 26: Estimated flooded area under different warming levels for the GCM mean by (a) European
region and (b) land use types from 2020-2050 based on land use projections from ACCREU scenarios.
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Figure 27: Estimated flooded area under different warming levels for the GCM mean by European region
and land use types in 2050 based on land use projections from ACCREU scenarios.

Figure 28 shows the relationship between flooded area and revenue losses from flooded cropland by
different European regions in 2050 over the different ACCREU scenarios and climate impact scenarios.
For ease of examining the results all scenarios of climate impacts are linked to the associated mitigation
pathway. The x-axis shows the total cropland area affected by coastal flooding (in 1000 ha), while the
y-axis displays revenue loss (in million USD). We have summed the revenue losses for individual crops
based on the crop production associated to each land unit under coastal flooding and the crop price. The
figure highlights regional differences in vulnerability and the economic consequences of flooding on
agricultural production. We estimate that western Europe has the highest absolute revenue losses due to
cropland flooding with values reaching nearly 290 million USD despite a flooded cropland area of around
50,000 ha. Southern Europe has the second highest flooded areas and second highest revenue losses.
Under the high adaptation scenario for Western and Southern Europe face more flooded areas compared
to the other adaptation scenarios of the same RCP but lower revenue losses.
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Under the low adaptation scenario, cropland area is generally lower compared to other ACCREU
adaptation scenarios. This is due to less profitable conditions for crop production, which are further
exacerbated by climate change at higher warming levels. The reduced profitability leads to higher levels
of land abandonment, including in some coastal areas that may already be marginal in terms of
productivity. As a result, less cropland remains in coastal zones, and thus, the overall exposure of
cropland to coastal flooding is reduced in regions such as Western, Southern, and Central and Eastern
Europe. In contrast, Northern Europe shows the lowest levels of flooded area and associated revenue
losses from flooded cropland across all adaptation scenarios.

In the higher adaptation scenarios, improved agricultural productivity and profitability keep the land area
as cropland, including areas in coastal zones. However, since these scenarios do not include any
assumptions about coastal protection measures, this leads to increased exposure of productive cropland
to sea-level rise and coastal flooding. The modeling framework used here focuses exclusively on
adaptation measures related to agricultural productivity and does not consider coastal protection
interventions such as dike construction or managed retreat.

These findings underscore the importance of integrated adaptation planning. While agricultural
adaptation can help farmers to maintain cropland productivity under future climate change conditions,
without corresponding investments in coastal protection, the benefits of increased productivity may be
undermined by growing exposure to coastal flooding hazards. Future scenario development could benefit
from explicitly incorporating both agricultural and coastal protection strategies to more fully assess the
trade-offs and synergies of adaptation measures.
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Flooded cropland area vs. revenue loss on flooded cropland
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Figure 28: Relationship between flooded cropland area and associated cropland revenue losses by
European region under different climate and ACCREU adaptation scenarios in 2050. Each point represents
a scenario combination, with color indicating the climate impacts and mitigation pathway (RCP) and
shape indicating the adaptation level (ACCREU scenarios).

A strong positive correlation in the reference scenario between flooded cropland area and revenue loss is
evident in several countries, such as ltaly, Germany, and the Netherlands. Figure 29 presents a
cross-country comparison of the relationship between flooded cropland area (in 1,000 hectares) and
associated revenue loss (in million USD) for seven European countries with the highest flood exposure.
Data points are grouped by ACCREU adaptation scenario (HighAdapt, LowAdapt, Ref) and colored by
climate impact and mitigation pathway (RCP 2.6, 4.5, and 7.0). Lines connect points representing the
same adaptation scenario, allowing for visual tracking of changes across different climate futures under
consistent adaptation conditions. Countries like Denmark and Romania have less flooded area but the
variation across the adaptation scenario suggest that there are localized factors like different crop types
that impacts the revenue losses. In many countries the High Adaptation scenario is associated with lower
revenue losses even at higher flooded area levels suggesting that the adaptation choices (such as moving
higher value crops away from less productive coastal areas) have an additional buffering effect. In
contrast, the reference adaptation scenarios tend to exhibit the steepest revenue losses compared to the
other adaptation scenarios.
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Flooded Cropland Area vs. Revenue Loss by Country
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Figure 29: Relationship between flooded cropland area and associated cropland revenue losses by
European country under different climate and ACCREU adaptation scenarios. Each point represents a
scenario combination, with color indicating the adaptation level (ACCREU scenarios) and the shape
indicating the climate impacts and mitigation pathway (RCP).

Grassland production plays a critical role in supporting livestock systems across Europe, particularly in
regions where grazing is the dominant form of feed provision. When we look also at the grass production
losses due to coastal flooding we find similar patterns to the crop revenue losses that the regions most
affected are Western and Southern Europe, in particular Germany, The Netherlands with on average
460,000 tons dry matter and 462,000 tons dry matter lost due to coastal flooding respectively. Italy faces
from the highest losses as a share of the total grass production when considered at an national level with
around 6% of the total production at risk of loss due to coastal flooding, followed by Germany at 5% and
the Netherlands, Poland and Romania at 3%. Unlike global commodity crops that are traded extensively,
grass and forage are largely consumed locally due to their perishable nature and high transport costs.
Figure 30 presents the relationship between flooded areas and the share of the local land unit grass
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production losses due to coastal flooding. Each circle represents a different land unit that has a grass loss
which is greater than 0.25% of the land unit’s total grass production since the localized losses from grass
production can have significant impacts on the local livestock farmers. We can see from this figure that
losses in grass production are for the most part a relatively low share of the total land unit, however
some land units face significant losses (in particular some in the Netherlands and Italy). We can also see
that there is very little difference between the climate impact scenarios and the ACCREU adaptation
scenarios likely due to the limited consideration for adaptation measures available for grassland

management by the underlying scenarios.

Share of lost grass production vs. flooded area in 2050
Each point represents a land unit with share of lost grass production greater than 0.25% due to SLR
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Figure 30: Relationship between flooded grassland area and associated loss in grass production (as a
share of the land unit’s total production) European regions under different climate and ACCREU
adaptation scenarios. Each point represents a land unit under the different scenario combination, with
color indicating the climate impacts and mitigation pathway (RCP).
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3.4 Conclusion/Key takeaways

We have further expanded our analysis of the ACCREU climate adaptation scenario framework to
examine the complex interactions between agricultural livelihoods, climate adaptation, and biodiversity
conservation of Europe's land-based sectors. We used our existing modeling framework developed
through ACCREU Task 2.2 and presented in ACCREU Deliverable 2.2 and have conducted additional
modeling by expanding the scenario dimensions to consider the impacts of increased conservation and
restoration policies.

We have found that implementing conservation and restoration policies aimed to increase the protected
and restoration area contributes positively to biodiversity outcomes across Europe, with measurable
improvements in the Biodiversity Intactness Index (BIl) under such policies. Our findings hold across all
scenarios of climate adaptation and impact, both at the European and regional scale, compared to
scenarios without conservation action. However, these biodiversity gains come with economic trade-offs,
as stricter land-use protections and restoration efforts increase the pressure on the land for crop and
livestock production, leading to declines in production volumes and producer revenues compared to
scenarios without such policies.

Our findings indicate that conservation and restoration efforts can improve biodiversity and reduce
further degradation but without investments in boosting crop vyields, such policies can also create
trade-offs for the provisioning services that ecosystems deliver, particularly in food production. Our
results show that while conservation and restoration policies reduce the total area used for agriculture,
both for cropland and grassland, the declines in production volumes for crops and livestock are of a
significantly lower magnitude. This intensification effect indicates that the protections aimed at limiting
further biodiversity degradation do not prevent farmers from still utilizing the most productive regions to
continue the provisioning of food and other agricultural outputs despite reduced land availability.
Furthermore, these policies still allow for farmers to engage with the restoration of marginal lands where
productivity will be impacted by future climate impacts.

We find that adaptation, as defined by our ACCREU adaptation scenarios, play a critical role in the
economic tradeoffs under conservation and restoration policies. Under Low Adaptation scenarios,
characterized by limited agricultural R&D and lower productivity, more land is converted away from crop
production, creating greater opportunities for restoration. This contributes to higher restoration area and
greater Bll improvements, but reflects underlying vulnerabilities in the agricultural sector. In contrast, the
high adaptation scenarios with strong R&D investments increase yields and raise the economic
attractiveness of agricultural land, reducing land abandonment and limiting restoration potential.
Ambitious subsidies or restoration incentives would be required to meet restoration targets under such
high productivity futures.

Higher levels of climate mitigation (e.g., RCP2.6) when combined with biodiversity-focused land
protections, have strong impacts on the net revenues of the agriculture and forestry sectors. Farmers
respond through land-use intensification or livestock management shifts, as these conservation policies
consistently reduce cropland and grassland area. These findings highlight the complex interactions
between climate, biodiversity, and food provisioning goals, underscoring the importance of coordinated
policy approaches to balance ecosystem service trade-offs.

66



ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

4 Impacts of global change on species habitat suitability

4.1 Introduction

Species distributions are increasingly threatened by multiple interacting global change drivers. While
climate change directly affects habitat suitability and species distributions through shifting temperature
and precipitation patterns (Antdo et al., 2022; Gutiérrez-Hernandez and Garcia, 2021), secondary impacts
like wildfire regimes (Arrogante-Funes et al., 2024) and sea level rise (Ury et al., 2021), alongside human
activities (Cimatti et al., 2021) create complex challenges for biodiversity conservation.

Species distribution models (SDMs) traditionally focus on how climate change affects the habitat
suitability of individual species. Opposed to combined indices, it can thus reveal greater nuance through
both ‘winners’ and ‘losers’ of species in response to global change drivers. In previous research, impact
analysis on biodiversity, specifically via habitat suitability, has often been limited to investigations of
climate change or land use (Amindin et al., 2024; Barras et al., 2021; Fyllas et al., 2022; Gaget et al., 2025;
Khan et al., 2022). However, this approach overlooks critical secondary impacts, such as wildfire and sea
level rise, that can significantly influence biodiversity outcomes.

Our aim is to investigate the impacts of climate change, land use, sea level rise, and wildfires on
biodiversity across Europe. To achieve this aim, we specifically address the following Task 2.4 objective:
Assessing the combined effect of climate change and land-use changes estimated in T2.2, using the
ibis.iSDM modelling tool, on the suitability of any given land area for European species, specifically
those listed in the Habitats and Birds Directive of the EU and for which management-related cost
estimates can be made. Our research introduces wildfires and sea level rise as additional impacts,
thereby presenting a more comprehensive picture of the potential compounding impacts on biodiversity.

This integrated approach is particularly important for understanding implications for ecosystem services,
including pollination, which directly links wild biodiversity to agricultural productivity (see Chapter 5) and
food security. By examining how these combined threats reshape potential species distributions across
European landscapes, we provide a more comprehensive assessment of biodiversity impacts in a
changing world.
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4.2 Methods

4.2.1 Overall approach

To capture both climate and land-use change impacts, we applied a hierarchical impact integration
approach that estimates first the impact of macroclimate on species (re)distribution, followed by the
impact of land use, wildfire, and sea level rise impacts as additional habitat availability modifiers. Finally,
we calculate comparative metrics across different impact scenarios. This framework explicitly separates
climate and land use-driven habitat suitability from disturbance-driven habitat availability, allowing for
attribution of biodiversity impacts to specific drivers.

We conducted all modelling and analyses in R 4.4.2 (R Core Team, 2024) using RStudio 2024.9.0.375
(Posit Team, 2025) unless otherwise indicated. All analyses were conducted for the European continent
(EPSG:3035 coordinate reference system) at a spatial resolution of 10x10 km grid cells aligned with the
statistically downscaled GLOBIOM land use maps based on the ACCREU adaptation scenarios developed
under Task 2.2. Our temporal coverage spans the decades of 2020, 2030, 2040, and 2050, under several
climate and mitigation matched scenarios (RCP2.6; RCP4.5; RCP7.0), and three agricultural adaptation
scenarios (low; reference (medium); high) as included in GLOBIOM outputs. These adaptation scenarios
refer to the following levels of agricultural sector adaptation to changing environmental conditions (See
ACCREU Deliverable 2.2):

e The high adaptation scenario represents a future where farmers have a high adaptive capacity to
climate change. Significant investments are made to reduce the vulnerability of agricultural
systems to climate impacts, including proactive measures and advanced technology to increase
yields under climate change, more efficient irrigation systems, expansion of sustainable irrigation,
and increased trade from less climate-affected areas

e The reference scenario represents the medium adaptation scenario that aligns with the
underlying assumptions for the development of the agriculture and forestry sector under the
socioeconomic pathway SSP2.

e The low adaptation scenario represents a future where farmers have less access to technical
options and therefore, the agricultural sector has limited adaptive capacity to climate change. In
this scenario, irrigation systems are poorly maintained, which lowers their efficiency. Crop
switching and land use adjustments happen slowly and on a smaller scale.

4.2.2 Habitat suitability modelling
4.2.2.1 Habitat suitability under climate and land-use scenarios

We captured the combined impact of future climate and land use on individual species distributions by
coupling a species distribution modelling approach with the ibis.iSDM modelling tool (Jung, 2023a) and
refinement of suitable habitat (Brooks et al., 2019; Pereira et al., 2024; Visconti et al., 2024, 2016). By
refining a species distribution by its species-specific habitat requirements, we capture the availability of
natural and modified land directly available to the species. This enables us to capture both climatically
driven shifts in the distribution of European species and their attributed LULUCF impacts in terms of
land-use change. This integrated approach allows for a better understanding of how land-use changes
and management practices affect species habitat suitability beyond what climate-only SDMs can provide.
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We focused on species that had (1) sufficient species occurrence records (for a full data preparation
routine, see Supplementary Materials of Chapman et al. (2025)), and (2) species-specific available habitat
preference information (IUCN Red List database or EEA databases). We excluded non-native species
(based on Nature Directives listings) and fully aquatic species (to focus on terrestrial and semi-aquatic
taxa), focusing on species that are listed in the EU Habitat and Birds directive, as well as species of
relevance to the EU pollinator initiative. For each species, we extracted and formatted habitat
preferences and converted them to spatial priors aligned with the land-use classification system. For
additional nuance, we also incorporated weights into habitat preferences based on their suitability
classification: "Suitable"/"Preferred" habitats received full weight (1.0), "Marginal"/"Occasional" habitats
received reduced weight (0.5). Finally, we incorporated species-specific suitable elevation ranges where
available (Brooks et al., 2019). Otherwise, the full elevation range was used.

Using projections from the downscaled GLOBIOM land use maps of the ACCREU adaptation scenarios
(ACCREU Deliverable 2.2), we estimated the corresponding (matched GCM—RCP) future climate-only
species projections using climate forcing data from ISIMIP, which were temporally aggregated to a
decadal scale (data available_here). Specifically, we trained and projected for each species and GCM-RCP
combination, a total of 4 different Bayesian (e.g., regularized point process regressions) and machine
learning (e.g., Extreme Gradient Descent Boosting). Furthermore, we constructed for each model 3
different folds utilizing spatial block cross-validation approaches (Roberts et al., 2017). Contemporary and
future predictions were first averaged through a weighted ensemble calculation, by maximizing a True
Skill Statistic (TSS) calculated on a threshold map, first across folds and then across GCMs. To constrain
future projections, we created a ‘mcp_dispersal’ variant, which constrains the projected habitat
suitability by the minimum convex polygon covering all observations and a negative exponential kernel
with an average dispersal estimate per taxonomic group following Thuiller et al. (2019). All modelling was
conducted using the ibis.iSDM R-package (Jung, 2023a), with hyperparameters and model contributions
varied depending on data availability per species to further limit overfitting. The resulting projections
capture the climatic niche (unit 0-1) of a species for each SSP and adaptation.

Finally, for each species, we calculated within the current and future climatic niche the amount of
suitable habitat, integrating information on downscaled land-use change for each SSP-RCP scenario
combination and species-specific habitat preferences. This was done using the ibis.insights R package
(Jung, 2023b), adopting an approach by Visconti et al. (2016). We note that the linkage between species
ranges and land use is dependent on the accuracy and availability of habitat preference information.
Particularly for permanent croplands, full impacts on habitat availability can be underestimated, as
species-specific coefficients are not always available.
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4.2.2.2 Integrating wildfire & sea level rise risk projections

Building on the species-specific habitat availability as projected in 4.2.2.1, we then used a post hoc
integrated mapping approach to investigate the potential effects of wildfires and sea level rise on habitat
availability. First, we preprocessed the wildfire risk maps produced in this deliverable (Chapter 2). We
rasterized and transformed the wildfire vector datasets to a fraction of burned area per 10x10 km grid
cell, and the number of fire events per grid cell, per decade, maintaining the original projection (EPSG:
3035). The full preprocessing methodology can be found in Appendix E. These projections represent the
expected fractional burned area per grid cell under three SSP-RCP scenarios (SSP1/RCP2.6, SSP2/RCPA4.5,
SSP3/RCP7.0). We derived our coastal inundation due to sea level rise (SLR) projections from our custom,
modified bathtub approach model used in Chapter 3 (Appendix D). The data set consisted of a
multi-band raster file, representing the fractional coastal area of each 10x10 km grid cell expected to be
inundated under three sea level rise scenarios (RCP 2.6, RCP 4.5, RCP 7.0) for each decade from 2020 to
2050.

70



We integrated wildfire and sea level rise impacts on species distributions following a systematic
mathematical framework. For each species, climate scenario, and decade, we calculated adjusted habitat
availability values. For fire-adjusted habitat availability:

Hyy 69 = (01 (69) = (FGo3) * @) #(4D)
For sea level rise-adjusted habitat availability:

Hslr(x' y) - (0 H

) .
climate

(% Y) = (SCy)* @) #(4.2)
For combined impacts:

(xy)=max(0,H,  (xy) = (F(,y)* @) = (S(xy)* a))#(4.3)

combined climate

Where: Hdimate(x, y) is the baseline climate-driven habitat availability at location (x, ¥); F(x,y) is the

fractional burned area at location (x, ¥); S(x, y) is the fractional inundated area at location (x, y); ais an
impact scale factor (set to 1.0 in our analysis); Hﬁre(x, y), Hslr(x, y), and H (x, y) are the resulting

combined
adjusted habitat availability values. This approach assumes that areas affected by wildfire or sea level rise
experience a proportional reduction in habitat availability, with a zero floor to prevent negative
availability values. The impact scale factor a allows for calibration of impact intensity, though in our
implementation, we used the full impact (0 = 1.0). For the combined impact scenario, we applied both
fire and sea level rise impacts additively, again with a zero floor.

For each species, scenario, impact type, and decade, we calculated the total suitable habitat area using
the sum of habitat availability values across all cells, converted to area units in km?:

suitable

- xzy H(x,y)* a_ #(4.4)

Where: A is the total suitable habitat area in km?, H(x,y) is the habitat availability value at

suitable
location (x, y); and a. . is the area of each grid cell in km2. This approach accounts for both the extent

and quality of habitat, as cells with partial availability contribute proportionally to the total suitable area.

We make several assumptions about the integrated post hoc impacts of wildfire and sea level rise on
habitat availability, which could be improved upon in the future for enhanced empirical modelling. For
wildfire, we aggregated wildfire events per decade, which, given the short-term nature of individual fire
events, may obscure shorter-term impacts on biodiversity patterns. Further, we assumed that there
would be a decline in suitable habitat after exposure to fire. However, empirical evidence suggests
species-specific responses to wildfire (Chapter 2). Similarly, we also did not model coastal species' ability
to migrate inland as a response to SLR. A further limitation is that we treat wildfires and sea level rise as
independent from one another, though any impacts may have interactive effects.
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4.2.2.3 Ecological metric calculation

We report two complementary ecological metrics for our overall analysis, each of which has different
meanings, but together offer a more complete ecological understanding. First, we report total habitat
change relative to the decade 2020 (%), which measures range expansion/contraction, crucial for overall
species persistence. We established 2020 as a baseline year and calculated both absolute and relative
changes for each subsequent decade:

AA=A — A, #(45)

A
AAY% = (A— - 1)* 100#(4. 6)

2020

Where: AA is the absolute change in suitable habitat area (km?); AA % is the percentage change in

suitable habitat area; At is the suitable habitat area at decade t; A2020 is the suitable habitat area in the

baseline year 2020. Next, we calculated mean availability change relative to 2020 (%), which measures
habitat quality shifts, an important indicator for species population viability within the species range.

suitable

= xzy S(y)* a_ #(4.7)

Where a . is the area of each grid cell in km?. Reporting both total and mean habitat availability allows

us to identify important ecological scenarios, and each metric can inform different conservation priorities
with regards to a specific climate change adaptation scenario.
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4.3 Results & Discussion

4.3.1 Species assessment coverage

Our assessment covered 754 species across Europe, of which the majority consisted of birds (39.3 %),
Lepidoptera (butterflies; 12.7 %), and mammal (9.2 %) species (Table 5). The full species list can be found
in Appendix E.

Table 5: Taxonomic summary table of species considered in our analysis. The table shows the major
ecological group, the number of species considered within each group, and the percentage representation
of each group within the larger dataset.

Group Species count  Percent of total (%)
Birds 296 39.3
Lepidoptera 96 12.7
Mammals 69 9.2
Dicots (other) 58 7.7
Hymenoptera 57 7.6
Reptiles 42 5.6
Amphibians 36 4.8
Beetles 21 2.8
Monocots (other) 18 2.4
Molluscs 13 1.7
Mosses 12 1.6
Ferns 8 11
Grasses 7 0.9
Orthoptera 7 0.9
Legumes 3 0.4
Odonata 3 0.4
Dicot herbs 2 0.3
Arachnids 1 0.1
Arthropods

(other) 1 0.1
Insect other 1 0.1
Liverworts 1 0.1
Lycophytes 1 0.1
True bugs 1 0.1
Total 754 100
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4.3.2 Additional impacts of sea level rise and wildfire

We calculated total suitable habitat change (%) and mean habitat availability (%) from 2020 decade
baseline, for three climate and land use scenarios, plus the additional impacts of wildfire and sea level
rise, and three agriculture adaptation strategies (low, medium/reference, high) (Figure E1 in Appendix E).
We found that the addition of wildfires and sea level rise impacts in our impact model modestly
influenced the calculated metrics (largest impact < 0.04 %; Figure 31). This indicates that climate and land
use changes remain the dominant drivers of habitat availability for the modeled species at the
continental scale, although we recognize the uncertainty with regards to spatial and temporal scales (see
discussion).

However, we believe these modest impacts reflect methodological constraints rather than the true
ecological significance of these disturbances. Our integration approach applies a direct proportional
reduction to habitat availability based on the fraction of each grid cell affected by wildfire or inundation.
This straightforward approach allows for consistent application across diverse taxa but may
underestimate impacts for several reasons. First, our species pool excludes certain highly vulnerable
groups (e.g., aquatic species affected by post-fire sedimentation, dune specialists impacted by coastal
erosion) due to data limitations. Second, our framework cannot yet capture complex species-specific
responses to wildfire and sea level rise disturbances. For example, the positive responses of certain
beetle and reptile species to wildfire documented in our meta-analysis (Chapter 2), or the potential for
coastal species to migrate with shifting habitats under sea level rise when space allows.

The spatial and temporal resolution of our disturbance layers may further dilute apparent impacts. At 10
km resolution, localized but severe wildfire or inundation effects are averaged across larger areas,
potentially masking significant local habitat loss. Similarly, while modeled sea level rise accurately
represents permanent inundation, it cannot capture dynamic coastal processes like erosion, salt
intrusion, and storm surge that may affect much larger areas.

Despite these limitations, we retained the integrated impact approach for three reasons: (1) it establishes
a methodological framework for multi-threat assessment that can be refined as more detailed data
becomes available; (2) it acknowledges the reality that biodiversity faces concurrent rather than isolated
threats; and (3) the relative importance of these disturbances is likely to increase as climate change
intensifies fire regimes and accelerates sea level rise. For our subsequent analyses, we report habitat
availability metrics calculated from all impacts (climate, land-use, wildfire, and sea level rise), with the
understanding that most continental-scale effects are currently attributed to climate and land use
changes.
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Figure 31: Additional change in habitat availability due to wildfires, sea level rise, and both combined,
beyond climate and land use change. Negative values indicate additional habitat loss beyond those of
climate change and land use.
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4.3.3 Overall habitat availability

We projected that by 2050, there will be substantial projected losses in total suitable area (> 6 %, Figure
32A) and mean habitat availability (habitat quality, > 3%, Figure 32B) across all climate scenarios (RCPs)
and adaptation strategies. We interpret the losses of total suitable area as less physically suitable habitat
amount for a species to persist. We interpret the losses in mean availability as the decline in quality of
the remaining habitat to support many species.

For change in total suitable area (%, Figure 32A), under RCP 2.6 we found the largest losses in total
suitable habitat by 2050, with progressively smaller losses under RCP 4.5 and RCP 7.0. Across all climate
scenarios, low adaptation strategies resulted in the greatest loss of suitable habitat area by 2050 (-6.50
to -6.85 %) under RCP 2.6. Medium (reference) and high adaptation strategies consistently preserve more
total suitable habitat area, with high adaptation resulting in less area loss (-6.15 %), compared to low
adaptation under RCP 7.0. This means that under low adaptation scenarios, there is less suitable habitat
area available for species to inhabit, indicating range contraction over time. From these results, we can
imply that stronger agricultural adaptation measures could mitigate species range constrictions across all
climate futures.

For mean habitat availability (%, Figure 32B), which we interpret as an indicator of habitat quality, our
findings reveal that most severe habitat quality declines occur under RCP 4.5, reach -5.71 % losses by
2050. Across RCPs, under the low adaptation scenario, we found the slowest decline in mean
availability, as compared to medium/reference and high adaptation scenarios. Under RCP 2.6, declines in
mean suitable habitat follow adaptation strategy intensity, where lower declines in mean availability are
found at low adaptation (-3.22 %), and steepest declines under high adaptation (-4.37 %). For RCP 4.5
and RCP 7.0, mean habitat availability shows comparable declines between medium/reference (-4.37 to
-5.27%) and (-4.43 to -5.18 %) high adaptation scenarios.

Together, our findings reveal a critical trade-off in adaptation strategies over time. Low adaptation
preserves higher-quality habitat but in a reduced area. Medium/Reference and high adaptation strategies
maintain larger total habitat area but include more suboptimal land. This area-quality trade-off may have
important conservation implications, and warrants further investigation.
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Figure 32: Projected decadal change in total suitable area and habitat availability for 754 species under
different impacts and adaptation scenarios from the 2020 decade baseline. (A) Change in total suitable
area (%) for all species combined from a 2020 baseline under three RCP scenarios (2.6, 4.5, 7.0) and three
agricultural adaptation strategies (High, Low, Reference). Impact scenarios include climate, land use,
wildfire, and sea level rise impacts. (B) Mean change in habitat availability (%) from the 2020 baseline for
the same set of species and scenarios.
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The overall mean habitat availability results (Figure 32B) show large variations around the mean,
indicating large variances in species-specific responses. (Figure 33). This means that species-specific
habitat availability is largely different from overall mean habitat availability, implying that species-specific
responses are not uniform, which is typical for biodiversity projections. The overall mean masks
variations between species or taxonomic groups, so it is essential to disaggregate indices by taxonomic
groups.
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Figure 33: Mean change in habitat availability (%) from the 2020 baseline for 754 species under different
impacts and adaptation scenarios from the 2020 decade baseline. The results consider three RCP
scenarios (2.6, 4.5, 7.0) and three adaptation strategies (High, Low, Reference). All scenarios include
impacts of climate, land use, wildfire, and sea level rise. Error ribbons show + 1 standard deviation from
the mean.
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4.3.4 Taxa-specific habitat availability

Figure 34 illustrates projected changes in suitable habitat for diverse taxonomic groups across climate
scenarios and agricultural adaptation measures by 2050. Most taxonomic groups show declining
suitable habitat across all climate scenarios, with the severity of habitat loss typically increasing from
RCP 2.6 to RCP 7.0.

Notably, several groups protected under the EU Birds and Habitats Directives show consistent
vulnerability. Birds (protected under Directive 2009/147/EC) demonstrate increasing habitat loss with
climate severity, from approximately 4.78- 5.10 % under RCP 2.6 and 5.96- 6.31 % under RCP 7.0.
Amphibians and reptiles (Annex Il, IV species under Directive 92/43/EEC) show consistent declines across
all scenarios, though amphibians display a counter-intuitive pattern of slightly reduced impacts under
more severe climate scenarios. Mammals, many of which are priority species under the Habitats
Directive, show relatively consistent habitat losses of 7.86-8.00 % regardless of climate scenario,
suggesting persistent impacts regardless of emission pathway. Among invertebrates, pollinator groups
Lepidoptera, which include several protected butterfly species listed in Annex Il and IV of the Habitats
Directive, and Hymenoptera (wild bees) show increasing habitat loss with climate severity, from minimal
change under RCP 2.6 to losses exceeding 6% under RCP 7.0.

Within each RCP scenario, agricultural adaptation measures, which are designed to maintain production
rather than biodiversity, affect taxonomic groups differently. For directive-protected vertebrates, birds
and reptiles show greater habitat losses under high agricultural adaptation scenarios, while amphibians
generally experience reduced losses under higher adaptation. Divergent responses are apparent in plant
groups too, where grasses, mosses, and other dicots showing greater habitat losses under high
agricultural adaptation, whereas ferns generally show little no habitat availability differences between
adaptation scenarios. These divergent responses highlight potential conflicts between agricultural
intensification and conservation objectives for certain protected species groups.

Notably, pollinator groups Hymenoptera (bees) and Lepidoptera (butterflies) show strong differentiation
across adaptation levels, with medium (reference) and high adaptation resulting in significantly greater
habitat losses. For both pollinator groups under RCP 7.0, the difference between low adaptation
(2.56-2.88 %) and high adaptation (5.86-6.06 %) is particularly pronounced, suggesting that intensive
agricultural adaptation strategies may negatively impact pollinator habitat and, therefore, impact
pollination ecosystem services. We explore pollinator species distributions and potential impacts on crop
pollination ecosystem services further in Chapter 5.
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Figure 34: Taxonomic group impact assessment showing mean percent change in total suitable habitat in 2050 compared to 2020 baseline.
Groups are displayed by climate scenario (RCP 2.6, 4.5, and 7.0) and adaptation strategy (Low, Medium/Reference, High). Adaptation strategies
represent different levels of proactive agricultural measures to address climate impacts, from limited response (Low) to comprehensive
implementation of climate-resilient approaches (High). This figure excludes groups with < 5 species for statistical robustness: Arachnids (n = 1);
Arthropods Other (n = 1); Insects Other (n =1), Liverworts (n = 1); Lycophtes (n = 1); True bugs (n = 1); Saxifragaceae dicots (n = 2); Lequmes (n = 3);
Odonata (n = 3).
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

4.4 Conclusion/Key takeaways

Our integrated assessment methodology advances biodiversity impact modeling by explicitly accounting
for multiple interacting threats, including climate change, land-use dynamics, wildfire, and sea level rise.
This multi-threat approach reveals that most taxonomic groups face a declining suitable habitat by 2050,
with impact patterns varying significantly across taxa. The clear escalation of habitat loss with increasing
emission scenarios underscores that climate mitigation remains fundamental for biodiversity
conservation across Europe.

Our findings demonstrate critical trade-offs between agricultural adaptation and biodiversity protection.
Agricultural strategies designed to maintain agricultural productivity often increase habitat losses,
particularly for pollinators like Hymenoptera and Lepidoptera. This is especially concerning given
pollination's essential ecosystem service value. The pronounced impacts on pollinator groups may
threaten both biodiversity and food security, highlighting an urgent need for pollinator-specific research
and conservation measures within agricultural landscapes. The varied responses across taxonomic
groups, particularly those protected under the EU Birds and Habitats Directives, indicate that effective
conservation planning must incorporate taxonomic differences in climate sensitivity and responses to
agricultural practices.

While our 10x10 km resolution assessment captures continent-scale patterns effectively, we
acknowledge limitations in representing fine-scale habitat heterogeneity and potential underestimation
of sea level rise and wildfire impacts. Further, the decadal time steps we select may miss important
inter-decadal variability, and the analysis endpoint of 2050 may miss critical longer-term impacts. Despite
these constraints, our results provide robust evidence that biodiversity-friendly agricultural adaptation
approaches are urgently needed, especially for taxonomic groups showing high sensitivity to intensive
farming practices. By identifying specific impact patterns across taxa, climate scenarios, and adaptation
pathways, this assessment provides a scientific foundation for developing targeted conservation
strategies that reconcile agricultural adaptation with biodiversity protection in a changing climate.
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

5 Impacts on non-market ecosystem services: the case
of crop pollination

5.1 Introduction

Biodiversity and ecosystem services are intrinsically linked, with species diversity underpinning many of
the processes that benefit human societies. This relationship is particularly evident in crop pollination,
where wild insects directly support agricultural production (Gallai et al., 2009; Leonhardt et al., 2013;
Rubinigg Michael, 2024). As global change reshapes European landscapes, understanding their effects on
pollinators and the services they provide becomes increasingly urgent for food security.

Building on Chapter 4’s finding that pollinator groups (Hymenoptera, Lepidoptera) face pronounced
vulnerability to global change, with suitable habitat declining by 2050, we examine the implications of
the biodiversity changes for crop pollination value for agricultural services. To address this critical need,
we focused on quantifying crop pollination as a key regulating ecosystem service, defined here as the
fertilization of crops by insects that maintain or increase crop production (Vallecillo et al., 2018). We
focus on crop pollination because it provides a direct, measurable link between biodiversity and
agricultural economic outcomes.

Our approach employs Species Distribution Models (SDMs) rather than direct abundance measurements
due to the continental scale of our analysis and data limitations. While abundance data would ideally
provide more precise service delivery estimates, SDMs allow us to project habitat availability for
pollinator species across multiple future scenarios (Jung, 2023a), offering valuable insights into potential
service supply under changing conditions. By integrating these habitat availability projections with crop
distribution data, we build upon existing frameworks for assessing both the spatial distribution and
economic value of pollination services across Europe.

This chapter specifically addresses the following Task 2.4 objectives, both directly and indirectly:

® Assessing the combined effect of climate change and land-use changes estimated in T2.2, using
the ibis.iSDM modelling tool, on the availability of any given land area for European species,
specifically those listed in the Habitats and Birds Directive of the EU and for which
management-related cost estimates can be made, with a focus on pollinator insects.

e The non-market values of biodiversity and ecosystem services will be assessed by applying
state-of-the-art valuation methods for non-market goods, such as stated and revealed preference
methods of environmental evaluation and benefit transfer approaches, with a focus on crop
pollination.

e We will account for both the use and non-use values individuals gain or lose from marginal
changes in ecosystem services, with a focus on crop pollination.

The monetary evaluation of pollination services provides a bridge between ecological research and policy

implementation, helping to incorporate natural capital into economic decision-making frameworks while
highlighting the tangible consequences of biodiversity loss.
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5.2 Conceptual framework

We developed a spatially explicit accounting framework to quantify crop pollination services across
Europe under various climate and adaptation scenarios. Our approach aligns with the System of
Environmental-Economic Accounting Ecosystem Accounting (SEEA EA) by distinguishing between
ecosystem service capacity, potential, and actual flow, which are essential distinctions for understanding
the spatial dynamics of pollination services. The methodology emphasizes the integration of biophysical
assessment with economic valuation and builds upon that of the Knowledge Innovation Project on
Integrated Natural Capital Accounting (KIP INCA) undertaken by European Commission services
(EUROSTAT, JRC, DG Environment, DG Research and Innovation) and the European Environment Agency.

Specifically, our methodology is based on the KIP INCA crop pollination evaluation assessment (Vallecillo
et al., 2018), which combines spatially explicit crop production data with pollinator habitat availability
maps to calculate the realized benefits of pollination services in terms of physical and monetary flows.
Our framework captures the full chain of ecosystem service delivery through three interconnected
components.

First, we assess pollination demand as the area of crops requiring animal pollination weighted by their
dependency coefficients. These coefficients represent the proportion of yield attributable to animal
pollination, with examples ranging from 0% for wind-pollinated crops to 65% for highly dependent crops
like sunflowers. This demand component represents the economic activities that could benefit from
pollination services.

Second, we quantify pollination potential as the capacity of certain areas to potentially support wild
pollinator populations, represented by habitat availability indices (0-1) derived from SDMs. This potential
represents the ecosystem's capability to provide pollination services, regardless of whether crops
requiring pollination are present.

Third, we calculate the actual flow of pollination services as the spatial intersection between potential
and demand. This intersection approach recognizes that pollination services are only realized where both
suitable pollinator habitat and pollinator-dependent crops co-exist within the foraging range of
pollinators. The actual flow is measured in both physical terms (pollinated area) and monetary terms
(economic value of pollination contribution).

This three-component structure enables us to identify spatial mismatches between pollination supply

and demand, while providing the accounting metrics needed for natural capital valuation and ecosystem
service assessment under changing conditions.
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5.3 Methods

5.3.1 Crop pollination demand

We quantified crop pollination demand as the proportional extent of crops dependent on pollination
across Europe. This measures how much area theoretically requires pollination, weighted by dependency
coefficients. It represents the maximum potential service requirement if all conditions were ideal and is
independent of whether pollinating insects are present. We selected this method over using total crop
area because it more accurately represents the ecological service requirement by accounting for varying
degrees of pollinator reliance.

Our multi-step methodological framework integrates GLOBIOM crop production data for 17 crop types
(see ACCREU Deliverable 2.2), with crop pollinator dependency indices (PDIs), and aggregates the results
to standardized administrative units. We used crop distribution data for simulated units from the
GLOBIOM model (vector points), which provides spatial projections of area, production, and revenue for
crops under various scenarios, estimated from several general climate circulation models (GFDL, IPSL,
MPI, UKESM). For this analysis, we calculated the ensemble mean across climate models to account for
model uncertainty.

We assigned pollinator dependency indices to each crop (Table 6), representing the proportion of crop
yield dependent on wild insect pollination. By weighting crop areas by dependency indices, we account
for varying degrees of pollinator reliance across crops. We note here that GLOBIOM does not yet account
for some highly pollinator-dependent crops, such as fruits; thus, any estimation we provide here
underestimates the true extent of pollinator-dependent crops in Europe. While this represents a
limitation in the assessment of total pollination demand, our methodology provides valuable insights into
the dynamics of field crop pollination requirements, which constitute a significant component of
European agriculture.
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Table 6: GLOBIOM crop types and their Pollination Dependency Index (PDI), which represents the

proportion of crop yield dependent on wild insect pollinators.

Pollination Dependency Dependenc
Crop Index (PDI) e Categories Note
Barley 0 None Wind-pollinated; no insect pollination requirement
Dry bean 0.25 Modest Benefits from insect pollination
Chickpea 0.25" Modest Benefits from insect pollination
Corn 0 None
Cotton 0.05* Little Estimated, usually self-pollinating
Groundnut 0.05" Little
Millet 0 None
Potato 0 None
Rapeseed 0.25" Modest Partial self-pollination capability
Rice 0 None
Soybean 0.25 Modest Can self-pollinate, benefits from insect pollination
Sorghum 0 None
Sugarcane 0 None
Sunflower 0.65" Great
Sweet potato 0 None
Wheat 0 None Wind-pollinated; no insect pollination requirement
Other 0 None Mixed/unspecified crop types, conservative estimate

"(Bugin et al., 2022); *#(Muhammad et al., 2020)
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For each crop type in each spatial unit point, we calculated the crop pollination demand (ha) and crop
pollination potential revenue (USD) as:

D =YA -d#(5.1)

area

value

=% R -d#(5.2)

Where Darea is pollination demand (ha); Dva . is the potential pollination value (USD); AC is the area of

lu
crop ¢ (ha); RC is the revenue from crop ¢ (USD) from the crop data; and dc is the dependency coefficient

for crop ¢ (proportion of yield attributable to insect pollination, Table 6).

So far, the crop data and demand calculations were for polygon point data, representing values for a
single simulation unit. Therefore, we needed to process the crop data to spatial units that are capable of
integration with crop pollinator SDM data, and to facilitate multi-scale analysis relevant to different policy
and management levels. To do this, we implemented a hierarchical spatial aggregation approach using
the European Union's Nomenclature of Territorial Units for Statistics (NUTS) classification. Briefly, we first
spatially joined crop point data to NUTS3 (smallest administrative units) regions. For each crop type and
scenario combination, we aggregated values to NUTS3 regions, maintaining unweighted crop-specific
PDIs (dc; as they are constants for each crop type). For each NUTS3 region, crop-scenario combination,

and year, we aggregate data through summation:

NUTS3 TotalArea = ). Aream#(S. 3)
i=1

where m represents all crop points within a NUTS3 region. We performed similar summations for
revenue, and pollination metrics. We then calculated derivative metrics for each region:
Total Revenue (USD)

Revenue per hectare = Total Area (ha) #(5.4)

Pollination Demand (ha)

Pollination Fraction = Total Area (ha) #(5.5)

Pollination Value (USD)

Pollination Value per hectare = Total Area (ha) #(5.6)

To ensure comprehensive coverage, we implement a zero-filling procedure for regions without crop data,
ensuring all administrative units appear in the final dataset.
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Thereafter, we aggregated all metrics upward to the country level (NUTS3 — NUTS2; NUTS2 — NUTS1;
NUTS1 — NUTSO0). We selected this bottom-up approach to preserve fine-scale spatial patterns while
enabling policy-relevant national and European summaries. At each aggregation level, we calculated:

1. Sum of total metrics across all constituent lower-level regions:

k

Total Area = Y, NUTS, Total Area #(5.7)
er ; lower Jj

NUTSh.
ig =1

h

2. Weighted average of dependency indices, using area as the weighting factor:

k
> DependencyIndex *TotalArea.

,,Dependencyindex = = - ~#(5.8)

> TotalArea.
j=1 /

NUTShigh

3. Recalculation of all derivative metrics using the aggregated totals
4. Tracking of region and point counts to maintain data provenance information

This approach allows for consistent analysis across administrative scales while preserving the relationship
between pollination demand and agricultural production. The resulting multi-level dataset enables
analysis of crop pollination requirements at scales ranging from local administrative units to entire
countries, supporting targeted conservation planning for pollination services across Europe under various
climate and adaptation scenarios. For this study, we report all results at the country (NUTSO) level, and
provide all other NUTS level datasets in the shared repository (contact authors for access).
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5.3.2 Crop pollination potential

To map crop pollination potential across Europe, we utilized individual species distribution models
(SDMs) for key pollinator groups Lepidoptera (Butterflies) and Hymenoptera (Bees) from
ACCREU-developed SDMs (See Section 4.2.2, and Table 7). Along with Coleoptera and Diptera (not
modelled here due to data limitations), Lepidoptera and Hymenoptera represent the dominant taxa
providing pollination services to crops in Europe (Moldoveanu et al., 2024; Potts et al., 2016; Reverté et
al., 2023; Wardhaugh, 2015).

Table 7: Summary of wild insect pollinator groups (Hymenoptera, Lepidoptera) considered in our analysis.
For each represented Genus, we provided the count of species for that Genus in brackets.

. . % of Total )
Pollinator Group Species count Pollinators Represented Genus (Species count per genus)
Andrena (10); Bombus (11); Chelostoma (1); Colletes (2); Dufourea
Hymenoptera 96 62.75 (1); Epeolus (2); Halictus (2); Hoplitis (3); Hylaeus (2); Lasioglossum

(Bees) (2); Macropis (1); Megachile (3); Nomads (12); Osmia (1); Panurgus
(2); Sphecodes (1); Stelis (1)

Anthocharis (1); Apatura (1); Aricia (1); Arytrura (1); Cacyreus (1);
Clossiana (1); Coenonympha (6); Colias (1); Cupido (1); Danaus (1);
Erannis (1); Erebia (20); Eriogaster (1); Euchloe (2); Euphydryas (2);
Gegenes (1); Glyphipterix (1); Hipparchia (7); Laeosopis (1),

Lepidoptera 57 37,25 Lampides (1); Lasiommata (1); Leptidea (1); Leptotes (1);

(Butterflies) ’ Lignyoptera (1); Lopinga (1); Lycaena (3); Lysandra (1); Melanargia
(2); Melitaea (4); Nymphalis (2); Oeneis (1); Papilio (2); Parnassius
(2); Pelopidas (1); Pieris (1); Polyommatus (4); Pontia (1),
Proserpinus (1); Pseudophilotes (2); Pyrgus (6); Vanessa (3); Xestia
(1); Xylomoia (1); Zerynthia (1)

Total 153 100 %

The SDMs provide species-specific habitat availability indices, represented as a fraction of suitable
habitat per 10 km? grid cell across Europe for different climate and adaptation scenarios. From these, we
calculated species-weighted habitat availability across all pollinator species for each 10 km? grid cell,
providing a measure of overall pollinator potential (0-1). We first calculated species richness, the absolute
count of species with suitable habitat in each grid cell, as:

R = i§1 (s, > £)#(5.9)

where R is species richness and [ is an indicator function that equals 1 when species i has availability
above threshold t (set at 0.0). Thereafter, for each grid cell, we calculated species-weighted habitat
availability as:

gsi-l(si>t
= #(5.10)
T I(s>t)

i=1

mean
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where Smeam is the mean habitat availability for the grid cell, S, is the habitat availability of species i, I is

the indicator function as defined above, and R is the total number of pollinator species in the grid cell
(species richness).
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For reporting purposes, we reclassified each grid cell into ecologically meaningful categories of
pollination potential, based on mean habitat availability (Vallecillo et al., 2018): Negligible (< 0.1)
indicates little to no availability for pollinators and therefore no pollination potential; Low (0.1-0.2)
indicates little availability for pollinators and low pollination potential; Medium (0.2-0.3) and High (0.3)
indicate areas of ‘prime’ habitat availability for pollinators, and therefore higher pollination potential.
This classification allows for clearer communication of results while maintaining ecological relevance in
the availability gradients.

To allow integration of pollination potential information (rasters) with crop demand (vectors aggregated
at NUTS3 up to NUTS 0), we intersected the pollination rasters with NUTS3 administration borders using a
hierarchical spatial sampling approach. Beginning at NUTS3, for each administrative region, we extracted
pollinator availability values at the NUTS3 region centroids. For regions where centroids failed (e.g., small
regions not aligned with raster cells), we extracted all valid values within the regions bounding box,
calculated the mean of these values as the regions’ pollinator potential, and if no valid values were
available, we used the global mean or a conservative default value (0.1). This methodology ensured
complete spatial coverage while accounting for geographic variability in the vector boundaries (NUTS)
and pollinator distributions.

For NUTS level, we calculated the area (in hectares) in each availability class for all time periods and
scenarios. We focused our analysis on areas with medium and high availability (>0.2), representing prime
pollinator habitat. For each country and scenario, we calculated the percent change from the 2020
baseline.

5.3.3 Actual flow of crop pollination — physical and monetary

Actual pollination flow represents the ecosystem service that contributes to agricultural production. This
captures the spatial intersection between crop demand and available pollinator supply. The flow only
occurs where both crops needing pollination and pollinators exist together. We calculated actual
pollination flow (realized pollination) as the product of pollination demand and pollinator potential at
each location, following the supply-use spatial correspondence principle established in ecosystem service
assessment literature. For each administrative unit:

=D - S #(5.11)

area area norm

=D . -S#(5.12)

value val

where: Farea is the realized pollination area (ha); Fva . is the realized pollination value (USD); and S is

lu
the habitat availability for pollinators (i.e., pollinator potential) (0-1). This formulation explicitly accounts
for the spatial mismatch between pollinator habitat and agricultural areas that often limits service
delivery in real-world systems.
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5.4 Results & Discussion
5.4.1 Crop pollination demand

Here, we report the change in effective area requiring pollination services (ha), accounting for the
varying dependency levels of different crops (Table 6). This metric directly corresponds to the economic
value calculations, making it more consistent with economic impact assessments than reporting total
area (already reported in ACCREU Deliverable D2.2). It is crucial to note that the GLOBIOM model only
includes a subset of pollinator-dependent field crops (e.g., sunflower, soybean, rapeseed), while
excluding many important pollinator-dependent fruits and nuts. Therefore, these results should be
interpreted as changes in field crop pollination demand rather than total agricultural pollination
requirements.

The overall extent of pollinator-dependent crop area demand across Europe declines by 2050 relative to
2020 (Figure 35 A). This decline varies in magnitude across climate and adaptation scenarios, ranging
from -26.97 % to -30.40 % % under high adaptation, to -40.67 % to -41.99 % under low adaptation
scenarios. Notably, the rate of decline is moderated by adaptation intensity, where high adaptation
scenarios show the least decline, while low adaptation scenarios exhibit the steepest reduction. The
consistent decline in overall pollinator-dependent crop area demand indicates a net reduction in field
crop pollination demand across Europe. However, this should not be interpreted as the reduced
importance of pollinators for European agriculture, as many high-value fruit and nut crops that rely
heavily on pollinators are not captured in this analysis.

When disaggregated by crop dependency (high, moderate, low), we found striking differences in how
crop categories with different pollinator dependencies respond to climate and adaptation scenarios
(Figure 35 B). High dependency crops (65 %), here sunflower oil, show substantial declines across all
scenarios. These crops exhibit the most severe losses by 2050 under low adaptation scenarios (-40.70 %
to -42.01 % reduction), with the decline somewhat moderated under high adaptation (-27.00 % to -30.44
% reduction). This represents a significant reduction in crops that are most sensitive to pollinator
services. Moderate dependency crops (25 %) show an increase across all scenarios, ranging from 13.98 %
to over 76.05 % by 2050. This increase becomes more pronounced with higher emission scenarios
(greater under RCP 70 than RCP 26) and higher adaptation intensity. We find that the increase in
medium-dependent crops over time is primarily driven by expansion in soybean cultivation, offsetting
declines in rapeseed (Appendix F Figure F1, not shown here). Low dependency crops (5 %) show minimal
changes overall, with slight increases (0.33 to 1.98 %) under low adaptation scenarios and small
decreases under medium (-1.40 to -3.25 %) and high (-3.21 to -5.52 %) adaptation scenarios.
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Figure 35: Change in field crop pollination demand area from 2020 by climate scenario (RCP) and
adaptation level for (A) combined pollinator-dependent crops across Europe, and (B) Grouped by crop
dependency High (65 %, Sunflower), Moderate (25 %, Rapeseed, Soybean, Dry bean, Chickpea); and Low
(5 %, Cotton, Groundnut). Effective area (calculated as total crop area * pollination dependency index) is
the relative area of crops depending on pollination services, accounting for their varying dependency
levels on pollination.
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Figure 36 illustrates the geographic variation in pollination demand changes across European countries
by 2050, relative to 2020 baseline conditions. Countries with consistent increases across most scenarios
include Portugal, Sweden, and lIreland (particularly under RCP 4.5 and 7.0), with high adaptation
generally producing the largest increases in pollinator-dependent crop area.

Several countries exhibit mixed crop pollination demand responses: Serbia’s demand increases except
under low adaptation, North Macedonia shows the largest increases under high adaptation, Italy shows
strong increases only under RCP 7.0 high adaptation, and the UK increases under RCP 4.5 and 7.0 for
medium and low adaptation scenarios. Countries with minimal changes include Albania, Switzerland,
Slovenia, the Netherlands, Finland, and Cyprus. All other modelled countries show consistent decreases
across all scenarios, with the most severe declines observed in Croatia, Spain, Lithuania, Estonia, and
Belgium.

The differential response of crop pollination-dependency categories (low, moderate, high) to climate
change and adaptation scenarios reveals potential shifts in European agriculture systems. However, these
findings must be considered with important caveats. Our model does not include Mediterranean fruit
crops, berry production in Northern Europe, or orchard crops throughout the continent, all of which are
highly pollinator-dependent and economically significant.

Within the modeled field crops, the north-south and east-west divide in pollination demand changes
suggests differential capacity for adaptation. Northern European countries like Sweden and Ireland show
increases in modeled pollinator-dependent crops, potentially indicating improved availability for crops
like soybean under warming conditions (not shown here, Appendix F Figure F1). Conversely, traditional
crop-producing regions in Continental and Eastern Europe show consistent decreases, suggesting
challenges in maintaining current field crop systems.

The differential effectiveness of adaptation measures across countries is particularly noteworthy. For
countries like Ireland, Greece, and North Macedonia, high adaptation corresponds to the largest
increases in pollinator-dependent crop area. Conversely, in countries like Belgium, Spain, and Lithuania,
even high adaptation cannot prevent substantial declines. This suggests that adaptation effectiveness is
context-dependent, likely influenced by local climate conditions, agricultural systems, and socioeconomic
factors.
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Figure 36: Change in field crop pollination demand area (%) by 2050 from 2020 by climate scenario (RCP)
and adaptation level for combined pollinator-dependent crop area demand across European countries.
Crop pollination demand is the effective area requiring pollination services. Excludes Liechtenstein, Malta,
Kosovo, and Norway.
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5.4.2 Crop pollination potential

We used the SDMs of 153 unique pollinator bee and butterfly species to calculate pollinator habitat (i.e.,
environmental) availability over time, across scenarios. Our analysis reveals significant changes in
pollinator habitat availability across Europe between 2020-2050 under various climate and adaptation
scenarios (Figure 37; Figure 38). To better report trends, we discuss changes in crop pollinator potential
extent in terms of change from 2020 (%; Figure 38), rather than actual numbers (Figure 37).

Areas with high pollinator habitat availability (>0.3) consistently declined across all scenarios and
adaptation strategies, with losses ranging from 11.8-14.3 % under the most optimistic RCP scenario
(RCP2.6 low emission scenario) to more than 18% under the most pessimistic scenario (RCP7.0 high
emission scenario) by 2050. The intensity of climate change strongly influences the magnitude of habitat
availability changes. Under RCP2.6, high availability losses remain relatively contained (-11.8 % to — 14.3
%). Under RCP4.5 (intermediate emissions), these losses accelerate to -15.6 % - -17.7 %. Under RCP7.0,
we observe the most severe losses in high availability habitat (-16.0 % to -18.3 %). The substantial loss of
prime pollinator habitat within three decades demonstrates the increasing impacts on pollinator
habitats under more extreme climate change. Notably, within each RCP scenario, higher agricultural
adaptation intensities correspond to greater losses in high availability areas. This reveals a negative
relationship between agricultural adaptation strategies and prime habitat for pollinators.

Under all scenarios, medium availability areas (0.2-0.3) increase slightly (0.3-4.3 %) from 2020, with
larger gains under more intense climate scenarios (RCP 7.0; 3.3-4.3 %) and smaller gains under less
intense climate scenarios (RCP 2.6; 0.3-1.2 %). This increase diminishes as adaptation intensity rises from
low to high, suggesting that higher adaptation measures lead to a slower increase in medium suitable
areas. Both low (0.1-0.2) and negligible (<0.1) availability areas show consistent increases across all
scenarios, with gains of 5.4-13.0% for low availability and 1.8-2% for negligible availability areas by 2050.
For low availability areas specifically, higher adaptation intensity leads to greater increases across all
climate scenarios. This suggests that agricultural adaptation may be converting high or medium
availability habitat to low availability habitat rather than preserving high-quality pollinator habitats.

These patterns show a “downgrading” of habitat quality throughout Europe, with high availability areas
converting to medium and low availability. This suggests a general shift toward poorer habitat conditions
for pollinators throughout Europe, rather than an abrupt loss. This pattern is consistent with
climate-driven changes in vegetation composition (De Pauw et al., 2021; Rumpf et al., 2022), phenology
(Hacket-Pain and Bogdziewicz, 2021), and resource availability (Harris et al., 2024) that affect habitat
availability for pollinators. The consistent decline in high availability pollinator habitats across all
scenarios represents a significant concern for pollinator conservation in Europe. These areas likely serve
as core habitats and population sources for many pollinator species. Their loss may have cascading
effects on pollinator population dynamics and community composition.

The projected changes in pollinator habitat availability have direct implications for crop pollination
services. Areas experiencing substantial losses in high-quality pollinator habitat may face increased
pollination deficits, potentially affecting crop yields and food security. The spatial redistribution of
pollinator habitat quality may create new mismatches between pollination demand (crop production
areas) and supply (areas with suitable pollinator habitat), requiring adaptive management of agricultural
landscapes to maintain pollination services.
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Figure 37: Suitable habitat area extent for pollinators across Europe (million ha), by
pollinator-dependency class, under several climate (RCP 2.6, 4.5; 7.0) and adaptation (high,
medium/reference, low) scenarios. Pollinator dependency classes are based on the mean habitat
availability, where “High” (>0.3) indicates high availability for pollinators, “Medium” (0.2-0.3) indicates
moderate availability, “Low” (0.1-0.2) indicates low availability, and “Negligible” (< 0.1) indicates little to
no availability.
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

Percent Change in Pollinator Habitat Suitability Area Since 2020
By suitability class, climate scenario, and adaptation level
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Figure 38: Percent change in suitable habitat area extent for pollinators, by pollinator-dependency class, relative to 2020 baseline conditions under
several climates (RCP 2.6; 4.5; 7.0) and adaptation (high, medium/reference, low) scenarios. Pollinator dependency classes are based on the mean
habitat availability, where “High” (>0.3) indicates high availability for pollinators, “Medium” (0.2-0.3) indicates moderate availability, “Low”
(0.1-0.2) indicates low availability, and “Negligible” (< 0.1) indicates little to no availability.
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ACCREU Deliverable 2.4: Impacts on Biodiversity & Ecosystems

By analyzing the percent change in high and medium pollinator availability in 2050 compared to 2020, we
find a distinct geographic pattern in pollinator habitat changes (Figure 39). The countries showing
consistent increases (Montenegro, Switzerland, Albania, Kosovo) share mountainous topography,
suggesting that elevation and topographic complexity may buffer pollinator habitats against climate
change impacts. In contrast, the countries experiencing the most severe losses are considered lowland
areas (Luxembourg, Belgium, Netherlands). This highland-lowland divide may reflect how topographic
heterogeneity provides microclimate refugia for pollinators. Czechia also exhibits substantial losses,
which is a concern given its importance as a producer of pollinator-dependent arable crops e.g., oilseeds
(rapeseed and sunflower) (Bernas et al., 2021; CZSO (The Czech Statistical Office), 2021).

Several countries exhibit surprising patterns that warrant further investigation. The Netherlands shows
severe losses under most scenarios but a counterintuitive increase under RCP 7.0 (9.09-18.18 %), possibly
indicating threshold effects where extreme climate conditions benefit certain pollinator habitats.
Similarly, Denmark shows increases under RCP2.6 (~10 %) but massive declines under RCP 7.0 (40-50 %),
highlighting how climate response can be non-linear. The UK's consistent gains despite being a heavily
developed island nation suggest unique factors that warrant further investigation.

The distribution of losses creates particular concern for European agriculture. Many of Europe's
agricultural powerhouses (Germany, France, Belgium, Netherlands) face substantial declines in pollinator
habitat. These countries produce significant portions of Europe's pollination-dependent crops, including
fruits, vegetables, and oilseeds. The projected pollinator habitat losses in these regions could create
‘agricultural vulnerability hotspots' where pollination deficits may significantly impact food production
and security.

These country-specific patterns suggest the need for tailored conservation approaches. For countries
showing increases, protection of these emerging pollinator strongholds should be prioritized. For those
facing severe losses, aggressive habitat restoration and pollinator-friendly farming practices will be
essential. The results also highlight potential 'conservation opportunity zones' in countries like Hungary
and Serbia that maintain or increase pollinator habitat despite climate pressures, making them valuable
for transboundary conservation initiatives.

The stark differences between RCP scenarios for countries like Portugal and Denmark underscore how
climate mitigation could significantly affect pollinator conservation outcomes. For these climate-sensitive
nations, strong emissions reductions could mean the difference between maintaining or losing critical
pollination services, providing additional justification for ambitious climate action at both national and
EU levels.
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Figure 39: Percent change in high (> 0.3) and medium (0.2-0.3) pollinator habitat availability/quality in
2050 compared to a 2020 baseline for all modelled European countries.
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5.4.3 Actual flow of crop pollination

Realized pollination area represents the actual spatial extent where pollination services are delivered in
agricultural landscapes. Ecologically, it quantifies the intersection between pollinator habitat (supply) and
pollinator-dependent crops (demand), capturing where functional pollination occurs rather than where it
potentially could occur. Economically, it represents the productive agricultural land that receives
pollination services, directly contributing to crop yields and economic output. Within the SEEA EA
framework, realized pollination area constitutes the "actual ecosystem service flow" in physical terms,
which is a core component of ecosystem accounting that measures the tangible biophysical interaction
between ecosystems and agricultural production systems.

Figure 40 illustrates the realized pollination area across Europe from 2020 to 2050 under different climate
and adaptation scenarios. The results show a consistent decline in total realized pollination area over
time across all scenarios, with the steepest losses occurring under low adaptation pathways. By 2050, the
realized pollination area under RCP 7.0 with low adaptation (3.38 million ha) declines by approximately
46.6 % compared to 2020 levels (6.32 million ha), while high adaptation scenarios show more moderate
reductions of 36.8 % (3.99 million ha).

The composition of crops receiving pollination services is dominated by three major crops (sunflower,
rapeseed, and soybean), which collectively account for most realized pollination area. In 2020, sunflower
represented the largest share (58.80 %), followed by rapeseed (38.20 %) and then soybean (2.13 %). By
2050, notable shifts occur in this composition, particularly under high adaptation scenarios where
soybeans' relative contribution increases substantially (9.55-12.00 %). This suggests that agricultural
adaptation strategies that include crop switching and technological improvements may favor soybean
cultivation under changing climate conditions.

Interestingly, the differences in realized pollination area across RCP scenarios (2.6, 4.5, and 7.0) are
relatively modest compared to the pronounced effects of adaptation levels. This indicates that
agricultural adaptation strategies may have a greater influence on maintaining pollination services
than the specific climate pathway, at least within the timeframe examined.
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Figure 40: European-wide total realized pollination flow (area, million ha) over time per
pollinator-dependent field crop type. The realized pollination flow is the intersection between pollinator
habitat (supply) and pollinator-dependent crops (demand).
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Figure 41 presents the percent change in realized pollination area between 2020 and 2050 for individual
European countries across climate and adaptation scenarios. The results reveal striking spatial
heterogeneity in pollination service dynamics across Europe. Most countries (18) show decreases in
realized pollination area by 2050 across all scenarios, with the magnitude of decline generally greater
under low adaptation pathways compared to high adaptation. This reinforces the EU-wide finding that
adaptation measures can substantially mitigate losses in pollination services.

However, several countries exhibit more complex patterns. Denmark, for instance, shows counterintuitive
gains under low adaptation and losses under high adaptation across all RCP scenarios. This unusual
pattern may reflect shifts in crop distribution under different adaptation pathways, where limited
adaptation options may favor pollinator-dependent crops in Denmark's specific agricultural context.
Serbia demonstrates dramatic losses under low adaptation but gains under high adaptation, illustrating
the potential effectiveness of targeted adaptation measures in certain geographic contexts.

A small group of countries shows consistent gains in realized pollination area across all scenarios.
Romania exhibits the largest increases under RCP 2.6, particularly with low adaptation measures. Sweden
shows most substantial gains under RCP 4.5, while the UK achieves optimal outcomes under reference
(medium) adaptation rather than high adaptation.

Two countries display exceptional increases: Ireland shows gains of over 300 % under high adaptation for
RCP 4.5 and 7.0, while Greece exhibits extreme increases of 387 % under high adaptation for RCP 2.6.
These dramatic increases likely reflect significant shifts in agricultural systems under high adaptation,
potentially including expansion of irrigation for pollinator-dependent crops in these regions.

These diverse country-level responses highlight the complex interactions between climate change,
adaptation strategies, and local agricultural contexts. High adaptation, which includes advanced
technologies, improved irrigation systems, and strategic crop switching, delivers substantially different
outcomes across Europe's diverse agroecological zones. The observed patterns suggest that adaptation
strategies must be tailored to specific regional conditions rather than applied uniformly across Europe
to effectively maintain pollination services under climate change.
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Franceq -68.1% -70.1% -65.2% -52.5% -68.7% -71.0% -57.0% -50.8% -66.4%
Poland - -38.3% -36.5% -36.8% -41.5% -41.3% -43.8% -46.8% -43.2% -42 6%
Luxembuurg b -64.8% -50.6% -41.3% -64.8% -43 6% -45 5% -46.8% -36.0% -47 1%
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Finland -3.8% -3.5% -3.5% -5.2% 5.1% -5.0% -4.3% -4.2% -4.2%
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Albania +2 9% +8.2% +6.1% +2 8% +6.9% +5.9% +0.9% +3.0% +H.2%
Serbiaq -28.2% +5.1% +8.7% -40.2% +2 4% +11.8% -25.0% +0.1% +11.8%
United Klngdom b +9.9% +13.7% +0.3% +17.4% +25.9% +4.9% +18.7% +28.3% +d4.0%
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Sweden +55.1% +66.3% +8.3% +63.7% +62.3% +26.8% +63.9% +38.0% +11.5%
Italy- -0.7% -0.9% -10.4% -5.8% -5.8% -10.5% -3.6% -3.3% +75.6%
Morth Macedoniaq -57% +1.5% +92 7% -7.1% +1.1% +83.0% -4.8% +2 7% +87.1%
Por‘tugal b +56.4% +109.6% +113.6% +59.5% +111.5% +115.6% +57.6% +109.7% +112.7%
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Figure 41: Percent change in the actual pollination flow by country, measured by realized pollination area
(million ha) for the 2020-2050 period. Areas shaded in red show a decrease, areas in green show an
increase.
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5.4.4 Monetary evaluation of crop pollination

The monetary evaluation of crop pollination translates the physical flow of pollination services into
economic terms, representing the financial contribution of this ecosystem service to agricultural
production. Ecologically, it quantifies the portion of crop value directly attributable to pollinator activity,
reflecting both the dependency of crops on pollinators and the effectiveness of pollination delivery.
Economically, it provides a tangible measure of natural capital contribution to human welfare, enabling
cost-benefit analyses of conservation measures and adaptation strategies. Within the SEEA EA
framework, realized pollination value constitutes the monetary component of ecosystem service flow
accounts, connecting ecosystem assets to economic activities and supporting the integration of natural
capital into standard economic accounting.

Figure 42 illustrates the projected realized economic value of crop pollination across Europe from 2020 to
2050 under different climate and adaptation scenarios. Our baseline(2020) estimated economic value of
pollination services is approximately 5.23 billion USD annually. This value differs from previously
published estimates, which report substantially larger figures: 22 billion euros (Gallai et al., 2009), 7 to 18
billion USD per year from 1991 to 2018 (Rubinigg Michael, 2024), 14.6 billion EUR per year from 1991 to
2009 (Leonhardt et al., 2013). The discrepancy between our estimated value and the previous estimates
can be attributed primarily to the methodological scope limitations in our assessment framework.
Previous studies incorporated high-value, highly pollinator-dependent crops such as fruit and nuts. Our
analysis was deliberately restricted to crops modelled within the GLOBIOM framework, which excludes
high-value horticultural crops that significantly contribute to previous estimates. This approach ensures
consistent integration with our climate-land use scenarios and provides a standardized baseline for
analyzing relative changes across temporal projections. While producing lower absolute values than
comprehensive assessments, our methodology offers analytical consistency when comparing climate
scenarios and adaptation pathways, which constitutes the primary objective of our assessment.

Looking at our temporal projections, we found that the total economic value of pollination services
consistently declines across all scenarios, with values decreasing to 2.18 to 3.75 billion USD by 2050,
depending on the scenario. The steepest declines occur under low adaptation scenarios, where
pollination value decreases by approximately 55.1 to 58.2 %. In contrast, high adaptation scenarios
demonstrate more moderate reductions of 28.3 to 29.5 %, highlighting the importance of adaptive
measures in preserving pollination services.

The composition of pollination value reveals that three crops of the largest flow (sunflower, rapeseed,
and soybean) consistently account for most of the total pollination economic value across all scenarios. In
2020, sunflower contributed the largest share at approximately 2.86 billion USD (54.8 % of total value),
followed by rapeseed (2.17 billion USD; 41.5 % of total value) and soybean (0.15 billion USD; 2.83 % of
total value). However, this composition changes notably by 2050, particularly under high adaptation
scenarios, where soybean's contribution increases by 13.4 to 15.8 %, while sunflower's relative
contribution declines. Rapeseed shows resilience across scenarios, maintaining or even increasing its
relative economic importance by 2050, particularly under high adaptation scenarios where it contributes
1.31 to 1.39 billion USD (35.1 to 37.6 % of total value). This economic realignment reflects both the
changing distribution of these crops under different adaptation pathways and their relative market
values.
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The economic patterns largely mirror the physical flow trends discussed previously, but with important
distinctions. While the physical pollination area shows relatively modest differences across RCP scenarios,
the economic impacts display greater sensitivity to both climate pathways and adaptation levels. This
suggests that the economic dimension of pollination services may be more vulnerable to climate change
than the physical dimension alone, likely due to climate effects on crop yields and quality beyond simple
area metrics.

Realized Pollination Value (Billion USD)

2030 2040
Year

crop Type I chickpea [ cotton [I] DryBean [ Groundnut || Rapeseed | Soybean | Sunflower

Figure 42: European-wide total realized pollination value (Billion USD) over time per pollinator-dependent
field crop type from GLOBIOM outputs. The realized pollination value represents the financial contribution
of this ecosystem service to agricultural production, accounting for both crop pollination supply and
demand.
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Figure 43 presents the percent change in realized pollination value between 2020 and 2050 for individual
European countries across climate and adaptation scenarios, revealing striking economic disparities in
impact and opportunity.

Most countries (17) experience decreases in pollination value by 2050 across all scenarios, with the
magnitude of economic losses generally greater under low adaptation pathways. Hungary exemplifies
this pattern with dramatic losses of 96-98% under low adaptation across all RCP scenarios, improving to
27-60% losses under high adaptation. Interestingly, Hungary's economic losses decrease from RCP 2.6 to
RCP 7.0, suggesting that warmer conditions might benefit certain pollinator-dependent crops in this
region when coupled with adaptation measures. Bulgaria shows similar patterns with major losses under
low adaptation (74-77%) that improve substantially with higher adaptation (16-26%).

Several countries demonstrate scenario-dependent responses that highlight the critical role of adaptation
strategies. Slovakia and Serbia show losses under low and medium adaptation but gains under high
adaptation across all RCP scenarios. This pattern parallels their physical flow trends and underscores the
economic returns on adaptation investments in these regions. Italy exhibits losses under most scenarios
except for gains under RCP 7.0 with high adaptation, suggesting specific climate-adaptation interactions
that benefit pollination services in this Mediterranean country.

A notable group of countries shows economic gains across nearly all scenarios, including Cyprus, the
Netherlands, Switzerland, the UK, Romania, Portugal, North Macedonia, Ireland, and Greece. These
countries generally demonstrated increases in physical pollination flow as well, but their economic gains
are often proportionally larger, suggesting favorable price effects for pollinator-dependent crops in these
regions. Romania shows the largest gains under RCP 2.6 with low adaptation measures, potentially
benefiting from milder climate change with minimal disruption to existing agricultural systems. Portugal
demonstrates increasing economic returns with increasing adaptation levels across all RCP scenarios,
with optimal outcomes under RCP 4.5.

Ireland and Greece stand out with exceptional economic gains. Ireland shows massive increases of
213-272% under high adaptation for RCP 4.5 and 7.0, while Greece exhibits extraordinary gains of 510%
under high adaptation for RCP 2.6, with similarly extreme increases under other scenarios (473% for RCP
4.5 and 466% for RCP 7.0). These values substantially exceed their physical flow increases, indicating that
economic factors, likely to include crop prices and yield improvements from adaptation technologies,
amplify the financial benefits of pollination services in these countries.

When compared to the physical flow results, the monetary valuation reveals amplified economic effects
in both directions: losses are often more severe and gains more substantial than the corresponding
changes in physical pollination area. This economic leverage effect highlights the critical importance of
valuation in understanding the full implications of changing pollination services under global change.
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RCP 2.6 RCP 4.5 RCP 7.0

Croatia -99.9% -99.1% -99.6% -99.9% -99.1% -89.9% -99.9% -88.4% -89.9%
Spain -88.2% -93.8% -87.0% -7.4% -94.0% -83.8% -76.6% -94.7% -86.5%
Montenegro -64.7% -64.0% -63.8% -64.6% -64.2% -64.2% -65.2% -64.3% -64.7%
Germany -82.6% -73.1% -62.4% -81.5% -71.4% -61.2% -71.8% -60.6% -63.0%
Lithuania - -87.1% -77.6% -55.9% -99.0% -98.9% -80.8% -99.0% -98.9% -80.5%
France -68.5% -70.0% -65.8% -55.8% -68.8% -0.8% -59.5% -54.4% -67.0%
Estonia-| -53.6% -60.7% -57.9% -66.6% -66.9% -66.8% -65.9% -65.4% -65.4%
Belgium -56.0% -57.0% -55.8% -63.8% -56.9% -59.8% -56.0% -56.5% -52.5%
Czechia -56.0% -50.7% -66.4% -58.8% -58.5% -69.4% -60.4% -63.5% -67.7%
Luxembourg -67.9% -55.0% -46.5% -67.9% -53.2% -50.3% -51.5% -41.7% -51.8%
Austria -40.0% -60.4% -36.2% -58.5% -77.3% -58.9% -60.4% -73.1% -54.2%
Poland -33.0% -31.2% -31.4% -36.3% -36.1% -38.1% -41.9% -38.2% -37.1%
Hungary 1 -98.4% -55.7% -59.5% -97.7% -47.4% -43.9% -96.2% -50.0% -26.6%
Bulgaria -76.6% -21.4% -16.0% -79.3% -26.2% -12.6% -73.9% -17.0% -26.3%

Finland -7.6% -7.3% -7.3% -8.9% -8.8% -8.8% -8.1% -8.0% -8.0%

Slovenia -8.7% -0.3% -0.9% -7.1% -1.7% -7.9% -5.8% -6.4% -6.6%
Denmark - -2.3% -8.3% -4.8% -1.8% -14.1% -15.3% -6.1% -6.4% -16.9%

Albania -8.1% +1.3% -3.3% -9.4% -0.4% -2.6% -10.4% -3.9% -2.5%

Slovakia -31.8% -35.4% +5.5% -32.1% -26.2% +6.9% -23.6% -21.1% +7.2%
Netherlands - +8.8% +5.6% +5.3% +12.7% +8.5% +8.5% +14.8% +13.1% +12.5%

Switzerland +14.8% +16.4% +15.0% +4.9% +6.3% +6.1% +9.0% +8.7% +0.4%
Serbia -30.5% +8.4% +12.7% -44.3% +5.7% +16.7% -27.2% +12.8% +16.0%
Cyprus +22.8% +22.6% +22.6% +20.5% +20.4% +20.3% +22.5% +22.4% +22.2%

United Kingdom +11.5% +15.1% +2.3% +19.5% +27.3% +6.9% +20.7% +29.9% +6.0%
Italy -232% -23.4% -23.9% -20.5% -19.4% -24.0% -17.7% -17.2% +55.3%

Sweden +43.9% +50.8% +4.5% +56.9% +55.8% +21.8% +57.2% +32.5% +7.1%
Romania +36.5% +36.7% +75.2% +24.7% +29.6% +73.5% +27.1% +19.3% +73.4%
Latvia -54.2% +40.2% -26.5% -64.6% -64.8% +19.7% -63.9% -62.0% +77.9%
Por‘tugal b +40.3% +80.3% +92.2% +43.5% +080.9% +94.2% +41.9% +89.3% +91.8%
Morth Macedonia -7.0% +2.9% +135.3% -9.6% +2.0% +120.9% -7.0% +4.1% +126.8%
Ireland -8.9% -3.9% +50.0% +45.2% +169.2% +212.9% +06.9% +239.6% +271.7%

Greece +24.2% +56.7% _ +21.4% +52.3% _ +19.9% +51.3% _
e s K s s & o8 o8 &
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Adaptation Scenario

Figure 43: Percent change in realized economic crop pollination value (billion USD) in Europe, by country,
for the 2020-2050 period. Areas shaded in red show a decrease, areas in green show an increase.
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5.5 Conclusion/Key takeaways

Our analysis reveals a concerning "double pressure" on crop pollination in Europe through 2050. On one
side, high-quality pollinator habitat is projected to decline by 12 % to more than 18% across Europe, with
worse losses under higher emission scenarios. On the other side, the area of pollinator-dependent crops
is projected to decline by 27-42%, but with important differences: highly pollinator-dependent crops
(e.g., sunflower) show substantial decreases while moderately dependent crops (e.g., soybean) show
increases. This creates a complex landscape where both pollinator supply and crop demand are shifting,
often in opposite directions.

The economic value of crop pollination services, approximately 5.2 billion USD in 2020, is projected to
decline to between 2.2-3.8 billion USD by 2050, with agricultural adaptation strategies helping moderate
these losses. Most striking is the uneven geographic impact, with many agricultural powerhouses facing
severe losses while other countries could see dramatic increases in pollination services under certain
adaptation scenarios. Crop pollination represents a critical ecosystem service that directly benefits
agricultural production and food security across Europe. Without adequate pollination, yields of many
important crops would decline significantly, affecting both farmer livelihoods and food availability.

Our analysis has several important limitations that point to the next critical steps for research. We
focused on habitat availability rather than actual pollinator abundances, which are essential for service
delivery, and our crop selection excluded high-value crops e.g., fruit and vegetables, that represent a
substantial portion of pollinator-dependent agriculture in Europe. Additionally, our models don't account
for potential adaptations by pollinators themselves or interactions with other stressors like pesticides and
pathogens. The stark geographic differences in pollination service trajectories highlight the need for
regionally tailored conservation strategies rather than one-size-fits-all approaches.

Future research should develop more integrated models that connect habitat quality to actual pollination
delivery, validate projections through field observations, and design adaptation strategies that
simultaneously support agricultural productivity and pollinator conservation, ensuring this essential
ecosystem service continues to support European agriculture in a changing climate.
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