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Abstract

Projections of future changes in biodiversity and ecosystem services (BES) are of increasing importance to inform policy and
decision-making on options for conservation and sustainable use of BES. Scenario-based modelling is a powerful tool to assess
these future changes. This study assesses the consequences for BES in Europe under four socio-environmental scenarios
designed from a BES perspective. We evaluated these scenarios using two integrated assessment models (IMAGE-GLOBIO
and CLIMSAVE IAP, respectively). Our results showed that (i) climate and land use change will continue to pose significant
threats to biodiversity and some ecosystem services, even in the most optimistic scenario; (ii) none of the four scenarios achieved
overall preservation of BES in Europe; and (iii) targeted policies (e.g. on climate change, biodiversity conservation and sustain-
able land management) and behavioural change (e.g. reducing meat consumption, water-saving behaviour) reduced the magni-
tude of BES loss. These findings stress the necessity of more ambitious policies and actions if BES in Europe are to be
safeguarded. We further found that the multi-modelling approach was critical to account for complementary BES dimensions
and highlighted different sources of uncertainties (e.g. related to land use allocation, driving forces behind BES changes, trade
assumptions), which facilitated nuanced and contextualised insights with respect to possible BES futures.
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Introduction

Biodiversity and ecosystem services (BES) are declining, with
potentially serious consequences for human well-being (IPBES
2019; IPCC 2019; MA 2005a; Tittensor et al. 2014). It has been
suggested that biodiversity and some ecosystem services (ES)
(e.g. climate regulation, nutrient cycling) are at increasing risk
of declining beyond the boundaries of humanity’s ‘safe operat-
ing space’ (Rockstrom et al. 2009; Steffen et al. 2015). This has
led to a proliferation of policies and international commitments
striving to halt further degradation, help biodiversity recover
and ensure the future provision of ES critical for human well-
being (e.g. Aichi Biodiversity targets (CBD 2010); EU
Biodiversity Strategy (EC 2011; EC 2020); UN Sustainability
Developments Goals (SDGs; (UN 2015)). To deliver on these
aspirations, it is imperative that decision-making is underpinned
by a firm understanding of the implications of future environ-
mental changes for BES.

In this context, scenario-based modelling can play an impor-
tant role by providing insights into drivers of change and explor-
ing plausible pathways to desirable future environments (e.g.
Harmackova and Vackar 2015; Kok et al. 2018; Mouchet et al.
2017; Posthumus et al. 2010; Priess et al. 2015; Schroter et al.
2005; Schulp et al. 2016). Scenarios describe potential futures
whilst models translate these futures into projected societal and
environmental consequences based on quantitative relationships
between drivers (e.g. climate change, economic development)
and other components of the socio-environmental system (e.g.
nature) (Ferrier et al. 2016). Yet, Hauck et al. (2015) highlighted
that many of the scenarios modelled to date either ignore BES
(e.g. Intergovernmental Panel on Climate Change (IPCC) sce-
narios (IPCC 2000; O’Neill et al. 2015)) or do not systematically
include BES-relevant drivers or policy options in the scenario
design (e.g. Millennium Ecosystem Assessment (MA) scenarios
(MA 2005b)). Thus, there is a need for more integrated environ-
mental scenarios that place BES at the centre of the scenario
development to support decisions on BES policy and manage-
ment at multiple scales (Rosa et al. 2017).

In the OpenNESS project (http://www.openness-project.
eu/), European scenarios were developed to explicitly assess
the conditions leading to changes in BES and providing a
framework to assess the consequences of BES-oriented policy
measures in the context of plausible socio-environmental fu-
tures (Hauck et al. 2019; Priess et al. 2018). In the present
study, we aim to assess the consequences for BES in Europe
under four new future socio-environmental scenarios as de-
veloped in the OpenNESS project. To that end, we used two
complementary integrated assessment models (IAMs): the
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global IMAGE-GLOBIO model (Alkemade et al. 2009;
Schipper et al. 2020; Stehfest et al. 2014) and the European
CLIMSAVE Integrated Assessment Platform (IAP) (Dunford
et al. 2015; Harrison et al. 2016; Harrison et al. 2015). This
enabled us to quantify a broader set of BES indicators and to
assess the consistency of the results, which in turn helps to
identify factors underlying model uncertainty.

IAMs are particularly suited for analysing socio-
environmental futures, as they couple natural and societal sys-
tems within a single modelling framework, thus allowing
more integrated projections of both societal and environmen-
tal change (Harfoot et al. 2014; Stehfest et al. 2014). More
specifically, IAMs offer the possibility to quantify the impacts
of multiple drivers of environmental change simultaneously,
including climate change and land use and land cover (LULC)
change, on various economic sectors, such as agriculture and
forestry, and environmental compartments, such as water, soil
and biosphere (Harfoot et al. 2014; Harrison et al. 2016; IPCC
2014). The simultaneous consideration of multiple dimen-
sions is an essential characteristic of IAMs and it has been
shown that this approach is critical to adequately assess the
magnitude, spatial pattern and direction of environmental
changes (Harrison et al. 2016). In turn, the more holistic as-
sessment of socio-environmental dynamics, including BES, is
vital for better-informed planning and decision-making
(Harrison et al. 2016; Harrison et al. 2018; IPBES 2016;
Kirchner et al. 2015).

IAMs have a long history of global-scale applications to
assess likely impacts of possible changes in socio-
economic drivers on climate change to support climate
policy formulation at an intergovernmental level (Harfoot
et al. 2014; IPCC 2014). IAMs have also been applied to
derive policy-relevant insights on BES changes at both
global (Alcamo et al. 2005; Kok et al. 2018; Krause et al.
2017; Kraxner et al. 2013) and regional scales (Dunford
et al. 2015; Kirchner et al. 2015; Reidsma et al. 2006;
Verboom et al. 2007). However, [AMs differ considerably
in terms of underlying assumptions and the representation
of processes and interactions between sectors (Alexander
et al. 2017; Harfoot et al. 2014; Prestele et al. 2016;
Schmitz et al. 2014; Stehfest et al. 2019). For instance,
Alexander et al. (2017) compared LULC projections across
18 different IAMs and demonstrated that model uncertain-
ty was greater than scenario uncertainty. Scenario out-
comes therefore depend not only on the scenario itself,
but also on the IAM used to quantify the storyline,
highlighting the need to account for model uncertainty in
the BES projections made.
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Method
Scenario development

In the OpenNESS project, the BES-focussed scenarios for
Europe were developed through an integrative and participa-
tory development process involving a variety of stakeholders
and end-users from both European and regional level, includ-
ing representatives from the general public, NGOs, economic
sectors, authorities and policymakers (for more detail, see
Priess et al. (2018)). The scenario development entailed the
creation of storylines describing plausible future socio-
environmental development pathways for Europe, varying so-
cial, technological, economic, environmental and policy de-
velopments. The four scenarios were developed at the inter-
section of two main axes representing key uncertainties ex-
pected to influence BES: (i) whether future policies are sec-
toral or integrated across sectors (cross-sectoral) and (ii)
whether responsibilities are devolved between European na-
tions or concentrated at the level of the European Union.
These two axes resulted in four future worlds (Box 1): (1)
United-We-Stand (UWS), (2) Wealth-Being (WB), (3) Eco-
Centre (EC) and (4) Rural Revival (RR) (Priess et al. 2018).

Box 1 Overview of the four scenarios (Priess et al. 2018)

United-We-Stand (UWS)—sectoral responses and concentrated
responsibilities. The UWS scenario is described by the strong
globalisation of trade flows and represents a world where technology is
seen as a solution to environmental challenges, coordinated by a strong
EU. The sectoral focus on technological solutions to individual
problems, however, limits the perceived need for behavioural change
and prevents an explicit focus on cross-sectoral issues such as the
environment.

Wealth-Being (WB)—sectoral responses and devolved responsibility. The
WB scenario exemplifies a future where individualism and
consumerism lead to a highly fossil fuel-dependent world driven by
economic growth, yet with large disparities between countries and a
lack of international cooperation and trade. Environmental policies are
limited as only provision services are prioritised.

Eco-Centre (EC)—cross-sectoral responses and concentrated
responsibilities. The EC scenario focuses on cross-sectoral thinking
where BES is highly integrated within policy. Both technological and
behavioural changes are adopted to restrict environmental impacts,
leading to limited economic growth. Sustainable farming and
eco-friendly behaviour are promoted. International trade is restricted to
prevent outsourcing of impacts of European land use decisions.

Rural Revival (RR)—cross-sectoral responses and devolved
responsibilities. The RR scenario reflects a world where localism is the
focus of environmental management, including a back-to-nature
movement and revitalisation of traditional farming. Policies explicitly
consider cross-sectoral impacts on the environment, but decisions are
made at national and sub-national scales, with limited coordination and
cooperation for addressing environmental concerns.

In addition to the storylines, participants within the scenario
process quantified changes in key drivers of BES, such as human
population size, gross domestic product (GDP), dietary prefer-
ences and technology development. To do this, assumptions

were made on specific elements highly relevant to BES-related
decision-making, including some major political, social and eco-
nomic changes taking place, and the attitudes to land use and
environmental conservation. For example, the EC scenario in-
cludes coordinated cross-sectoral policies targeted at BES that
are represented by changes in human behaviour (e.g. promoting
water-saving practices, changing to lower-meat diets), environ-
mental policies (e.g. increasing protected areas, setting aside land
for nature) and technology (e.g. increasing water-saving technol-
ogy, but lower increases in technological intensification). In com-
parison, the UWS scenario focuses on technological approaches
(e.g. increasing crop productivity and water-saving technolo-
gies), with limited efforts towards behavioural change and nature
conservation. The main characteristics of the scenarios are de-
scribed in Table 1.

Scenario implementation

The scenario implementation involved an iterative process be-
tween the scenario development and modelling team to agree on
quantitative levels for key drivers that act as input variables to the
models. The modelling team included experts from a variety of
relevant physical, biological and social science disciplines who
specialised in climate change, land use change, biodiversity and
ecosystem services. We used two [AMs: (1) ‘IMAGE-
GLOBIO’, combines the integrated assessment model IMAGE
(Stehfest et al. 2014) with the GLOBIO-3.5 biodiversity model
(Alkemade et al. 2009; Schipper et al. 2016), and (2)
‘CLIMSAVE IAP’, the CLIMSAVE Integrated Assessment
Platform, a regional IAM for Europe (Dunford et al. 2015;
Harrison et al. 2016; Harrison et al. 2015). Both models are
capable of simulating the combined impacts of socio-economic
and environmental changes (i.e. LULC and climate change) on
multiple components of human-environment systems including
BES (Alkemade et al. 2009; Dunford et al. 2015; Schulp et al.
2012). The models project changes in BES for a given scenario
by taking into consideration a number of factors including (a) the
biophysical constraints that limit or enable growth of vegetation
(e.g. land characteristics, climate); (b) socio-economic factors
that influence the demand for commodities (e.g. human popula-
tion change, GDP and diets); and (c) socio-economic factors that
modify the supply of commodities (e.g. agricultural technology,
land management practices). Input variables (e.g. human popu-
lation size, GDP per capita, changes in meat consumption, agri-
cultural productivity and protected areas) and input settings were
customised as closely as possible to the characteristics identified
by the scenario developers (Priess et al. 2018) (Table 1 and
Table S1). It was possible to fully customise the CLIMSAVE
IAP to the European storylines as the model includes a user-
friendly interface that allows stakeholders to manipulate its input
settings (Harrison et al. 2015). Because IMAGE-GLOBIO is a
global model, the key input values for the European OpenNESS
scenarios (such as GDP, human population size and climate)
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Table1 Main characteristics of the four scenarios. Symbols indicate the change relative to the baseline year (2010) and the number of symbols reflects
the magnitude of change, ranging from a strong decrease (—) to strong increase (++). Blank cells reflect no change relative to the baseline
Scenario drivers United-We-Stand Wealth-Being (WB) Eco-Centre (EC) Rural Revival (RR)
(UWS)
Policy responsibilities Concentrated Devolved Concentrated Devolved
Policy types Sectoral Sectoral Cross-sectoral Cross-sectoral
Population + - -
GDP + ++ --
EU imports ++ - - --
Technology: agricultural ++ ++ + --
Technology: water saving ++ + ++
Water-saving behaviour - - ++ ++
Vegetarianism - - =+ ++
Agricultural land set aside for nature + +
conservation
Protected areas - ++ +
Global climate context RCP 4.5 RCP 8.5 RCP 6.0 RCP 8.5
Global socio-economic context SSP1 ‘Sustainability” SSP5 ‘Fossil-fuelled SSP2 ‘Middle ofthe ~ SSP3 ‘Regional
development’ road’ Rivalry’

were aligned to the global storylines of the Shared Socio-
economic Pathways (SSPs) (O’Neill et al. 2015). This was
achieved by matching trajectories of populations and GDP whilst
taking into consideration the storyline, logic and characteristics
corresponding to similar archetypes of scenarios (Cheung et al.
2016). This led to a mapping of UWS to SSP1, WB to SSP5, EC
to SSP2 and RR to SSP3, and enabled IMAGE-GLOBIO to
simulate plausible European developments within a consistent
global context. Further, the climate change projection corre-
sponding to the SSPs was used (Van Vuuren and Carter 2014)
(Table 1 and Table S1). The CLIMSAVE IAP model has a
different set of climate change scenarios integrated into its model
architecture. To match the climate change input data across the
two IAMs as closely as possible, the CLIMSAVE AP simula-
tions were based on the RCP4.5 emissions scenario coupled with
the climate model which displayed the most similar spatial pat-
terns of average precipitation and temperature to those of
IMAGE-GLOBIO’s SSPs in 2050. Although the exact magni-
tude of some scenario input values differed between the models,
the relative magnitude and direction of change across the four
scenarios were consistent to ensure the model outputs for BES
were comparable (Table S1).

Modelling and analysis

Implications of the scenarios were calculated for a number of
LULC and BES indicators (Table 2). To enhance comparability
between the outputs of the two models, we used three overarch-
ing LULC classes, i.e. ‘cropland’, ‘grassland’ and ‘forest’
(following Alexander et al. 2017). The ‘grassland’ class used
here includes both grass used for livestock production and areas
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of natural or unmanaged land that is not used for trees or crops.
This corresponds to the intensive and natural grassland classes in
IMAGE-GLOBIO and the intensive and extensive grassland
classes represented in the CLIMSAVE IAP. In addition, the
CLIMSAVE IAP’s land use class ‘unmanaged land’ (which rep-
resents land not needed or unsuitable for agricultural production
and with a low net primary productivity) was post-classified with
reference to CORINE land cover (CLC 2000), to the best
matching underlying land use class depending on whether it
was ‘forest’, ‘grassland’ or ‘non-vegetated land’ in CORINE.

Nine ES indicators and two biodiversity indicators were se-
lected from the outputs available from the two [AMs (Table 2).
The selected indicators cover a broad range of BES aspects,
including (i) provisioning services (i.e. wild food availability,
food crop provision, timber provision, water availability), (ii)
regulating services (i.e. pest control, soil erosion control, global
carbon regulation) and biodiversity (i.e. mean species abundance
indicator (MSA), species habitat suitability indices (SHSI)).
Some of these aspects were represented by only one of the two
models (hence complementary) and some were covered by both
IAMs, thus allowing an assessment of model uncertainty.
IMAGE-GLOBIO calculates the indicators at a 0.5° by 0.5°
spatial resolution, whilst the CLIMSAVE AP computes them
on a finer 10" by 10’ grid cell resolution. To provide spatially
consistent datasets, the model outputs were aggregated for the
European Union (i.e. EU 27), Switzerland and Norway and data
were summarised to this extent. All indicators were calculated for
each of the four scenarios at the end of the simulation period
(2050) and for the baseline year (2010) to allow relative changes
in the indicator values to be calculated as (X>050 — X2010)/X2010
where X represents the indicator.
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Table2  Description of output indicator variables derived from the Integrated Assessment Models (adapted from Alkemade et al. 2009; Dunford et al.
2015; Stehfest et al. 2014)

Model Indicator (unit) Description

Land use / Land cover (LULC)

Both Cropland, forest, grassland Land use is represented by the modelled area of each land use class. Area is calculated as % of grid

cell and multiplied with the area of the grid cell.
Provisioning services

-G Wild food availability (M ton/year) Wild food availability is defined by the total production of terrestrial wild food (i.e. game,
mushrooms and berries) potentially available based on a correlation between national and

international hunting and gathering statistics and land cover type (Schulp et al. 2012).
Both Food crop production (ton fresh
weight/year)
IAP Timber production (Mt/year)

IAP Water Exploitation Index (WEI)
(remaining water >WEI 0.4)

Food crop production is defined by the potential productivity of key food crops (i.e. cereals, rice,
maize, pulses, roots and tuber, oil crops) and the actual availability of land for crop production.

Timber production from managed forests.

Water availability is modelled taking into consideration agricultural, industrial and domestic demand
on the water resource and then compared with a threshold at which severe water stress is expected.
(i.e. > WEI 0.4) (40% ratio between water availability and water use) (Alcamo et al. 2007).
Negative numbers indicate threshold exceedance.

Regulating services

I-G  Pest control (% of cropland sufficiently
protected)

Pest control services are defined by the predation rate in cropland areas. This rate is calculated based
on the relationship between the percentage of pests killed and the percentage of natural vegetation
within grid cell. The service is considered present when the predation rate is above a threshold at
which pest control can be effective (> 36%) (Hawkins and Cornell 1994).

I-G  Soil erosion protection (% area with low Soil erosion protection is expressed as the area of erosion-sensitive land use (i.e. cropland, urban
soil erosion risk) areas, managed grassland) that is sufficiently protected against soil erosion by the presence of
vegetation. Erosion protection is delivered sufficiently when soil erosion risk is low to moderate
(<0.30 Erosion Index following Hootsmans et al. 2001). The erosion risk is calculated as a
function of soil and landscape characteristics (i.e. elevation, LULC) and rainfall intensity
following the Universal Soil Loss Equation (USLE) (Batjes 1996).

The net ecosystem productivity (NEP) is used as a proxy of CO, sequestration by vegetation. The
NEP is defined by the difference between net primary productivity (NPP) of terrestrial ecosystems
and soil respiration.

I-G Carbon sequestration (ton C/year)

Total carbon stored in biomass of areas under intensive agriculture, extensive agriculture, forests and
unmanaged land.

IAP Carbon sequestration (ton C/year)

Biodiversity
-G Mean species abundance (MSA)
(dimensionless 0—1)

The MSA represents the mean abundance of original species compared to their mean abundance in
an undisturbed reference situation. The MSA is calculated based on quantitative relationships with
several pressure variables (including temperature change, nitrogen deposition, land use)
established based on meta-analyses of literature data (Alkemade et al. 2009; Schipper et al. 2016).

The SHSI is based on habitat suitability modelling for 107 species. A grid cell contributes to the
available habitat if 5% of the cell contains an appropriate climate and land use. Land set aside for
biodiversity contributes to the available habitat. The index is calculated as the total number of grid
cells with suitable climate and habitat for each species and divided by the total number of species.
Arable, Forest and Heath indicators are subsets of the total species indicator.

IAP Species habitat suitability index (SHSI)
(# grid cells)

I-G, IMAGE-GLOBIO model; /AP, CLIMSAVE IAP model

Results

Future changes in biodiversity and ecosystem services
at the European scale

The sectoral, technology-focussed UWS scenario projected a
strong decline in cropland and a consequent expansion of
forest areas (Fig. 1). The cropland decline reflects a combina-
tion of decreasing food demands (diet change), a significant
increase in production efficiency due to technological

development, and an increase in imports of agricultural prod-
ucts due to liberal trade policy. Food production within
Europe was projected to increase in IMAGE-GLOBIO, due
to agricultural intensification, but decrease in the CLIMSAVE
IAP as a result of increased imports reducing demand for food
produced within Europe. As a result of the LULC changes,
increases were projected for wild food and timber provision as
well as regulating ES, such as pest control, soil erosion control
and to some extent carbon sequestration. For biodiversity,
IMAGE-GLOBIO projected a decrease in MSA values in
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spite of an increase in (semi-)natural habitats (i.e. forest and
grasslands), reflecting the influence of climate change. The
CLIMSAVE IAP projected a decrease in the overall SHSI,
primarily driven by a decline in farmland habitats, but saw
an increase in the forest SHSI due to increases in forest areas.

The import-restricted, wealth-focussed WB scenario re-
vealed similar LULC changes to UWS (i.e. less cropland
and more forest), but changes were less pronounced (Fig. 1).
This reflects that WB is characterised by higher food demands
within Europe due to increases in population size and prefer-
ences for meat, and lower levels of international trade.
Furthermore, timber provision was highest in WB, reflecting
technological efficiency and reforestation of abandoned crop-
lands. Water availability, however, was projected to decline,
despite water-saving technology and increased irrigation effi-
ciency. Pest control and soil erosion regulation were projected
to increase, facilitated by the conversion of abandoned crop-
land areas into (semi-)natural habitats such as forest and grass-
land. However, the level of soil erosion risk was high (i.e. a
relatively small increase in erosion control when compared to
the base year) due to severe climate change, resulting in more
extreme events. Carbon sequestration was projected to decline

(IMAGE-GLOBIO) or show no change when compared to the
base year (CLIMSAVE IAP), whilst biodiversity was
projected to decline, both in IMAGE-GLOBIO and the
CLIMSAVE IAP.

In the EU-coordinated, BES-focused EC scenario,
IMAGE-GLOBIO projected an increase in forests and grass-
lands as a result of a decline in cropland areas (Fig. 1). Despite
this decline, there was no change in overall food provision due
to technological developments within the agricultural sector,
population decline and dietary change (i.c. increased vegetar-
ianism). In contrast, CLIMSAVE IAP showed an increase in
cropland area and food production, despite the changes in diet,
driven by a decrease in EU food imports alongside the lower
level of agricultural intensification than in the UWS and WB
scenarios. Timber, water provision and wild food availability
showed little change whilst regulating services such as pest
control and soil erosion control showed moderate increases.
Carbon sequestration showed a strong (IMAGE-GLOBIO) to
moderate (CLIMSAVE IAP) decline. In IMAGE-GLOBIO,
biodiversity values declined to similar levels as in UWS, in
spite of an increase in protected arcas (Table S2). In
CLIMSAVE IAP, biodiversity showed no net overall change,

Model | Indicator (unit) UWS | WB | EC | RR
A0 C d O DVE ato

I-G Cropland area (km") R P

IAP Cropland area (km?) ++ | +4

I-G Forest area (km®) ++ |+ +

IAP Forest area (km®) ++ --

I-G Grassland area (km”) + + +

IAP Grassland area (km?) - |-

Pro 0 g Se e Indicato

I-G Food crop production (ton fresh weight/year) + ++ =

IAP Food crop production (ton fresh weight/year) -- ++

I-G Wild food availability (M ton/year) + +

IAP Timber provision (Mt/year) + ++ -

IAP Water provision (remaining water >WEI 0.4) -

Regulating Se e Indicato

I-G Pest control (% of cropland sufficiently served by services) ++ [ ++ | ++

I-G Soil erosion control (% area with low soil erosion risk) ++ + +4+ |+

I-G Carbon sequestration (NEP) (ton C/year)

IAP Carbon sequestration (ton C/year) --

Biodive ato

I-G Mean Species Abundance (dimensionless) e I U

IAP Species habitat suitability Index (all habitats) (# grid cell) - -- -

IAP Species habitat suitability Index (arable habitats) (# grid cell) - -- |- -

IAP Species habitat suitability Index (forest habitats) (# grid cell) ++ |- + --

IAP Species habitat suitability Index (heathland habitats) (# grid cell) | - - -- |+ +

Fig.1 Changes in future land use/land cover, biodiversity and ecosystem
service indicators. Symbols indicate the direction of change relative to the
baseline year (2010) and the number of symbols reflects the magnitude of
the change, where +/— represents > 5%, ++/-- represents 5-10% and
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+++/--- represents 10-25% change. Blank cells indicate no change
within =5 to +5% relative to the baseline. Model: I-G = IMAGE-
GLOBIO; IAP = CLIMSAVE IAP
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with small declines in SHSI for cereal field margin species and
improvements for forest and heathland species, as a result of
relatively moderate changes in LULC and efforts to integrate
land for nature within agricultural land.

Both LULC change and underlying drivers showed similar
patterns in the localism-driven, cross-sectoral RR scenario as
in the EC scenario. Cropland areas and food production in-
creased in CLIMSAVE IAP, whilst both decreased in
IMAGE-GLOBIO (Fig. 1). Changes in food provision, how-
ever, were lower in RR in IMAGE-GLOBIO reflecting lower
food demands as a result of a significant shift towards vege-
tarianism and population decline. Under CLIMSAVE IAP,
the increased vegetarianism and population decline are how-
ever not sufficient to compensate for the decrease in agricul-
tural technology and the steep decline in food imports, which
necessitates agricultural expansion to increase the amount of
food produced within Europe to meet local demand. With
respect to regulating ES, pest control and soil erosion control
increased. Erosion control showed a relatively small increase
when compared to the base year due to the higher service
demand (i.e. more cropland) and more severe climate change.
In contrast, timber and carbon sequestration were projected to
decline strongly, reflecting deforestation in the CLIMSAVE
IAP and climate-induced increases in soil respiration in
IMAGE-GLOBIO. Despite low levels of water-saving tech-
nology, there were no major changes in water provisioning.
Changes in SHSI were similar to those observed for the EC
scenario with an increase in the heathland SHSI due to efforts
to set aside land for habitat conservation (such as heathland
habitat). However, additional pressures from forest loss led to
a lower overall SHSI value. IMAGE-GLOBIO’s MSA values
declined, to a slightly greater extent when compared to the EC
scenario (Table S2).

Understanding differences between models

The models produced similar output variables for three sets of
indicators which enable direct comparison: (i) three LULC
indicators (i.e. cropland, forest and grassland area), (ii) two
ES indicators (i.e. food crop production and climate regula-
tion) and (iii) two biodiversity indices (i.e. MSA and SHSI).
Although the two models largely agreed on the areas of crop-
land, forest and grassland estimated for the base year 2010
(Fig. S1), projected future LULC changes were mostly smaller
in IMAGE-GLOBIO than the CLIMSAVE IAP (Fig. 2).
Furthermore, the changes in LULC projected by IMAGE-
GLOBIO were more similar across the four scenarios, with
all four scenarios resulting in decreases in cropland, increases
in forest and increases in grasslands. Projections from the
CLIMSAVE IAP showed considerably more variability
across the scenarios, with cropland increase and forest de-
crease in some scenarios (EC, RR) but vice versa in others

(UWS, WB). Grassland generally decreased in all scenarios
apart from a small increase in RR (Fig. 2).

Differences in the LULC changes projected by the two
models reflect differences in land use allocation as well as
differences in settings related to international trade.
CLIMSAVE IAP allocates land which is not needed for agri-
cultural purposes primarily to forest (Fig. 2a and c), defined by
the net primary productivity (NPP)—if the NPP is positive
and greater than the grass yield of extensive grass, the land
is allocated to forest, else grassland (Audsley et al. 2015). In
contrast, IMAGE-GLOBIO replaces abandoned cropland by
natural land cover (i.e. forest or grassland) according to the
proportion of land cover types present in that grid cell under
baseline conditions (Schipper et al. 2016). A second key dif-
ference relates to the representation of trade. In IMAGE-
GLOBIO, croplands decline when European food demands
can be met by international imports, whilst in the
CLIMSAVE IAP, food imports to Europe are part of the sce-
nario settings and agricultural demands that are not met by
imports have to be fulfilled within Europe, leading to the
expansion of cropland areas (Fig. 2b and d). IMAGE-
GLOBIO’s food imports to Europe were estimated based on
international food production and intercontinental trade dy-
namics driven by the overarching SSP scenarios, which en-
sures that commodities are produced in line with demand and
supply on the global market, allowing cropland areas to de-
cline even in the most strongly constrained international trade
scenario (Fig. 2d). These boundary conditions drive the mag-
nitude of LULC change within Europe. In contrast, the
CLIMSAVE IAP defines food imports to Europe as part of
the iterative process between scenario developers and model-
ling teams to represent the scenario storyline as closely as
possible. Hence, if food imports decrease in the scenario (i.e.
WB, EC and RR), then more food has to be produced within
Europe to meet local demand, either through an increase in
technological development (i.e. WB) or by an expansion of
cropland areas (i.e. EC and RR). Conversely, if food imports
to Europe increase in the scenario (i.e. UWS), then this re-
leases land for other purposes, such as forestry, and resulting
land use coverages (i.e. percentage areas) tend to be more
similar to those modelled by IMAGE-GLOBIO (e.g. UWS)
(Fig. 2a).

With regard to ecosystem services, the two models agree
on the total food crop production in the base year 2010
(IMAGE-GLOBIO: 736 million ton; CLIMSAVE IAP: 792
million ton). However, the models differ in their future pro-
jections, reflecting differences in models’ settings regarding
international trade, as discussed above. As a result, the scenar-
ios with trade restrictions (i.e. WB, EC and RR) project larger
food crop production in the CLIMSAVE IAP than in IMAGE-
GLOBIO (Table S2). With regard to carbon sequestration, the
two models differ in the projected total amount of carbon
sequestered and in the direction of change. In IMAGE-
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Fig. 2 Future land use / land
cover (i.e. urban, cropland, forest,
grassland) distribution and its
relative change projected by the
two models for the four scenarios
a) United-We-Stand, b) Eco-
Centre, ¢) Wealth-Being and d)
Rural Revival
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GLOBIO, carbon sequestration is a function of both land cov-
er (such as forest) and climate. Increases in temperature and
atmospheric CO, concentrations induced by climate change
are assumed to enhance plant growth, resulting in increased
carbon uptake by plants in the most severe climate change
scenarios. However, soil carbon losses also increase with
warming, which may offset or even decrease net carbon se-
questration (Schroter et al. 2005; Zaehle et al. 2007). As a
result, climate regulation services are projected to decline in
all four scenarios in IMAGE-GLOBIO, although the decline
is lower in the more extreme climate change scenarios
(Table S1 and S2). In CLIMSAVE IAP, climate regulation
services are primarily driven by changes in forest carbon
stocks, so scenarios that project increases in forest areas (i.e.
UWS and WB) result in higher carbon storage values.
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Whilst the biodiversity metrics used by the two IAMs high-
light a different aspect of biodiversity, both indices project a
further decline of biodiversity (Fig. 1) despite increases in
(semi-)natural habitats (i.e. forest and grasslands) (UWS,
and to some extent WB) and/or increases in protected areas
and agricultural land set aside for nature development (EC and
RR). MSA values in IMAGE-GLOBIO showed only de-
clines, with the largest decline in the scenario with the largest
global mean temperature increase (i.e. WB) (Table S1). This
may reflect that MSA—which can only decrease in response
to warming (Nunez et al. 2019; Schipper et al. 2020)—shows
a stronger response to climate change than to LULC change in
the scenario analysed. Conversely, CLIMSAVE IAP’s SHSI
values showed more variable outcomes, including declines as
well as increases, which may reflect that LULC was more
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prominent in CLIMSAVE IAP than in IMAGE-GLOBIO
(Fig. 2). In line with this, we found the greatest change in
biodiversity occurring in the scenarios with the greatest
LULC changes (i.e. WB and UWS). In addition, the break-
down of species by habitat preferences in CLIMSAVE IAP
results in a more diverging biodiversity response. For exam-
ple, farmland species and heathland species were better off in
RR and EC, whilst forest species were projected to benefit in
UWS and EC.

Discussion

Future developments of biodiversity and ecosystem
services in Europe

Our projections of four future socio-environmental scenarios
indicate that climate and land use change will continue to pose
significant threats to biodiversity and some ES. Although
targeted policies (e.g. on climate change, biodiversity conser-
vation and sustainable land management) and behavioural
change (e.g. reduced meat consumption, water-saving behav-
iour) reduced the extent of BES changes, none of the four
scenarios achieved overall preservation of BES in Europe.
Against the backdrop of recent developments in the
European and global biodiversity policy arenas (e.g. the EU
biodiversity strategy, CBD post-2020 biodiversity strategy),
our results thus stress the message that achieving European
and global biodiversity goals requires ambitious actions and
policies, including the expansion of protected areas as well as
measures which go beyond traditional area-based conserva-
tion. There are two main explanations why the scenarios sim-
ulated here were insufficient to counteract overall BES de-
cline: (i) the magnitude of change in the factors limiting the
decline in BES (i.e. conservation measures, technological de-
velopment within the agricultural sector, climate change mit-
igation, reduced food demand) was too low, and (ii) trade-offs
between BES occurred (i.e. improvements in one aspect of
BES resulting in losses in another) due to complex interde-
pendencies within human and environmental systems.

As our scenarios were exploratory rather than target-
seeking (Pichs-Madruga et al. 2016), conservation measures
were defined that were consistent with the scenario assump-
tions rather than tuned to meet predefined BES targets.
Although a coherent portfolio of conservation measures was
implemented in the EC scenario (e.g. land set aside,
expanding protected areas or reducing meat consumption;
Table 1), even this scenario fell short in halting or reversing
the downward trend in biodiversity loss by 2050. In this re-
spect, our model projections may help to identify the most
effective measures and strategies. We found, for example, that
technological development, such as the promotion of water-
saving technologies, improved and more efficient irrigation

technology, agricultural mechanisation and improving agri-
cultural yield, can play a key role. Especially the further in-
crease in yields (i.e. production per unit area), as illustrated by
ongoing increases in agricultural productivity in Europe
(Schils et al. 2018), reduces the demand for agricultural land.
When undertaken sustainably, this in turn offers opportunities
for the restoration of (semi-)natural habitats, benefiting asso-
ciated biodiversity (e.g. forest species) and ES (e.g. soil ero-
sion, pest control), as illustrated by the UWS and WB scenar-
ios. Conversely, minimal technological use (as illustrated by
RR) necessitates increases in cropland area with considerable
impacts on BES if food demands cannot be met by imports.
Attempting sustainable agricultural intensification, as illustrat-
ed by the EC scenario, resulted in the least overall land use
change in both models, helping to minimise habitat loss.
These findings are in agreement with Kok et al. (2018), who
demonstrated that achieving global biodiversity targets (i.e.
halting loss of biodiversity) requires considerable changes in
land management practices by different sectors. These chang-
es may include the implementation of sustainable forestry
practices, such as reduced impact logging, or more sustainable
or ecological intensification of the agricultural sector, for ex-
ample by intercropping, agroforestry, resource efficiency or
intertwining agricultural landscapes with natural elements or
corridors. Agri-environmental schemes, such as providing
subsidies to farmers to set aside productive land for biodiver-
sity conservation (e.g. extensive grasslands, field margin
strips), have been shown to be an important policy instrument
to protect European biodiversity in agricultural landscapes
(Kleijn and Sutherland 2003; Van Buskirk and Willi 2004).
The CLIMSAVE IAP model underlines this potential as pro-
jections illustrate that setting aside productive land for other
habitats leads to lower loss of non-arable species (as illustrated
by EC when compared to other scenarios). We note that nei-
ther of the two models is sufficiently detailed in the differen-
tiation of land use categories to address the benefits and trade-
offs of subtle differences in land management practices. The
broad categorisation of land use/management in terms of in-
tensive versus extensive agriculture does not allow the effects
of agroforestry, silvopasture or organic farming, for example,
to be analysed pointing at a need for future research within
BES scenario development and modelling.

Our results further indicate that behavioural change (e.g.
reducing food demand through dietary change), as exempli-
fied by RR and EC, can play a key role in avoiding future loss
of BES. This is in line with previous studies showing that
changes in consumption patterns (e.g. reduction in (food)
waste, limiting the per capita intake of animal products) re-
duce land demand and conversion (Stehfest et al. 2009;
Willett et al. 2019) and illustrates a critical pathway to safe
future BES (Chan et al. 2019; Erb et al. 2016; Kok et al. 2018;
Rondinini and Visconti 2015; Visconti et al. 2016). Results
from the CLIMSAVE IAP model highlight the importance of
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dietary changes in influencing LULC and BES change, but
show that other factors also need to be considered within a
policy mix for this to be effective. For example, in both EC
and RR, trade restrictions on food imports were found to drive
increases in cropland and food provision despite quite signif-
icant changes in dietary preference. Moreover, diet changes
alone might be insufficient to reduce future climate change,
which may pose an increasingly important additional threat to
biodiversity. The projections from IMAGE-GLOBIO re-
vealed climate change—induced biodiversity loss in all scenar-
ios (Table S1 and Table S2), emphasising the relevance of
climate policy for meeting global and European biodiversity
targets, such as those in the EU post-2020 biodiversity strate-
gy (Hof et al. 2018; IPBES 2019; IPCC 2019).

Trade-offs among BES provide a second explanation as to
why none of our scenarios was beneficial overall. Trade-offs
among BES are common (Harmackova and Vackar 2015;
Mouchet et al. 2017; Schulp et al. 2016) and highly dependent
on management choices (Bennett et al. 2009; Rodriguez et al.
2006). A common trade-off is the increase in provisioning
services at the expense of regulating and supporting services
(incl. biodiversity), which was especially prominent in the
economic wealth-focussed WB scenario. This trade-off was
less pronounced in scenarios with more sustainability objec-
tives (e.g. mitigation of climate change, reduced meat con-
sumption, nature conservation measures), as illustrated by
the EC and UWS scenarios. Trade-offs between BES may
also occur in space (Rodriguez et al. 2006). In our study, the
promotion of coordinated international trade allowed cropland
areas in Europe to decline without compromising European
food security. Abandoned cropland can then be used for res-
toration or rewilding, with potential benefits for BES in
Europe (Navarro and Pereira 2015; Torok et al. 2011). Agri-
environment schemes may provide another opportunity to
maintain biodiversity especially in agricultural marginal areas
(Kleijn and Sutherland 2003; Van Buskirk and Willi 2004).
Yet, enhanced imports of food may result in the loss of biodi-
versity and degradation of ES elsewhere in the world, due to
replacement of natural habitat by agricultural land (Schroter
et al. 2018; Steen-Olsen et al. 2012; Wilting et al. 2017).
Wilting et al. (2017), for example, have shown that the share
of foreign biodiversity loss in countries’ biodiversity foot-
prints was much higher for countries with high imports than
in countries that are more self-sufficient in producing food
products and other consumer goods. With respect to global
sustainability goals, it is important to consider these off-site
effects (also labelled footprints, tele-coupling, teleconnections,
interregional flows, depending on the context), which are,
so far, mostly neglected in BES assessments (Lautenbach
et al. 2019; Schroter et al. 2018). Whilst including these
effects was beyond the scope of our study, we acknowl-
edge the need for future research to incorporate imported
biodiversity loss in scenario projections.
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Model intercomparison

The model intercomparison highlighted different sources of
uncertainty related to differences in model structure and
parameterisation. We revealed major uncertainties related to
the different land use allocation approaches, similar to other
model comparison studies (Alexander et al. 2017; Prestele
et al. 2016; Schmitz et al. 2014). Furthermore, we identified
important differences in driving forces behind BES changes,
particularly whether climate or LULC change is considered
the major driver of carbon sequestration, either of which is
commonly assumed (Schulp et al. 2008; Zachle et al. 2007).
Another source of uncertainty comprised the differences in
spatial extent and boundary conditions, resulting in greater
heterogeneity in LULC projections by the European
CLIMSAVE IAP model. Similarly, differences in boundary
conditions regarding international trade resulted in different
estimates of future European food production, with larger dif-
ferences between scenarios for CLIMSAVE IAP. Differences
in model results related to different trade assumptions (e.g.
self-sufficiency approach or trade responsive approach) have
also been demonstrated by Schmitz et al. (2014).

In addition to the differences in model structure, there were
also differences in scenario parameterisation. Although the
model input was harmonised as much as possible within the
scenarios, there were differences induced by different bound-
ary conditions inherent to the [AMs. The CLIMSAVE IAP is
designed for European-scale analyses with stakeholders,
hence can be easily configured to match scenario assumptions.
In contrast, the IMAGE-GLOBIO model is designed for
global-scale analyses, and it was decided that the European
parameterisation should match a plausible global context as
derived from the global SSP scenarios. As a result, differences
in key drivers between scenarios, such as human population
changes, were mostly less pronounced in the IMAGE-
GLOBIO parameterisation (Table S1). For some of the indi-
cators and scenarios, differences in model structure and
parameterisation resulted in different magnitude and direction
of change (e.g. the biodiversity indicators in the UWS scenar-
io; Fig. 1), highlighting the added value of using multiple
complementary models in order to provide nuanced and
contextualised insights.

As modelling approaches to quantify BES are diverse
(Bagstad et al. 2013; Brotons et al. 2016; Crossman et al.
2013; Martinez-Harms and Balvanera 2012; Rockstrom
et al. 2009), some have called for a standardised methodolog-
ical approach or blueprint for modelling (Crossman et al.
2013; Martinez-Harms and Balvanera 2012) and efforts have
been taken to harmonise input data and definitions (Hurtt et al.
2011; Kim et al. 2018). However, others argue that
standardisation may provide false certainty in projections
(Alexander et al. 2017), whereas transparency about sources
and magnitude of model uncertainties is a prerequisite for
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robust model inference and decision-making (Volk 2013).
Furthermore, our study illustrated that the use of multiple
models allows additional or complementary dimensions of
BES to be quantified, thus providing a more comprehensive
and inclusive picture of alternative plausible futures. For ex-
ample, biodiversity in IMAGE-GLOBIO is represented by an
indicator of overall intactness, whereas CLIMSAVE IAP fo-
cuses on the species level and allows winners and losers to be
distinguished. Multi-modelling approaches have been widely
adopted within climate change assessment to better support
climate policy formulation (i.e. IPCC) (Meehl et al. 2007).
Some first attempts to apply such approaches in BES assess-
ments are underway (Kim et al. 2018; Thuiller et al. 2019), but
need to be adopted more routinely to better inform interna-
tional biodiversity policy. Multi-modelling and probabilistic
approaches would not only allow for more systematic quanti-
fication of uncertainties stemming from different sources (e.g.
model uncertainty, parameter uncertainty), but also a broader
set of relevant indicators of BES, including additional dimen-
sions of biodiversity and benefits to people, to be quantified.

Conclusion

We used two TAMs to assess the consequences for BES in
Europe under four future socio-environmental scenarios.
Despite differences in model structure and parameterisation,
the different models project similar trends in future BES, con-
sistent with the scenarios. In all scenarios, climate and land
use change were projected to pose significant threats to biodi-
versity and some ecosystem services. Yet, the magnitude of
biodiversity loss can be reduced, and the provisioning of mul-
tiple ES enhanced by addressing climate change, reducing the
pressure on the food system (e.g. through dietary change,
sustainable technological improvements) and through nature
conservation measures (e.g. protected areas, land set aside for
nature). Our study highlights the necessity of more ambitious
policy and actions if future BES in Europe are to be
safeguarded, whilst accounting for inevitable trade-offs, par-
ticularly between provisioning and other services. Multi-
modelling approaches provide a valuable tool for enabling
more comprehensive analyses and accounting for uncer-
tainties, both of which are critical to progress assessments in
support of better BES policy-making.
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