)

WILD
AR

Milestone 6

First model results on preliminary data for above- and
belowground carbon sequestration and for forest

structural indicators related to forest biodiversity
Planned delivery date (as in DoA): M18
Due date of deliverable: 30/06/2025
Work Package: WP2 & WP3

Work Package leader: FVA-BW
Milestone leader: ETHZ
Version: 1.0

Grant Agreement number: 101081177
WILDCARD — HORIZON-CL5-2022-D1-02 / HORIZON-CL5-2022-D1-02-05
Project Acronym: WILDCARD
Effects of rewilding in forests and agricultural lands on carbon sequestration and diversity

Duration of the project: January 1%, 2024 — December 31°, 2027




Funded by
the European Union

WILDCARD — Milestone M6

VERSION HISTORY

08.05.2025 | Francesco Giardina & | ETHZ First draft

Samuel Zweifel
31.05.2025 | Harald Bugmann ETHZ Update

Lucia Seebach FVA-BW
18.06.2025 | Francesco Giardina ETHZ Consolidated version
21.06.2025 | Giorgio Alberti UNIUD Review
23.06.2025 | Francesco Giardina ETHZ Final review
27.06.2025 | Project steering board | All Final approval

CITATION:

Zweifel, S., Giardina, F. Bugmann, H. (2025). Milestone 6. First model results on preliminary data for above- and
belowground carbon sequestration and for forest structural indicators related to forest biodiversity. Horizon Europe
Project No. 101081177, European Commission, 15 pp.

ACKNOWLEDGEMENT

ERCEN Funded by
the European Union

DISCLAIMER

Funded by the European Union. Views and opinions expressed are however those of the au-
thor(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.



Funded by
the European Union

WILDCARD — Milestone M6

Table of Contents

EXECULIVE SUMMANY ....coiiiiiiiiiiiiiiiiiiee ettt 3
KBYWOITS ...ttt 4
1] (oo 18T (o o USRS 5
Proforestation under climate change...............oiiii e 5
The potential for rewilding in a Swiss Central Alps case study ............cceeiiiiiiiiiiiiiiciiee e, 10
(=] 1= =T o7 RSP 13



Funded by
the European Union

WILDCARD — Milestone M6

Executive Summary

Background:

European policymakers are increasingly recognizing rewilding — the process of allowing for-
merly agricultural land to be recolonized by forests (natural afforestation) or the process of
allowing managed forests to self-rewild (proforestation) — as a dual solution for climate-change
mitigation and biodiversity recovery. Yet, there is still no consensus on robust quantitative
frameworks to predict how climate change will alter the long-term structure, carbon balance
and species composition of strictly protected forests, nor how large-scale agricultural land-
abandonment in European ecoregions will unfold. Task 2.3 and Task 3.3 of the Horizon-Eu-
rope WILDCARD project addresses this gap. Milestone 06 delivers the first model results of
the planned tasks as a proof of concept, based on preliminary data from datasets focusing on

Switzerland.
Objectives:

1. Validate a stand-scale forest model (ForClim) against multi-decadal inventory data
from Switzerland’s strict forest-reserve network.

2. Project proforestation trajectories under climate change (SSP2-4.5 & SSP5-8.5)
to 2100 and to equilibrium “potential natural vegetation” (PNV) states for this data set.

3. Quantify rewilding potential in heterogenous Alpine landscapes with the spatially
explicit LandClim model, isolating the roles of climate, disturbance and land use, with

the final aim of deriving a framework to apply in other European ecoregions.

Data and Methods:

e Stand scale: 50 Swiss strict forest reserves (continuous data since the 1950s) used to
initialise & validate ForClim. Model runs extended to 2150 under SSP2-4.5/SSP5-8.5 plus
an end-of-century PNV benchmark.

¢ Landscape scale: LandClim applied to the Surselva valley (Central Swiss Alps), driven

by climate data and contrasting land-use trajectories.

Summary of results:

¢ Model reliability: ForClim reproduces 60+ years of reserve trends in basal area, stem
density and species diversity (R = 0.7-0.9 across metrics).

¢ Climate-driven divergence:
o Warm-dry lowland reserves lose up to 40% basal area by 2100 (SSP5-8.5), threat-

ening current conservation targets.
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o Cold-moist montane reserves gain biomass and structural complexity, potentially en-
hancing carbon stocks and habitat value.
o Species turnover accelerates, with PNV projections indicating marked community

shifts at both extremes of the climatic gradient.

e Alpine rewilding envelope: Preliminary LandClim runs for Surselva show substantial
biomass recovery and habitat-tree recruitment in abandoned farmland zones by 2150,

despite increased disturbance pressure under RCP8.5.

Key messages:

e One size will not fit all. Climate change may lead to highly site-specific dynamics across
the reserves; therefore adaptive, site-specific management will be essential to safeguard
both carbon and biodiversity goals.

¢ Quantitative rewilding metrics. The validated frameworks with ForClim and LandClim
will provide regulators with tractable indicators (basal area trajectories, habitat-tree emer-
gence, carbon pay-off curves) for monitoring nature-recovery targets.

¢ Rewilding can deliver net climate and biodiversity benefits in mountain regions, but
only if disturbance risks and socioeconomic trade-offs (e.g., lost agricultural revenue) are
explicitly accounted for.

« Integration across scales is feasible. Linking local models with continental frameworks
and fire-risk tools will enable coherent European policy guidance and investment prioriti-

sation.

Keywords

Dynamic modelling; Proforestation; Afforestation; Model validation; Basal area change; Spe-

cies composition; Biodiversity indicators; Linker functions.
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Introduction

The forest area in the EU increased by almost ten percent between 1990 and 2020 (EuroStat,
2021). An additional 10-29 million hectares of agricultural land are expected to be abandoned
between 2000 and 2030 (Verburg & Overmars, 2009) that may become available for natural
rewilding (Cook-PaUon et al., 2020). European forests play therefore an important role in na-
ture conservation, and there is also a growing discussion about rewilding as a climate mitiga-
tion strategy. However, despite the importance of the phenomenon in terms of affected area,
the overall consequences of natural rewilding are still heavily debated in science, as they
strongly depend on land use history, and the spatial and temporal scale (Alberti et al., 2022;
Guo & Gifford, 2002; Van Der Zanden et al., 2017). WILDCARD aims to address these
knowledge gaps and to assess the potential contribution of rewilding to achieve the EU Green
Deal objectives on net-zero carbon emissions and biodiversity conservation (Alberti et al.,
2022).

WILDCARD is divided into five Work Packages (WPs). This milestone report presents the
progress achieved to date in the dynamic modelling tasks: Task 2.3 in WP2 and Task 3.3 in
WP3. These efforts project the trajectories of carbon (C) storage and biodiversity over time.
The general objective of WP2 is to assess the development of above- and below-ground car-
bon stock and biodiversity under proforestation (i.e. the abandonment of forest management).
In contrast, WP3 focuses on assessing the same variables in areas across Europe where
agricultural land abandonment (natural afforestation) is expected to occur. Here, we are using
"rewilding" as an umbrella term that encopasses both proforestation and agricultural land

abandonment.

Proforestation under climate change

Here, we present a "Proof of Concept" for quantifying proforestation trajectories, based on an
extensive dataset from strict forest reserves distributed along a wide environmental gradient
in Switzerland (Figure 1). This network includes long-term forest inventory time series dating
back to the 1950s. We used these data to initialise and validate the forest model ForClim
(Bugmann, 1994). Since the vast majority of these reserves were managed - in many cases
intensively - until a few decades before, or even shortly before, their designation as protected
areas, they offer a valuable basis for evaluating the model’s ability to simulate proforestation

trajectories.
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Figure 1: a) Location of the Swiss strict forest reserves within Switzerland and b) environmental gradient
of the reserves. Forest reserves used for the analysis are shown in black, whereas reserves which were
not used for the analysis because they did not match the selection criteria (e.g. too short time series,
very small plots) are shown in grey. The four representative forest sites whose results are shown further
below are highlighted in colour.

The approach developed here will subsequently be applied to simulate and analyse profor-
estation trajectories in forests across Europe. Thus, the present “Proof of Concept” provides
a framework for simulating and analysing proforestation in Europe’s strict forest reserves
(WP2). In a later phase, we will adapt and extend this framework to also simulate and analyse
the rewilding of abandoned agricultural land in Europe (WP3, Task 3.3), which is feasible as

a direct extension of the “Proof of Concept” presented here.

ForClim was initialized with site-specific data from the Swiss forest reserve network. Model
input included historical forest inventory data (species composition, stand structure, biomass)
as well as local climate and soil parameters. Calibration and validation were performed by
comparing simulated outputs with observed changes in C stocks and species composition
over multiple decades. This modelling setup allows for the projection of long-term dynamics
under a no-management scenario, reflecting natural forest development following abandon-

ment.

Our simulations (Figure 2 and 3) indicate that the model is generally able to simulate measured

rewilding trajectories over multiple decades.
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Figure 2: Comparison between the observed and simulated forest state for four permanent plots of
‘illustrative forest reserves (cf. Figure 1) and the target variables stand basal area (BA), stem number
(SN), and a species diversity index (SDI).
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Figure 3: Comparison between the observed (x-axis) and simulated (y-axis) forest state for a) basal
area, b) stem number, and c) species diversity index for the validation data set (i.e., current climate
MRI) of the Swiss strict forest reserves. The diagonal dashed line corresponds to the 1:1 line. The R
coefficients per panel are the Pearson correlation coefficients between the observed and simulated

data.

In the next phase, we leveraged the fact that the model incorporates climatic influences ex-
plicitly and in a semi-mechanistic way, thus enabling its application to assess the impact of
climate change on proforestation trajectories (Marano et al., 2025). To explore this, we simu-
lated the development of the permanent plots of the strict forest reserves up to and beyond
the end of the 215t century, under the Shared Socioeconomic Pathways SSP2-4.5 and SSP5-
8.5 (O'Neill et al., 2017). We also calculated the long-term equilibrium — i.e., the potential
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natural vegetation (PNV) — corresponding to a hypothetical late-of-215'-century climate sce-
nario (defined as the period 2071-2100), as simulated by ForClim. Here, PNV is defined as
the equilibrium forest composition and structure that would emerge at a given site if direct

management ceased, under the specified climate and edaphic conditions.

Our simulations show that climate change (Figure 4) leads to divergent trajectories in the forest
reserve development along the wide environmental gradient covered by the data. Forest re-
serves located at warm-dry areas exhibit substantial reductions in stand basal area (e.g., Bois
de Chénes, Figure 4), whereas cold-wet forests tend to benefit from climate change (e.g.,
Bddmerenwald, Figure 4). Our findings also suggest that climate change may substantially
alter the species composition of the reserves, depending on the severity of climate scenarios,
as reflected in the simulated PNV outcomes (cf. future Potential Natural Vegetation in Figure
4).

a) Reference climate b) SSP2-4.5 c) SSP5-8.5
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Figure 4: Projected BA development to the end of the 21st century and Potential Natural Vegetation
(PNV, bar at the right of each panel) of the four representative permanent plots shown in Figure 2.
Columns a), b), and c) show the development and PNV under the Reference climate, the SSP2-4.5 and
the SSP5-8.5, respectively.
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Outlook

Simulating belowground C dynamics under proforestation will become feasible as we expand
the ForClim model to include a belowground C turnover module- work that is currently in pro-
gress as this Milestone report is being compiled. Furthermore, linker functions, such as those
currently already employed at the landscape scale (cf. next section), will also be integrated
into ForClim to enable the simulation of biodiversity aspects associated with proforestation. In
a subsequent phase, we will adapt the “Proof of Concept” to analyse the rewilding of agricul-

tural land across Europe.
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The potential for rewilding in a Swiss Central Alps case

study

In European mountain regions, rewilding is ongoing since multiple decades and could be a
cost-effective route to restructure local biodiversity and enhance ecosystem C storage, ulti-
mately promoting regional land-surface climate stabilization. However, the net benefits of re-
wilding remain challenging to quantify. The speed and exact trajectory of natural succession
are poorly quantified across the heterogeneous ecosystems of Europe. The landscapes of the
Central Alps are an ideal case study to develop the associated methodology because of their

strong topographic and thus climatic gradients (Schumacher et al., 2004).

We apply the dynamic, spatially explicit landscape model LandClim (Schumacher & Bugmann,
2006) to the Surselva valley (canton Graubiinden, Switzerland), an area of 1300 km? ranging
from 700 m a.s.l. up to well above the treeline, which currently lies at around 2000 m a.s.l.
The associated climatic gradient of the forested zone thus spans a temperature range of ca.
8.5 °C.

LandClim is driven by high-resolution climate data under RCP 4.5 and RCP 8.5 and forced
with alternative land-use trajectories that assume strong abandonment of current agricultural
land while retaining actively managed protective forests. By coupling LandClim with detailed
forest and land-cover information, we track stand-level responses to windthrow, fire and bark-
beetle outbreaks, thereby exploring multiple rewilding pathways over the next century (Bug-

mann et al., 2019; Elkin et al., 2013). Exemplary results are shown in Figure 5.

We are developing an analysis that disentangles the relative influences of climate, natural
disturbances and management cessation on biomass recovery, species turnover and protec-
tive-forest continuity. We provide the first quantitative assessment of rewilding potential for the
Central Alps, offering guidance to regional authorities for prioritizing areas in future evalua-
tions. Ultimately, this framework establishes a benchmark for mountain regions undergoing
rapid socio-economic change and can be scaled up to support European-wide nature-recov-

ery targets.

10
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Figure 5: Sample simulation results for the Surselva study case, showing current basal area (top; m%ha;
model initialization), changes of basal area (BA) until 2150 (middle; m%/ha) and the number (N) of habitat
trees changes (bottom; #/ha with diameter at breast height (DBH) > 80 cm) under an RCP 8.5 climate

change scenario that features considerable land abandonment.

11
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Confirmed case studies

o Switzerland (Northern Alps) — Alpine region, the data is available and ready; mix of profor-
estation and reforestation (responsible partner: ETHZ)

e Romania — Continental region; already running LandClim with a proforestation focus, and
this case study will also deal with afforestation (responsible partner: USV)

o ltaly (Friuli’/Ampezzo) — Alpine (Southern Alps); existing data on basal area and growing
stocks; areas with/without harvesting and ongoing abandonment; the areas overlap with
some high intensity sites (HIS) of WILDCARD, although there is no strict need for this
(responsible partner: UNIUD)

Possible additional case studies (in priority order)

o Wispertaunus, Germany — Continental region (Partner: NW-FVA)
Small area (~1 000 ha). Access to consistent 30 m x 30 m forest data may be difficult,
and the local group currently lacks modelling expertise.

¢ Brabantse Wouden, Belgium — Atlantic region (Partner: EV INBO)
High-quality background data are available, but no local LandClim expertise.

e Sumava Mountains, Czech Republic — Continental region (Partner: VUK)
Scientifically interesting site where rewilding and afforestation are taking place concur-
rently. Some data gaps remain; local climate-modelling capacity exists but is but is cur-
rently bound by other activities in the project.

e Bulgaria — Alpine biogeographic region (Partner: IBER-BAS)
Climate is warmer than in the central European Alps. Biodiversity and LandClim input
data are potentially available, but completeness is unclear.

e Freiburg, Germany — Upper Rhine (proforestation focus) (Partner: FVA-BW)
Digital elevation and climate layers can be sourced from CHELSA, but stand-level data

are sparse (NFI plots every ~4 km) and local modelling expertise is uncertain.

Across all sites, we will rely on harmonized LandClim input datasets (particularly regarding
climate) to enable robust cross-site comparisons while offsetting for differences in external
forcing. The exact choice of datasets is still being finalised, and it will align with those to be

used in Part 1 of this milestone document.

Outlook

Ongoing coordination and cooperation within WILDCARD will elevate the abovementioned

case studies in a European perspective.

12
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First, WR and ETHZ will be aligning the ForClim simulation approach for the hotspot areas (to
be defined/provided by UAV) with that of the European-scale EFISCEN-SPACE model. Both
models will be driven by the same NUTS-2 grid—or, where data density permits, by a shared
pixel grid—so that variables such as carbon gain, habitat-tree emergence and carbon pay-offs
can be compared one-to-one and then up-scaled seamlessly to national and continental

scales.

Second, UNITO will deploy FlamMap for the case study areas, providing process-based fire
risk and metrics to compare with the outputs of LandClim’s disturbance module; this two-way
calibration (LandClim and FlamMap) will deliver a robust envelope of future wildfire risk under

rewilding pathways.

Finally, TUM will integrate these ecological trajectories into a spatially explicit cost-benefit
framework, running joint eco-economic scenarios and convening stakeholder workshops on

site to quantify opportunity costs and broader socio-economic co-benefits.

Taken together, these multiple linkages will ensure that local rewilding experiments transpar-
ently inform Europe-wide nature-recovery targets while avoiding duplication of effort and max-

imising model complementarity.
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