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ARTICLE INFO ABSTRACT
Keywords: Urbanization and agricultural intensification are the main drivers of biodiversity losses through multiple
Lfmd_scapff connectivity stressors, especially habitat fragmentation, isolation and loss. Designing Blue and Green Infrastructure Networks
Biodiversity (BGIN) has been recommended as a potential tool for land-use planning to increase ecosystem services while

Land use and cover changes
Modeling

Participatory approach
Environmental policies

preserving biodiversity. All municipalities in France are required to perform BGIN planning. This article focuses
on the Couesnon watershed (Brittany, France) and the participatory process used to define and analyze five
possible pathways of future land-use and land-cover changes that included implementation of BGINs. Impacts on
biodiversity were estimated by quantifying the change in landscape connectivity of woodlands, grasslands and
wetlands. The effectiveness of BGIN policies was assessed by comparing current landscape connectivity (2018) to
those in possible futures. Landscape connectivity referred to functional connectivity for three indicator species
(Abax parallelepipedus, Maniola jurtina and Arvicola sapidus) across three landscape features: woodlands, grass-
lands and wetlands, respectively. Results allowed impacts of urban and agricultural land-use changes to be
identified in terms of extent and quality. If BGIN policies were applied effectively to control the expansion of gray
infrastructure, they would help increase the area and the quality of grassland and woodland connectivity by no
more than 2%. Agricultural land-use and land-cover changes could have more impact on the extent of grassland
(—82% to +38%) and wetland (—49% to +47%) connectivity. Current and future trends for hedgerows implied a
decrease in woodland connectivity of 9.8-33.8%. Impacts on the quality of landscape connectivity is not pro-
portional with the extent, as a decrease of the latter can have relatively more negative impacts on the former, and
inversely. The study highlights that the BGIN strategy can preserve landscape connectivity effectively in urban
ecosystems, where human density is higher, but can be threatened by agricultural intensification.

1. Introduction since then, at the expense of farmland and nearby natural and
semi-natural areas. Within this farming landscape, a variety of land-use

After 1950s, rural landscapes in Europe experienced rapid changes in and land-cover (LULC) trends have occurred in recent decades. Fields
agriculture, urban sprawl and transport infrastructure (Anon, 2001; with steep slopes and poor soil have been abandoned, while most
Lambin and Geist, 2006). Cities and their infrastructure have expanded farmland has been turned into more homogeneous landscapes, with a
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sharp decrease in semi-natural elements (e.g. hedgerows, permanent
grassland) and crop diversity (Foley et al., 2005; Tscharntke et al.,
2005). Conversely, landscape simplification through intensification of
agricultural practices has resulted in major losses of biodiversity and
many regulating ecosystem services (Matson et al., 1997; Tilman et al.,
2001; Butler et al., 2007; Maron and Fitzsimons, 2007). To counteract
biodiversity losses and subsequent impacts on ecosystem services, the
European Commission continues to foster several policies, such as the
“greening” of the Common Agricultural Policy (CAP), the Bird Habitat
Directive, as well as other current initiatives within the European Green
Deal, such as the development and implementation of Blue and Green
Infrastructure Networks (BGINs) (European Commission, 2019a,
2019b).

BGINs are strategically planned networks of natural and semi-natural
landscape elements that support, among other functions, the existence
and dispersal of plant and animal species across fragmented landscapes.
BGINs consist of a variety of landscape elements and structures,
including individual tree rows to more comprehensive green ecosystems
(e.g. hedgerows, shrublands, orchards, woodlands, riparian vegetation,
permanent grasslands), as well as blue ecosystems (e.g. pools, ponds,
wetlands, lakes, watercourses), that provide structural and functional
connectivity across landscapes (European Environment Agency, 2011).
The spatial arrangement of blue and green landscape elements, defined
hereafter as BGINS, represents a spatial entity at a higher hierarchical
level than independent nature-based solutions. They are promising tools
for land-use planning that encompass the objective of enhancing
ecosystem services while securing biodiversity. In this regard, they can
contribute to sustainable food production, water quality improvement,
climate mitigation and adaptation, social health and well-being, recre-
ational services and environmental education (EU, 2012).

Application of BGINs at the national level in the EU shows different
stages of progress. Some countries are still wo king to define BGINs and
implement them locally (e.g. Spain, Portugal), while others have already
integrated BGINs into regional and local territory planning schemes,
such as France, where BGINs have limited and oriented land-planning
strategies since the mid-2010 s. French regions have identified and
defined main corridors in, namely, “Regional management plans for the
sustainability and equality of territories”. Because BGIN maps have been
developed at a coarse scale (1:100 000), they are downscaled to a finer
scale (1:5 000) to incorporate them into local management plans at the
level of a municipality or group of municipalities, as in a “Coherent
Land-management Scheme” (Schéma de Cohérence Territoriaux (SCoT)).
A SCoT is intended to serve as a reference framework for sector-specific
policies, particularly land and urban planning, housing, transportation,
commercial development, and the environment, including biodiversity,
energy and climate. SCoT must be set for 15-20 years and defined by
elected representatives, which strongly constrains urban planning with
recommendations of urban renewal, densities and norms. Due to the
multiscale nature of BGINs, designing them can still be challenging since
no single method has been defined. In France, their design includes
protecting patterns of connectivity among biodiversity reservoirs and
the biodiversity reservoirs themselves (e.g. Natura 2000 sites), as
encouraged by the European Commission. Thus, when incorporated into
land-planning policies, BGINs are a possible strategy for preserving
biodiversity by counteracting negative effects of human development.
This strategy appears relatively attractive and potentially effective for
preserving landscape connectivity, its related biodiversity and
ecosystem services over the medium-to-long term (Mazza et al., 2011).

This study evaluated the potential effectiveness of case-study-
specific BGIN strategies by exploring the influence of multiple and
contrasting pathways of land-use intensification at a fine scale. Its
originality lies in assessing the BGIN strategy as a sustainable land-
management tool. As Helming and Pérez-Soba (2011) highlighted,
assessing impacts of future scenarios of landscape-level land-use change
is particularly relevant for sustainable policymaking. In this study,
intensification of agricultural land use was examined independently of
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that of urban land use, since they depend on different driving forces.
Agricultural land use is driven mainly by economic factors related to the
European Union (EU) CAP and individual farmer preferences (e.g. pro-
duction system, crop rotations) (Houet et al., 2014). Urban land use is
driven by socio-economic, demographic, transportation and many other
multiscale factors and regulated by local (territorial) land-planning
strategies (Meyfroidt et al., 2013). The latter are designed for natu-
ral/protected areas and areas that will support future urban develop-
ment (i.e. “territorial development”). The case study was the Couesnon
River watershed (Brittany, western France), which faces major ecolog-
ical challenges. We made two hypotheses: (1) impacts on biodiversity
can be assessed by analyzing functional connectivity of the landscape, as
a proxy of biodiversity habitats and functioning (Bélisle, 2005; Vogt
etal., 2009; Mimet et al., 2013) and (2) the CAP can greatly decrease the
effectiveness of the BGIN strategy, even though two pillars of the CAP
provide instruments for addressing sustainable management of natural
resources and climate action (European Commission, 2012; European
Commission, 2019a, 2019b).

2. Materials and methods
2.1. Overview of the methodology

The overall workflow of the study (Fig. 1) distinguished steps per-
formed by scientists only from those made in collaboration with par-
ticipants (e.g. local stakeholders, elected officials, technicians, NGOs).
We first characterized the land-use and -cover change (LUCC) trajectory
of the study site, and then we organized two participatory meetings that
helped collect the information required to build narratives. Next, we
developed the FORESCEM modeling framework and used it to simulate
future LUCC based on the narratives. We combined results of LUCC
simulations with the narratives to develop scenarios that were then
validated during another participatory meeting. Once validated, the
scenarios provided inputs for the CHLOE landscape metrics software,
which predicted potential impacts of future LUCC on biodiversity
through the lens of landscape connectivity. Finally, all results were
analyzed and disseminated to all participants and a wider audience to
raise awareness about the potential effectiveness and limitations of the
study site’s SCoT management plan, the local French application of the
EU BGIN strategy.

2.2. Study area and LUCC trajectory

The case study focused on the Couesnon River watershed (1130 km?)
in the Armorican massif, in northwestern France (Fig. 2a). It flows into
Mont-Saint-Michel Bay (a UNESCO World Heritage Site) and contains
mainly intensive agriculture with mixed dairy/livestock production in
the upstream part, while vegetables/cropping systems dominate in the
polders, next to the sea. The agricultural landscape is dominated by
grasslands (temporary and permanent), maize and other cereals/oil-
seeds (wheat/rapeseed/barley) (Table 1). Temporary grasslands are
sown grasslands with mixed grazing and mowing. Permanent grasslands
are mainly riparian grasslands in valley bottoms. The landscape has a
hedgerow network of variable density and connectivity. Wooded areas
are mainly post-agricultural woodlands that contain a mixture of oaks
(Quercus sp.), chestnut (Castanea sativa) and beech (Fagus sylvatica).
Except for two large forests, wooded patches are quite small in the
agricultural matrix. A Natura 2000 floodplain, the Sougéal marsh
(Fig. 2b), lies near the estuary and is a hotspot of bird biodiversity close
to one of the most important and complex bays worldwide.

For this study, we first enlarged the watershed area by adding a 3 km
buffer zone around it to remove edge effects. A generic approach was
developed to analyze LUCC using maps with a 10 m resolution (Ap-
pendix 1). The area’s agriculture intensified greatly after 1945, with the
utilized agricultural area (UAA) shifting predominantly to maize (+39
964 ha) since the early 1990s, which has decreased the area of
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Fig. 1. The overall method used combined
scientific studies and participatory science.
Land-use and land-cover change (LUCC) sce-
narios built by combining narratives and simu-
lations were used to estimate impacts of
possible LUCC on landscape connectivity.
Comparison of scenarios helped assess the
effectiveness and limitations of the current Eu-
ropean Union (EU) BGIN strategy in an inten-
sive agricultural landscape. Green text
identifies the main steps of scientist-only
studies. Blue text identifies participatory
studies and meetings (one for each blue dot).
Each step (method and/or result) is detailed in
the article in the sections mentioned.

Dissemination

the BGIN strategy
(Section 4)

(b)

B Deciduous forest
B Mixed forest
I shrublands

B Urban / roads
I Water

Wheat / Rape Seed
Maize

Other crops
I Permanent grasslands
Temporary grasslands

Fig. 2. Presentation of the study site: (a) Location of the Couesnon watershed in France; (b) Couesnon watershed (red outline) and key geographical features: 1 -
Mont Saint Michel, 2 - Sougéal marsh Natura 2000 site, 3 - A84 highway, 4 - Fougeres metropolitan area, and 5 - Rennes metropolitan area, 40 km from Fougeres;

land-cover maps in (c) 1990 and (e) 2018.

grasslands greatly (Fig. 2¢ and d; Table 1). In 2018, maize, grasslands
and other cereals/oilseeds covered 41 201, 56 234 and 21 524 ha,
respectively. Along with the loss of grasslands, agricultural fields have
been abandoned due to problems of accessibility, size, forage production
and flooding, especially in valley bottoms, which transitioned to
shrublands and then forests, reaching 7 791 ha in 2018. During this
period, urban land use also increased due to urban sprawl and con-
struction of the A84 highway (+5 951 ha), reaching 12 844 ha in 2018.

The two main ecological concerns in the area are related to

agricultural land use. Water quality and quantity are impacted by
agricultural practices that emit large nutrient loads into the Couesnon
River, which is the main source of drinking water for local populations,
including the Rennes metropolitan area. Overall, 30% of the water
pumped is exported and consumed by people located outside of the
watershed. Agricultural intensification in valleys and on plateaus, land
abandonment in valley bottoms, and urbanization and soil sealing have
simplified the landscape matrix, decreased landscape connectivity and
contributed to biodiversity losses (Kazemi et al., 2018).
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Table 1
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Cross-tabulation of land-use and land-cover changes from 1990 to 2018 (in ha, percentages indicate the change in area from 1990 to 2018).

2018 Change analysis
Broadleaf Mixed Grasslands Urban Water Crops 1990 2018 Delta
Forest Forest
1990 Broadleaf 8989 1289 1166 259 16 2112 13831 15197 +1 365
Forest (64.99%) (9.32%) (8.43%) (1.87%) (0.12%) (15.27%) (4+9.87%)
Mixed 1153 832 16 2 1 6 2009 2261 + 252
Forest (57.39%) (41.41%) (0.80%) (0.10%) (0.05%) (0.30%) (+12.54%)
Grasslands 4220 91 40 330 4192 45 43136 92014 52 050 -39 964
(4.59%) (0.10%) (43.83%) (4.56%) (0.05%) (46.88%) (—43.43%)
Urban 0 0 0 7 079 0 0 7 079 13 030 + 50951
(100%) (+84.07%)
Water 241 31 0 2 7 605 3 7 881 7 676 -206
(3.06%) (0.39%) (0.03%) (96.50%) (0.04%) (—2.61%)
Crops 593 19 10539 1 496 8 35561 48 217 80 818 + 32601
(1.23%) (0.04%) (21.86%) (3.10%) (0.02%) (73.75%) (+67.61%)

2.3. Defining future landscape changes and their impacts on biodiversity
patterns

Using scenarios to explore the future is particularly popular in the
field of environmental management (Garb et al., 2008) as a tool to
define land-management policies and make decisions based on scientific
evidence (Kok et al., 2017). Three types of uses of scenarios can be
distinguished: instrumental, conceptual and political (Dunlop, 2014;
Lumbroso, 2019; McKenzie et al., 2014). In instrumental use, scenarios
serve to inform decision makers and to make informed decisions. In
conceptual use, they deepen understanding of a complex phenomenon,
to shape the way of thinking and to allow new beliefs and values to arise.
In political use, scenarios promote and support a policy option or a
specific interest group, which legitimizes action. Thus, scenarios can be
also considered as tools to assess policies, their potential effectiveness
and future sustainability.

To explore possible pathways of future LUCC that include imple-
mentation of BGIN, we applied a framework similar to those defined by
Houet et al., (2016, 2017) that combines participatory and modeling
methods to design scenarios. These scenarios consist of contrasting
narratives that are then illustrated by LULC maps using the LUCC model
FORESCEM (Palka submitted, Houet et al., 2017). Potential impacts on
biodiversity are estimated using a landscape-connectivity model.

2.3.1. Scenario assumptions

Systemic scenarios were defined by combining three independent
and contrasting assumptions each about agriculture and territorial
development (Table 1). Given a temporal horizon of 2050, agriculture
could evolve in three directions. The first was the “cerealization”
assumption, which favors producing cereals as biomass or biofuel. Due
to a decrease in dairy and livestock production in Brittany in response to
production in eastern and central European countries, EU Agricultural
Energy Policy promotes agro-energy cropping systems in 2032. Large
biogas plants are installed to transform these crops into energy. Locally,
livestock production becomes a relict, dedicated to local markets, and
less favorable farmland is abandoned. The second direction is the “dairy
intensification” assumption. Reform of the CAP creates subsidies per ha
that favor intensification of local dairy/livestock production. Excessive
nutrient flows are treated in small biogas plants, while fertilization
practices improve. The third direction is the “greening” assumption: the
CAP is deeply transformed in 2025 to promote an agroecological tran-
sition and agrifood protection. Farmers receive subsidies as Payment for
Ecosystem Services (PES) supported by the regional government. Dairy
and livestock production diversify and are based mainly on grassland
forage, organic farms increase in total area, and agricultural products
are dedicated to local markets. In this scenario, agriculture improves in
terms of the quality of food products and environmental preservation.

Territorial development respects local urban-management plans that
are set at the municipal level according to local representatives’

strategies and national policies. It is also driven by the social demand
from inhabitants for certain types and locations of housing. It could
evolve in three directions. The first direction is the “business-as-usual”
assumption, which follows past trends. Inhabitants prefer single-family
houses with a small yard, and municipalities compete to attract future
inhabitants (+31 600 in 2050; INSEE Bretagne, 2019a, INSEE Bretagne,
2019b; AUDIAR, 2018). The objective of “zero urbanization” defined by
the French government’s “Biodiversity Plan” (France Stratégie and
Fosse, 2019) cannot be attained in 2040, although the main BGINs are
protected from urban sprawl. The second direction is the “energy tran-
sition” assumption, in which development is oriented in order to tran-
sition effectively. Commuting decreases due to the development of
teleworking. High-energy performance of new buildings and renovated
houses is the norm. The energy-oriented economy makes the Couesnon
watershed attractive for people (+38 800 more inhabitants in 2050 than
in 2018). Urban sprawl is controlled and concentrated in the main urban
areas to decrease commuting and favor public transportation. Renova-
tion of old buildings is encouraged to limit urban sprawl, thus meeting
the zero-urbanization objective by 2045, and BGINs are strongly pre-
served. The third direction is the “ecological citizen” assumption.
Development is driven by citizens’ preferences for a better quality of life
(away from cities) and more food independence. Due to its location in
Brittany and its well-preserved hedgerow landscape, the area is more
attractive than other areas in Brittany, although the local economy is
less dynamic than that in the “energy transition” assumption (+35 900
inhabitants). The countryside attracts and gains new inhabitants after
decades of rural exodus. Although the main urban areas are still the most
attractive and strictly control urban sprawl, the zero urbanization
objective is not met. Rural villages still expand even though renovation
is strongly encouraged. BGINs are strictly preserved, however, and local
authorities favor ecological preservation and restoration.

Combining these 3 x 3 assumptions created eight potential sce-
narios, since one combination (“greening” agriculture with “business-as-
usual” territorial development) was not internally consistent (Table 2).
The five most contrasting scenarios were selected to explore the widest

Table 2

Combination of territorial and agricultural development assumptions. The five
most contrasting scenarios (in bold) were selected to explore the widest diversity
of possible futures.

Territorial development

Business- Energy Ecological
as-usual transition citizen
Agricultural Cerealization DESERT OF ENERGY CONFLICTS
development CEREALS PERFORMANCE
Dairy BusINESs- DIVERSIFIED DousLE
intensification AS-USUAL Biomass PERFORMANCE
Greening (0] OPTIMIZED GREEN
BGINs ATTRACTIVENESS
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diversity of possible future landscape changes: (1) Business-as-usual, (2)
Double performance, (3) Desert of cereals, (4) Energy performance and
(5) Green attractiveness.

These assumptions were presented to, refined by and completed with
stakeholders during the first participatory meeting. Since they remained
quite general, the aim of the second participatory meeting was to specify
them by considering local characteristics through narratives and
participatory mapping to define the scenarios’ parameters (Fig. 1).
Narratives were then refined and quantitatively illustrated using simu-
lated and estimated outcomes according to the method of Houet et al.
(2017), which combines participatory meetings and modeling tools to
create and downscale fine-scale LUCC scenarios.

2.3.2. The FORESCEM model

The FORecasting landscapE SCEnarios Model (FORESCEM) com-
bines cellular automata and object-oriented approaches to spatially
allocate future LUCC based on narratives, which were defined using
participatory or expert-based approaches, and to predict combined ef-
fects of interactions among LUCC in human-managed territories (Palka
et al., submitted; Houet et al., 2017). It was used to simulate LUCC from
2018 to 2050 at a fine scale, while preserving landscape patterns
(fields). This framework makes as transparent and direct as possible the
translation of narratives built with stakeholders into input parameters of
the model. LUCC are defined as natural vegetation dynamics (e.g. from
grassland to forest states) and agricultural or forest cover successions (e.
g. crop rotations, maturing forest). LUCCs are also associated with any
change due to human decisions (or lack thereof), such as urban planning
or land abandonment. It allows a regulatory map of the BGINs, designed
in the SCoT, to be considered as areas that are protected from future
urbanization (Fig. 1 of Appendix 2). FORESCEM was detailed and vali-
dated by Palka et al., (submitted). See Appendix 2 for details on its
functioning and input data.

2.3.3. Evaluating landscape connectivity

The simulated land-cover maps were used as input for a landscape-
metrics spatially explicit model that estimated landscape connectivity
for each of the five scenarios. Thus, the resulted maps differ from the one
representing the BGIN land-planning strategy used as input for FORE-
SCEM. Two broad categories of methods can be used to assess landscape
connectivity: (1) landscape metrics that measure connectivity of the
entire landscape (Kindlmann and Burel, 2008) and (2) connectivity
maps. Making the latter first requires a land-cover map, in which some
land-cover types assimilated here as habitats that are easy for certain
species to move through, while others are more difficult (Knaapen et al.,
1992). In permeability maps (Theobald et al., 2012), each land-cover
type is assigned a cost of movement. The assumption is that the cumu-
lative cost for an individual of a species to move through a landscape has
a limit; once this limit is reached, movement stops. We distinguished two
approaches to movement. The least-cost approach, which seeks path-
ways with the least cost (see Etherington, 2016 for a recent review), is
used to create landscape graphs (Foltete et al., 2021; Saura and
Pascual-Hortal, 2007) and circuits (McRae et al., 2008). In comparison,
the accessibility-map approach maps all areas that a species can access
in a landscape (Yu, 1996), from its habitats to the limits of its maximum
dispersal distance. While the least-cost approach produces maps of
corridors between suitable habitats, accessibility maps illustrate the
parts of a landscape that a species can use. These maps, which are
produced by the CHLOE landscape metrics software that we used, are
useful for species that move short distances along at least part of a
corridor. A third approach, which we did not consider, is to use an
individual-based model, which simulates movements of each individual
in a population (Delattre et al., 2018).

To represent a wide range of biodiversity, landscape connectivity
was defined by modeling ecological functional connectivity for one
“virtual” species (i.e. considering only dispersal ability) for each of three
habitat types. We used dispersal data for the following species and
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habitat types: a carabid beetle (Abax parallelepipedus) (Charrier et al.;
Loreau and Nolf, 1993) for woodlands, the meadow brown butterfly
(Maniola jurtina) (Delattre et al., 2010) for grasslands and the south-
western water vole (Arvicola sapidus) Koenig et al. (1996); Cen-
teno-Cuadros et al. (2011)) for wetlands. One distinctive feature of our
method is the permeability map, derived from the land-cover map,
which assigns a movement cost to each type of landscape element for
each species. We then add, by simulation, an herbaceous strip along
woody landscape elements (i.e. woodlands, hedgerows). These strips are
almost always present in a landscape but are rarely mapped because
doing so require a high resolution. Butterflies move along these strips,
but consider hedgerows as both a barrier and a corridor (Dover, 2019).
We also considered that interactions among landscape elements modify
the elements’ ecological conditions. For instance, hedgerows and
woodlands are windbreaks that change the climate in adjacent open
elements, such as grasslands and crops. We used the landscape-grain
metric (Betbeder et al., 2017) to estimate these windbreak effects.
Fine-grained landscapes (i.e. strong interactions among hedgerows) in-
crease the ability of hedgerows to harbor species that prefer a shady and
moist forest environment. Inversely, when hedgerow networks are more
open (coarse-grained) they do not provide suitable habitats. With these
additions, the landscape permeability maps were much more informa-
tive than maps that consider only different types of land-cover patches.

To estimate woodland, grassland and wetland connectivities, CHLOE
landscape metrics software (Boussard et al., 2020) was applied in three
steps (Fig. 3): (1) potential habitats for each indicator species were
characterized spatially (Boolean map), (2) a permeability (friction) map
that describes the species’ ability to move was created and (3) a func-
tional distance map, which illustrates the species’ potential biodiversity,
from its potential habitats to a maximum dispersal distance based on the
permeability, was created for the species. All maps were raster and had a
resolution of 10 m. The characteristics used to create functional distance
maps varied among the three indicator species (Table 3). Current and
simulated land-cover maps were used to express both habitats and
permeabilities of landscapes for each species in 2018 and 2050 (Fig. 3).

To estimate impacts of future LUCC on biodiversity in the Couesnon
watershed, we used two indicators of landscape connectivity as proxies:
extent and quality. Extent equaled the total area of connected habitats in
the landscape (i.e. with positive mean landscape connectivity, which
was defined as the mean of the three types of connectivity per pixel).
Quality equaled the total sum of connectivity values over the study area
for each species. Connectivity indicators were ultimately evaluated by
comparing current (2018) indicators to those for the scenarios (2050).

3. Results
3.1. Pathways of land-use intensification: narratives of 2050

We describe the three most contrasting pathways: Business-as-usual,
Green attractiveness and Energy performance. The Double performance
and Desert of cereals scenarios had narratives that differed from those of
Business-as-usual and Energy performance, respectively, but had similar
landscape changes (Appendix 3). All simulated LUCC maps are available
online (Houet and Palka, 2021a, 2021b).

3.1.1. Business-as-usual scenario

Following intensification of the dairy sector, agricultural identity
follows the current trend, in which dairy farms in the Couesnon water-
shed contribute to the French industrial dairy sector. On plateaus, fields
are enlarged and dominated by cereal crops, particularly maize. In 2050,
maize covers 42.2% of the UAA (vs. 30.2% in 2018), which highlights
the intensification of dairy/livestock production, and some less pro-
ductive farmland in valley bottoms has been abandoned (+3 253 ha)
(Fig. 4). While all hedgerows not protected by regulations disappear (—1
617 km), the availability of agricultural subsidies preserves those along
roadsides and farm boundaries. Territorial development continues the
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Permeability Map

Fig. 3. Diagram of the method used to calculate landscape connectivity: an indicator species is selected (e.g. a carabid beetle); their potential habitat is derived from
the land-cover map; from each land cover a friction is set according to its permeability for the species; and landscape connectivity is calculated as a functional
distance for each species from its potential habitat to a maximum dispersal distance, given the frictions set.

Table 3
Parameters used to model landscape connectivity for each of the three indicator species.
Type of Indicator species Habitat Permeability* References
connectivity
Woodland Forest beetle (Abax parallelepipedus), Woody elements surrounded by a dense + 4+ : forests and hedgerows Charrier et al. (1997),
with a maximum dispersal distance of network of hedgerows + +: shrublands and permanent Loreau and Nolf (1993)
500 m — mean Euclidean distance to woody elements  grasslands
(truncated at 100 m) in a 250 m radius mustbe 4 : temporary grasslands
<20m -1 crops
- - urban and roads
- - - (barriers): water
Grassland Butterfly (Maniola jurtina) with a Permanent grasslands surrounded by a dense + ++ : grasslands (all types) and  Delattre et al. (2010)
maximum dispersal distance of 150 m grassland landscape hedgerows of woody elements
— at least 40% of grasslands in a 500 m buffer = + +: crops and water
+ : shrublands
-: hedgerows, urban and roads
- -: forests
Wetland Water vole (Arvicola sapidus) with a Permanent grasslands in wetlands + ++ : grasslands (all types) in Koenig et al. (1996),

maximum dispersal distance of 500 m

(geographically defined from an in situ survey)

wetlands and stream water

+ +: shrublands in wetlands

+ : woody elements in wetlands
-: other wetlands (reservoirs) and
grasslands (all types) not in
wetlands

- - (barriers): other land-cover
types not in wetlands

Centeno-Cuadros et al.
(2011)

" Since the objective was to compare scenarios (rather than to predict realistic continuities), permeability values were relative.



H. Thomas et al.

I Deciduous forest
I Mixed forest
I shrublands
[ | Urban/roads
Water
Wheat/RapeSeed
Maize
Other crops
[ Permanent grasslands

Land Use Policy 120 (2022) 106277

Temporary grasslands

Fig. 4. Land-cover maps for the Couesnon watershed in 2018 (upper left) and predicted in 2050 with the FORESCEM framework for the Business-as-usual scenario.

current mindset of competition between municipalities, and urban
sprawl occurs in peri-urban areas due to construction of subdivisions for
single-family houses. Urban renewal occurs but remains limited: only
some agricultural buildings are converted to residential use. At the same
time, industrial zones continue to develop along the highway. Urban
land use increases by 2 567 ha from 2018 to 2050. One emblematic
change in the landscape is the creation of three major reservoirs and
several small hillside reservoirs (Fig. 4). Indeed, tensions over water
resources increase due to the cerealization of agriculture in the water-
shed and the demographic growth of the Rennes metropolitan area,
accentuated by effects of climate change. Because this trend reverses
ecological restoration of the hydrological network, the creation of these
reservoirs is funded by Rennes.

3.1.2. Green attractiveness

Territorial development is centered on proximity and quality of life,
while agricultural development promotes autonomous and diversified
agriculture. Agricultural development is anchored in the territory, and
farmers are paid for the ecosystem services they provide. The CAP en-
courages farmers to produce differently by supporting economic, social
and environmental sustainability. PES encourage farmers to maintain
and manage hedgerows and wetlands. In addition, local elected repre-
sentatives actively promote introduction of organic and local products
into the collective catering sector and small supermarkets. Land
ownership has changed due to the initiative of local authorities, with the
help of the authorities concerned. Land exchanges are facilitated to
decrease fragmentation of farms, make savings and reduce specializa-
tion of crop islets (i.e. when cropping land use increases with the dis-
tance from the farmstead). Only the hedgerows in crop-oriented islets
tend to disappear, but a dense hedgerow network is maintained. The
landscape is dominated by dairy/livestock farms that feed grass-based
forages, which makes maximum use of valley bottom grasslands, com-
bined with a mosaic of crops oriented mainly toward food production (e.
g. market gardening, cereals, productive seeds, oilseeds). On plateaus, a
mosaic of crops and productive grasslands is associated with hedgerows,
which provides wood for energy. This scenario, which represents an
agroecological transition based on grasslands, shows a clear break with
past trends, restoring a percentage of grasslands in 2050 (61.3%) similar
that which existed in the early 1990 s. Maize covers 8% of the UAA.
Hedgerows are preserved better than in the Business-as-usual scenario

but still decrease in total length (7 741 km in 2050). Abandonment of
less productive agricultural land in valley bottoms remains a strong
trend (+2 334 ha) (Fig. 5). Nonetheless, fields are larger than in 2018.
Wind turbines are installed in windy areas. Local elected officials invest
massively in restoring watercourses and wetlands that had been drained.
For town planning, urban renewal and eco-neighborhoods are favored
outside of rural villages, which are revitalized by the search for a "green"
living environment. A victim of its success and faced with demand, ur-
banization in the countryside increases slightly and does not meet the
zero urbanization goal in 2040 (Fig. 5). Urban land use covers 15 139 ha
in 2050 (2 295 ha more than in 2018). In general, the development of
wind power and woodlands is encouraged to provide a local energy
supply.

3.1.3. Energy performance

Agriculture (e.g. plant biomass, biofuels) and land planning support
the energy transition. The macroeconomic context, demographics of the
farming population and CAP sharply decrease the number of farmers in
the region. Takeovers of farms by large cereal producers that come from
other specialized regions (e.g. Normandy, Beauce) lead to an increase in
farm size and specialization in cereal production due to the development
of energy sources based on agricultural biomass: maize feeds biogas
plants in the region, while wheat and rapeseed are used to produce
biofuels. In the agrifood sector, industrial milk production decreases due
to competition from more competitive central and eastern European
countries. Local production of organic milk and meat increases in
response to demand from the territory’s inhabitants. A large percentage
of organic farms sell directly to consumers. Some farms are large and
have several partners who manage multiple products (e.g. cereals, milk)
or even a small biogas plant. In this scenario, other cereals/oilseeds and
other crops cover more than 60% of the UAA in 2050, while maize
covers 25% and grasslands cover 15% (Fig. 6). Hedgerow length de-
creases by 22.5% (6 903 km in 2050), and land abandonment (i.e.
shrublands and unmanaged woodlands) increases strongly (+6 804 ha),
representing 14 591 ha in 2050.

Urbanization occurs mainly in the Fougeres metropolitan area, in
new positive-energy eco-neighborhoods (small buildings) or within the
framework of High Energy Performance renovation operations planned
in the SCoT, which favor urban densification. Zero urbanization is
achieved by 2045, and urban land use increases by only 1 933 ha from
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Fig. 5. Land-cover maps for the Couesnon watershed in 2018 (upper left) and predicted in 2050 with the FORESCEM framework for the Green attractive-

ness scenario.
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Fig. 6. Land-cover maps for the Couesnon watershed in 2018 (upper left) and predicted in 2050 with the FORESCEM framework for the Energy perfor-

mance scenario.

2018 to 2050. The generalization of teleworking, used to decrease the
use of energy for commuting, also contributes to the urbanization of
attractive areas near the coast.

3.1.4. Comparison of landscape changes

Since agriculture occupies ca. 90% of the study area, three con-
trasting landscapes could be differentiated in 2050, each with a domi-
nant land cover (Figs. 4, 5 and 6; Table 4): maize (Business-as-usual and
Double performance), other cereals/oilseeds (Desert of cereals and En-
ergy performance) and grasslands (Green attractiveness). As an indica-
tor of agricultural intensification, the percentage of grasslands in the
UAA (41.2% in 2018) highlighted differences in LUCC among scenarios.

The Green attractiveness scenario, with an agroecological transition
based on extensification of dairy/livestock production, had 61.3%
grasslands, while scenarios associated with the agro-energy transition
(Energy performance and Desert of cereals) had 15.6%. Scenarios that
combined dairy/livestock intensification with better environmental
practices (Business-as-usual and Double performance) had 35.8%.
Although land abandonment was a strong trend due to the decrease in
the farming population, its magnitude was correlated with grassland
land use, which was more likely to be located in (less productive and
accessible) valley bottoms. The more the grassland percentage
decreased, the more farmland was abandoned: 2 334, 3 272, 3 695, 6
014 and 6 804 ha for the Green attractiveness, Business-as-usual, Double
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Table 4

Landscape changes from 2018 (present) to 2050 for the five scenarios.

Land Use Policy 120 (2022) 106277

Hedgerows Grasslands Maize Other cereals /oilseeds Other crops Abandoned farmland Urban areas (ha)
(km) (ha) (ha) (ha) (ha) (ha)
2018 (present) 8 915 56 234 41 201 21 524 17 207 7 791 12 844
Business-as-usual -1617 -9 590 + 13761 + 1252 -11 420 + 3253 + 2568
(—18.1%) (=17%) (4+33.4%) (+5.8%) (—66.4%) (+41.7%) (4+20%)
Double performance -1616 -9 590 + 13764 + 1256 -11 426 + 3695 +2297
(—18.1%) (—17%) (+33.4%) (+5.8%) (—66.4%) (+47.4%) (+17.9%)
Green attractiveness -1174 + 24 508 -30 783 + 1045 + 697 + 2334 + 2295
(-13.1%) (+43.6%) (=74.7%) (+4.9%) (+4%) (4+30%) (+17.9%)
Desert of cereals -2 012 -35 884 -8 808 + 40 062 -4 107 + 5995 + 2 566
(—22.5%) (—63.8%) (—21.4%) (+186.1%) (—23.9%) (+77%) (4+20%)
Green biomass -2 012 -35 884 -8 804 + 40 058 -4 107 + 6 804 +1933
(—22.5%) (—63.8%) (—21.4%) (+186.1%) (—23.9%) (+87.3%) (+15%)

performance, Desert of cereals and Energy performance scenarios,
respectively. The same conclusion was drawn for hedgerows, which
decreased by 1 175 km for the Green attractiveness scenario to 1 617 km
(Business-as-usual and Double performance) and 2 012 km (Energy
performance and Desert of cereals).

Urban changes were subtle, but differed slightly among scenarios
(Table 3). The area of land consumed by urbanization was limited well
and concentrated in the Energy Performance scenario (1 933 ha). When
urban growth was not limited well due to governance failures, urban
sprawl occurred mainly near the A84 highway, consuming 2 566 ha
(Business-as-usual and Desert of cereals). When social choices (e.g.
desire for greening) did not align with urban land policies or objectives
(e.g. for urban density), urban sprawl occurred in villages in the coun-
tryside as well, unlike in previous scenarios, and consumed up to 2
297 ha (Green attractiveness and Double performance).

3.2. Impacts on landscape connectivity

Agriculture strongly influenced the extent and quality of future
landscape connectivity (Table 5, Fig. 7). See Appendix 4 for maps of
grassland, woodland and wetland connectivity. Scenarios of agricultural
intensification decreased the connectivity of wetlands by 12.8-48.8%,
woodlands by 26.2-39.5% and grasslands by 24.4-84.1%. The quality of
mean landscape connectivity decreased more than its extent, ranging
from — 23.6% for dairy/livestock intensification to — 60.9% for the
agro-energy transition. An agroecological transition (Green attractive-
ness) increased the extent of wetland connectivity by 47.1% and
grassland connectivity by 38.2%. The decrease in hedgerow length
decreased woodland connectivity by 9.5% in 2050 (Appendix 4a). In this
scenario, the quality of mean landscape connectivity increased by 43%,
while its extent increased by only 18.2%. In all scenarios, the quality of
landscape connectivity was influenced more by future LUCC than its
extent was, and in a non-linear manner. Along with the large number of
areas whose landscape connectivity decreased due to agricultural
intensification, the location of these areas also mattered (Fig. 7). Worst-

Table 5

case scenarios (cerealization assumption) highlighted that the Couesnon
River and forested areas, which increase in valley bottoms, are the
backbone of the landscape connectivity of the study area. The Sougéal
marsh, located in the north central section of the watershed (Fig. 2b),
remained the largest area with the highest mean connectivity, regardless
of the scenario, which highlights its importance in the future, particu-
larly under an assumption of agricultural intensification. Areas with no
landscape connectivity were scattered across the entire study area.
Compared to the current situation (Fig. 7a), the loss of landscape con-
nectivity between the upstream and the downstream of the watershed
was highest in the Desert of cereals and Energy performance scenarios
and remained high in the Business-as-usual and Double performance
scenarios. In dairy/livestock intensification scenarios, the increase in
crop area influenced the extent of landscape connectivity, which became
more scattered, while main corridors were preserved. In the Green
attractiveness scenario, although woodland connectivity decreased (by
9.8%) compared to that in 2018, it was compensated by an increase in
grassland and wetland connectivity. Finally, the polder area near Mont-
Saint-Michel had little or no connectivity, regardless of the scenario.

The effectiveness of the BGIN strategy considered in the scenarios
was assessed by comparing urbanization in the Desert of cereals vs.
Energy performance scenarios, and in the Business-as-usual vs. Double
performance scenarios. For the first pair, the Energy performance sce-
nario assumed optimal preservation of BGINs against urbanization
(connectivity > 50 in the regulatory BGIN map (Fig. 1 of Appendix 2)),
while the Desert of cereals scenario assumed that only the most
important corridors would be preserved (connectivity = 100). None-
theless, the extent and quality of all types of connectivity differed by less
than 2%. For the second pair, the two scenarios considered different
social preferences (living in rural vs. urban areas) that may influence
local governments to not always comply with the SCoT’s objective to
concentrate urban development in cities. As with the first pair, urbani-
zation in the landscape differed between the scenarios, but it did not
influence landscape connectivity strongly, since the extent and quality
of all types of connectivity differed by less than 2% between them.

Change in the area (ha) and quality of landscape connectivity from 2018 (present) to 2050 for the five scenarios.

Wetland connectivity

Woodland connectivity

Grassland connectivity Mean landscape connectivity

Extent Quality Extent Quality Extent Quality Extent Quality
2018 29 818.6 20 304.4 56 624.1 31 755.6 69 493.6 41 660.4 87 461.1 31 240.1
Business-as-usual -3823.8 -2524.2 -14 995.9 -8714.4 -13573.8 -10 076.7 -13 407.1 -7 105.1
(—12.8%) (-13%) (—28%) (—29.5%) (—19.5%) (—26%) (—15.3%) (—24.3%)
Double performance -4 006.1 -2574.1 -14 071.6 -8122.4 -13 867.2 -9 977.2 -12 851.3 -6 891.2
(—13.4%) (—13.2%) (—26.2%) (—27.7%) (—20%) (—25.7%) (—14.7%) (—23.6%)
Energy performance -14 548.8 -9115.5 -20 233.7 -10 606.4 -55 430.4 -32 329.4 -41 002.4 -17 350.5
(—48.8%) (—46.9%) (—37.7%) (—36.2%) (—79.8%) (—83.3%) (—46.9%) (—59.4%)
Desert of cereals -14 501.8 -9 303.5 -21 154.8 -11 161.4 -56 816.6 -32 883.8 -42 758.94 -17 782.9
(—48.8%) (—47.9%) (—39.5%) (—38.1%) (—81.8%) (—84.7%) (—48.9%) (—60.9%)
Green attractiveness 14 039.9 +8054.2 -5 083.2 -3716.2 + 26 525.6 33329.8 +15902.6 12 555.9
(+47.1%) (+41.4%) (—9.5%) (—12.7%) (+38.2%) (+85.9%) (+18.2%) (+43%)
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Fig. 7. Mean landscape connectivity (mean of wetland, woodland and grassland connectivities — normalized in %) for the Couesnon watershed (a) in 2018 and for
the (b) Business-as-usual, (c) Energy performance and (d) Green attractiveness scenarios.

4. Discussion

4.1. Does the BGIN strategy preserve biodiversity effectively over the long
term?

The originality of this study lay in combining LUCC scenarios and
BGIN strategies with differing degrees of ambition in order to assess the
effectiveness of the BGIN strategy over the long term and at a fine scale.
This study highlights large differences in the extent and quality of
landscape connectivity, which are impacted by the contrasting LUCC of
CAP and Green Deal policies. The French BGIN strategy is highly spe-
cific, since it protects biodiversity reservoirs and ecosystem functioning
by preserving the ecological corridors that connect them. The presence
of Natura 2000 sites and other natural areas form the backbone of these
BGINs, which makes sense for ecosystem services related to biodiversity
only if they allow species to circulate for predation, reproduction and
genetic mixing. Although this study focused mainly on biodiversity-
related ecosystem services, BGINs can also contribute to the provision
of many other ecosystem services. Nonetheless, this study shows that the
BGIN strategy effectively protects landscape connectivity from gray
infrastructure. When comparing the Desert of cereals and Energy per-
formance scenarios, which had the most contrasting assumptions about
housing demand and regulation (sprawl vs. densification, respectively)
and about the preservation of BGIN, they had little impact on landscape
connectivity, which decreased by no more than ca. 2%. These results
express the impact of social preferences and household policies due to
SCoT regulations and increased demand for land.

However, the preservation of ecological corridors in current local
land-management plans seems to underestimate the influence of agri-
cultural uses greatly. The scenarios of agricultural intensification were
based on a strong assumption of maintaining a global economy, in which
the CAP strongly influences farmers’ decisions about which crops to
produce (e.g. Chambre d’agriculture de Bretagne, 2016; Brisson et al.,
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2010; Bues et al., 2013). If land use continues along the current trend, or
if it shifts towards production of bioenergy, agricultural LUCCs could
render the BGIN strategy obsolete in the short-to-medium term (< 30
years). A 12%-point increase in the percentage of maize cultivation led
to a mean loss of mean landscape connectivity of nearly 23% for dairy
intensification. A 30%-point increase in the percentage of cereal culti-
vation led to a mean loss of mean landscape connectivity of more than
55% for intensification for bioenergy production.

One limitation of this study concerns the method used to assess im-
pacts of LUCC on landscape connectivity. Although the parameters could
be calibrated more finely, they have the advantage of quantitatively
estimating and comparing initial and final states. Nonetheless, predict-
ing LUCC trajectories could improve this assessment. Indeed, one key
land cover is grasslands, which are located throughout the landscape
and more specifically in wetlands. Dynamics of grassland configuration
may influence landscape connectivity strongly (Mimet et al., 2016),
allowing potential time lags of impacts of annual LUCC on biodiversity
to be estimated (Watts et al., 2020), which the method we used cannot
do. Although not used in this study, freely available scenario-based
datasets (Houet and Palka, 2021a, 2021b) make it possible to perform
research in this direction.

4.2. Articulating and integrating BGIN strategy into existing EU policies

At the European level, the EU Biodiversity and Farm to Fork strate-
gies introduced in the European Green Deal could benefit biodiversity in
agricultural areas. Indeed, the EU Biodiversity strategy promotes a
wider and consistent network of protected areas and set the objectives of
legally protecting at least 30% of EU land area and including ecological
corridors in a “Trans-European Nature Network”. The Farm to Fork
strategy set the percentage of UAA under organic farming to 25% (Eu-
ropean Commission, 2019c). The new 2023-2027 CAP should be
designed to be consistent with the environment and climate-related
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commitments that are emerging from the Green Deal (European Com-
mission, 2021a). The 2023-2027 CAP includes two major reforms that
did not exist in its previous version: (1) eco-schemes, which rewards
farmers who perform environmental and climate-related actions beyond
the minimum requirements (European Commission, 2021b), and (2)
national strategic plans, to enhance flexibility and conform to national
characteristics. Although these new plans could support greener agri-
culture (Rac et al., 2020), there are concerns about the new CAP’s ability
to meet the Green Deal’s objectives. The European Commission pub-
lished the first proposal of the 2023-2027 CAP in June 2018, followed
by Council and Parliament revisions, which lowered the CAP’s biodi-
versity protection and restoration objectives. Following these revisions,
Guyomard et al. (2020) recommended strengthening certain minimum
requirements and ring-fencing mechanisms for climate-related and
environmental actions to make the new CAP compatible with Green
Deal objectives. The final version of the CAP presented in December
2021 does not reflect the recommended objective, which undermines
compatibility between the new CAP and Green Deal objectives.

For instance, minimum requirements in the CAP 2023-2027 involve
that farmers maintain permanent grasslands, with a tolerated decrease
of 5%, while EU policy makers suggested lowered it to 2%. This toler-
ance for a decrease in permanent grasslands could encourage farmers to
convert permanent grasslands into crops (Guyomard et al., 2020; Mer-
edith and Kollenda, 2021). Similarly, the final version of the 2023-2027
CAP does not follow recommendations of Guyomard et al. (2020) or
Meredith and Kolleda (2021) about the need to progressively increase
the percentage of ecological focus areas (i.e. including non-productive
lands and permanent grasslands) up to 10%. Indeed, the final version
set the minimum percentage of UAA dedicated to non-productive ele-
ments to 3%, with the potential to receive support to achieve 7% (Eu-
ropean Commission, 2021b, 2021c). Small farmers (< 10 ha of UAA) are
granted some exemptions. Regarding the ring-fencing mechanism, the
new PAC allocates 25% of direct payments to eco-schemes, compared to
the 40% recommended by Guyomard et al. (2020). There are also con-
cerns about the consistency between national strategic plans and Green
Deal objectives. Weak connections between CAP climate- and
biodiversity-related objectives and EU environmental legislation could
result in a “race to the bottom” that undermines the ability of national
strategic plans to reflect CAP objectives (Hart and Bas-Defossez, 2018;
Guyomard et al., 2020; Rac et al., 2020). Given the decrease in the
ambition of environmental objectives from the new CAP’s first proposal
to its final version, and that farmer decisions are driven mainly by prices
of livestock or cereals on the global market (Kahan, 2013), the new CAP
may not sufficiently support Green Deal objectives or the effectiveness of
the BGIN strategy, as reflected in the co-constructed scenarios.

These elements therefore tend to contradict recommendations of the
report to the EU on the effectiveness of BGINs (Mazza et al., 2011; Eu-
ropean Commission, 2019a, 2019b). For its part, the CAP greening
scenario considers that agriculture will no longer be remunerated for its
production, but for the ecosystem services that it provides to society by
maintaining and managing the landscape that hosts them. While the
method for calculating PES needs to be clarified and refined (Guo et al.,
2020), it is clear that its effects on biodiversity will be particularly
effective. Without covering most of the landscape in grasslands, as in the
Green attractiveness scenario, implementing mechanisms to counteract
intensification of agricultural land use is essential to preserve biodi-
versity. Current policies (CAP, BGIN) are unlikely to succeed in this
respect in the context of a large decrease in the farming population and
an increase in farm size. While diversity in the landscape mosaic should
be favored (Sirami et al., 2019) to improve local multifunctionality
(Rega et al., 2019), promoting land-management practices of farms,
such as maintaining extensive systems in the ecological corridors that
are most important for preserving biodiversity, should consider local
and regional characteristics. The location of farming practices in the
landscape matters!.

Although the EU BGIN strategy has a multifunctional goal, the lack of
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a clearly defined method for designing BGIN and selecting their com-
ponents poses problems (Liquete et al., 2015; Garmendia et al., 2016).
This study highlights the importance of considering ecological corridors
that connect biodiversity hotspots. Indeed, protected areas (e.g. Natura
2000) will not be influenced directly by urban or agricultural LUCCs in
the future, but they could be disconnected from other reservoirs of
biodiversity, which may reduce their influence. Moreover, since pro-
tected areas cover only a small percentage of the territory, the landscape
as a whole, through the connectivity of unprotected areas, has a crucial
influence on biodiversity, and even more on the provision of ecosystem
services. Thus, biodiversity conservation areas and connectivity should
not be the only elements of BGINs; other functional hotspots in the
landscape should be considered that can enrich BGIN plans
incrementally.

This study also highlights potential contradictions or controversial
differences between EU agricultural policy and other environmental
policies (e.g. Water and Habitats Directives). The BGIN strategy can play
an integrated role in improving provision of ecosystem services but
currently remains limited to protecting biodiversity from gray infra-
structure, with no influence on agricultural land uses. It is necessary to
include BGIN design and multifunctionality into existing policies (e.g.
Water and Habitats Directives, CAP). For instance, it could help define
specific economic mechanisms (e.g. PES, other subsidies) to favor
extensive farming practices in previously identified corridors. Since the
3% (to 10%) of non-productive land or permanent grasslands on each
farm imposed by the new CAP are not always located in BGINs at the
landscape scale, Green Deal biodiversity objectives may not be achieved
in the future. Connecting these policies in a more integrated way (at
farm, municipality and landscape levels) is crucial for achieving the
United Nations’ Sustainable Development Goals. More broadly, this
study also calls for making more multiscale landscape strategies
(Primdahl et al., 2013; Primdahl and Kristensen, 2016).

4.3. Limitations and perspectives

While this study confirms the utility of using scenario-based assess-
ment of landscape functioning to make policy more operational and
sustainable (Helming and Pérez-Soba, 2011), the scenarios used were
likely stereotyped when modeling them, since all farmers have similar
practices and production systems. There was deliberately no ideal sce-
nario; nonetheless, they allowed us to identify risk factors of unsus-
tainable development and possible mechanisms for implementing future
policies for land planning and management in this study area and
beyond. The quantitative method developed provides interesting rela-
tive estimates of potential impacts, but they should be refined and used
with caution.

This study focused on biodiversity through the lens of landscape
connectivity. Despite biodiversity’s recognized importance to ecosystem
functioning from local to regional scales, decision makers often under-
estimate the knowledge of the ecosystem services provided by connec-
tivity (e.g. pollination, insect regulation), if they consider it at all.
However, PES can be legitimized by estimating impacts on other
ecosystem services (e.g. related to water quality, water quantity, erosion
risk, agricultural productivity) and the overall costs and benefits they
will generate. Indeed, this study considered only changes in LULC.
Current water-management issues in response to the European Water
Framework Directive (2000) can be exacerbated by agricultural inten-
sification and, as envisioned in climate-change scenarios, modification
of rainfall regimes. For instance, the worst climate-change scenario (RCP
8.5) predicts an increase in annual rainfall (by 14-20%) but a decrease
in summer rainfall (from 10% to 20% per month) in the study area. This
decrease would have a strong influence on water quantity and quality (e.
g. increase nitrate concentrations). Environmental and economic im-
pacts need to be assessed quantitatively to increase the interest in such
policies.

Finally, the last step of this study went beyond producing scientific
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knowledge about the future and consisted of disseminating results to a
wide audience of stakeholders, such as local land users (e.g. farmers,
other inhabitants), technicians, NGOs and elected representatives. The
objective of this final step was to (1) provide a multidisciplinary and
integrated vision of possible changes in the study area to those con-
cerned by water and land management and (2) increase stakeholders’
awareness of future challenges they will face and of their role in
addressing them, and possibly (3) support long-term and well-informed
decisions about land management. By diffusing the knowledge produced
about possible changes in the territory and avoiding black-box modeling
approaches, we wanted to help empower local stakeholders who can
plan for challenges and encourage a more sustainable future (Pérez-Silos
et al., 2021). Sharing this knowledge may favor the emergence of
bottom-up policies and land-management actions that could be more
effective than any scientific article.

5. Conclusion

This study used a scenario-based approach to assess the effectiveness
of several BGIN strategies elicited by stakeholders and applied to the
Couesnon watershed (western France). It combined participatory and
modeling approaches to provide five contrasting spatially explicit fu-
tures for 2050 at a fine scale. These results can help decision makers
assess impacts of a variety of future land-planning and agricultural land-
use assumptions on landscape connectivity. The results showed that,
while effectively limiting the development of gray infrastructure, BGINs
depend mainly on agricultural land uses. The study also highlighted
inconsistencies among existing EU policies. Indeed, even though the new
CAP seems “greener” than the previous one, market-oriented agricul-
tural intensification of cereals for agro-energy or dairy/livestock pro-
duction can decrease landscape connectivity strongly. Any BGIN
strategy can be jeopardized by future agricultural LUCCs that result from
the CAP. This study also recommends more integrated assessment of
impacts on ecosystem services and estimation of their economic value in
order to integrate the BGIN strategy better into these policies. Finally, it
emphasizes the importance of transdisciplinary research to increase
awareness of local land users and other stakeholders about possible fu-
tures and to favor emerging initiatives for sustainability and innovative
policies.
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