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Abstract :

In this paper is assessed the vulnerability of the benthic habitats potential to deliver ES caused by
physical, chemical and biological pressures identified by the Marine Strategy Framework Directive
(MSFD) in the Normand-Breton (Saint Malo) Gulf (GNB), in France. The InVEST Habitat Risk
Assessment (HRA) model provides useful information for identifying the regions on the seascape where
the impacts of human activities are the highest. Additionally, and because the HRA does not address
any ES in particular but the whole set of services offered by marine and coastal ecosystems, we
analyze the habitats potential to deliver different types of ES (provisioning, regulating and maintenance,
and cultural) using habitats vulnerability as a proxy. Concept-driven scenarios are presented to enable
the understanding of existing trade-offs as a consequence of different management options. Results
provide relevant ES-based information for managers to communicate with stakeholders and prioritize
actions for risk mitigation.
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1. Introduction

Marine and coastal systems are subject to increasing multiple human uses and pressures
including atmospheric and climate change impacts, pollution, resources exploitation or
urbanization (Harley et al., 2006; Halpern et al., 2007; Lester et al., 2010; Parravicini et al.,
2012). These impacts may compromise the ability of these ecosystems to provide benefits
known as ecosystem services (ES) to support mankind (Millennium Ecosystem Assessment,
2005): (i) provisioning (or production) services, such as food and raw materials; (ii) regulating
services, such as gas and climate regulation, protection from flood and storms and waste
bioremediation; (iii) cultural services such as cultural heritage and identity, cognitive benefits,
leisure and recreation and non-use benefits; and (iv) supporting services such as the
provision of biologically mediated habitats and nutrient cycling. Regulating and supporting
services have also been treated as a single category in marine ES, i.e., regulating and
maintenance services (Liquete et al., 2013).

The marine socio-ecosystem delivers multiple ES and is connected with multiple systems of
values and with multiple sustainability criteria. This source of complexity explains why
governing these socio-ecosystems is a global challenge (European Commission, 2013;
UNEP, 2006). One way of dealing with this complexity is by using an ecosystem-based
management (EBM) approach. EBM is about maintaining the long-term ability of ecosystems
for providing multiple ES (McLeod and Leslie, 2009). It includes local political aspects and
considers different management actions at diverse spatial scales of application (Lester et al.,
2010). In this context, a core challenge is to be able to consider simultaneously variables and
values characterized by limited comparability. The only way to do it is by adopting an
approach that considers a multi-criteria analysis (Martinez-Alier et al., 1998). However,
knowledge gaps regarding the availability of data and indicators that measure the capacity,
flow or benefit derived from each ES have been highlighted in previous research (Liquete et
al., 2013; Townsend et al., 2014).

EBM can be combined with Marine Spatial Planning (MSP) and an ES framework (Lester et
al., 2010) to support multi-criteria analysis using a geographical information systems (GIS)
(Malczewski, 1999). MSP represents decision-making approaches that use geospatial
information to mitigate human uses in the ocean while maintaining or improving ES. The ES
framework enables an explicit assessment of the trade-offs in services providing a
quantitative approach for assessing the value of MSP versus random planning (Guerry et al.,
2012). An ES framework approach requires the knowledge of the status and the changes of
the ES in response to different management options (Leh et al., 2013). A reasonable number
of studies have mapped and quantified multiple ES for terrestrial (Bai et al., 2012; Bhagabati
et al., 2012; Chan et al., 2006; Egoh et al., 2008; Gulickx et al., 2013; Maes et al., 2012;
Nelson et al., 2009; Swetnam et al., 2011) and more seldom in marine environments due to
difficulties in obtaining data (Guerry et al., 2012; Townsend et al., 2014). Furthermore, for
marine ecosystems, ES valuation is generally performed for large habitats (e.g. coral reefs,
coastal wetlands, estuaries) while there is a need for a spatially explicit ecosystem service
analysis that includes the local scale (Hutchison et al., 2013).

The MSFD (Directive 2008/56/EC) is the pillar of Europe's maritime policy which aims to
protect the European marine environment. It was adopted in 2008 and it was due to be
transposed into national legislation by 2010. This Directive outlines a legislative framework at
the EU level, at all scales, to reach a "Good Environmental Status (GEnS)" by 2020 and to
ensure the sustainable use of marine resources (EC, 2008). This approach clearly promotes
an EBM approach for managing the human activities in marine environments.



The supply of multiple ES needs to be traded off because it is impossible to simultaneously
maximize its delivery (Barbier et al., 2008; Halpern et al., 2007; Tallis and Kareiva, 2006).
The ability of the habitats to deliver ES may be approached using the vulnerability concept
which is a function of exposure (i.e., the nature and degree to which ecosystems are
exposed to environmental change), sensitivity (i.e., the degree to which a human-
environment system is affected by environmental change) and adaptive capacity (i.e.;
adjustment in natural or human systems to a new or changing environment (Metzger et al.,
2006). An increase in the habitats vulnerability is likely to decrease the supply of ecosystems
(Schroter, 2005).

The ES trade-offs that arise from different management options provide relevant information
for decision-making by revealing the benefits of an EBM approach (Lester et al., 2010). One
alternative way to the use of monetary or biophysical valuation as indicators of marine ES
where data scarcity is very present, is to estimate the changes in the vulnerability of marine
habitat's as a proxy of the habitat's ability, or potential, to deliver ES. Mapping these changes
in the study area will enable a good understanding of the components that can be managed
using an EBM approach.

The understanding of the trade-offs of an EBM approach can be achieved using scenarios of
future possible states of the ecosystem. The use of consistent scenarios for potential future
states that represent policy-induced changes to services are more informative than the ones
solely based on gross estimates (Peterson et al., 2003; Swetnam et al., 2011). The scenarios
should be based on coherent narratives incorporating likely future changes in important
drivers (Raskin, 2005). These can be built using a participatory approach with the
stakeholders or concept-driven (Castella, 2005; Guerry et al., 2012; Walz et al., 2007). The
former is harder to implement due to problems in obtaining information from dispersed
stakeholders, institutional barriers to sustained participation and parameterization of ideas
generated in scenario building process (Swetnam et al., 2011). The latter, which is applied in
the present study, is a preliminary approach aimed to engage initial discussion with the
stakeholders in the framework of marine governance.

The main objectives of this paper are: (1) to describe spatially the major sources of physical,
chemical and biological pressures according to the MSFD in the GNB; and, (2) to propose
an integrated estimate of marine habitat vulnerability as a proxy of their potential to deliver
ES, according to different management scenarios. This approach will provide relevant
information for the study mission led by the French Marine Protected Areas Agency (AAMP)
for establishing the management guidelines of a new Marine Protected Area (AAMP, 2013).

2. Material and methods

2.1 Study area

The GNB is a profound coastal indentation located in the western part of the English
Channel, from the island of Bréhat (west) to the north of the Cotentin Peninsula (Figure 1). It
is characterized by a large variety of habitats in relation to complex currents and the
presence of islands, archipelagos and rock plates, from vast tidal flats in the Mont Saint-
Michel and rocky shores to diverse subtidal environments at depth reaching 80 m (Le Mao,
2011). Both Normandy and Brittany coasts are heterogeneous areas more developed and
densely populated around the main urban centers of llle-et-Vilaine and Cétes d'Armor, but
less than other coastal areas in France such as the Mediterranean coasts (VALMER, 2014).
There are 267 municipalities within a distance of 3 km from the coastline of the study area
with a population of approximately 600,340 inhabitants in 2011 (INSEE, 2014). The
economic activities are mainly related with shellfish farming, commercial fishing, agriculture,
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tourism and leisure, nuclear power and fuel reprocessing industries, aggregates extraction
and, in the future, offshore renewable energy farms (VALMER, 2014).

This area benefits from several conventions signed by France on the protection and
sustainable management of species and marine habitats. These include, besides the
previously mentioned MSFD, other European Directives on the protection of the marine
environment such as: (i) the Birds and Habitats Directives aiming to preserve species and
habitats which are of European importance, including marine ones (European Commission,
2007, 2000, 1992); and, (ii) the Water Framework Directive aiming to achieve a good quality
of water and a good ecological status of aquatic environments (European Commission,
2000).
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Figure 1 The Normand-Breton (Saint Malo) Gulf

2.2 Data

An habitat vector map was produced for the purpose of this study using several historical
datasets (Augris, 2008, 2006; Bonnot-Courtois et al, 1986; Bouvier, 1993; Cabioch and
Retiere, 1968; Godet et al, 2007; Guillaumont et al, 1987; Ifremer-CNRS-CEVA, 2007;
Ifremer-EPHE/CNRS-MNHN-RNBSB, 2006; Jackson, 2003; Le Mao, 2013; Thouzeau and
Hamon, 1992). This map is based on the habitat types classification of the European Nature
Information System (EUNIS) habitat (EEA, n.d.) at level 4 for soft-sediment habitats and, at
level 2, for hard substrata habitats (Figure 2; Table 1). A total area of 9970.6 km? has been
analyzed including two hard substrata habitats and 15 soft-sediment habitats.
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Figure 2 Benthic habitat compilation using EUNIS 2004 classification in the GNB




Eunis code Description Area (kmz) % of total area

Al Littoral rock and other hard substrata 80.4 0.81
A2.22 Barren or amphipod-dominated mobile sand shores 3.1 0.03
A2.23 Polychaete/amphipod-dominated fine sand shores 311.2 3.12
A2.24 Polychaete/bivalve-dominated muddy sand shores 141.6 1.42
A2.31 Polychaete/bivalve-dominated mid estuarine mud shores 1.4 0.01
A2.5 Coastal saltmarshes and saline reedbeds 58.4 0.59
A2.61 Seagrass beds on littoral sediments 0.5 0.01
A2.71 Littoral [Sabellaria] reefs 1.4 0.01
A3.A4 Infralittoral rock and other hard substrata / Circalittoral 355.6 3.57
A4.13 Mixed faunal turf communities on circalittoral rock 3157.6 31.67
A4.21 Echinoderms and crustose communities on circalittoral rock 1732.7 17.38
A5.13 Circalittoral coarse sediment 2265.8 22.72
A5.23 Infralittoral fine sand 370.6 3.72
A5.24 Infralittoral muddy sand 124.1 1.24
A5.43 Infralittoral mixed sediments 1044.2 10.47
A5.51 Maerl beds 305.3 3.06
A5.53 Sublittoral seagrass beds 16.7 0.17

The datasets used to build the pressure layers according to the main human drivers
identified by the MSFD are given in Table 2. The geographical information system (GIS) data
used in the modeling process was provided by the French Agency of Marine Protected Areas
(AAMP), the French Research Institute for Exploitation of the Sea (Ifremer) and the National
Center for Ecological Analysis and Synthesis of the University of California Santa Barbara
(NCEAS). All the input datasets are, or were, converted into common a NTF France Il

Table 1 EUNIS 4 habitat classes used in this study

(Degrees) projection.




GIS layers Source Associated MSFD pressure/impact
Recreational on- AAMP Physical loss - Abrasion
foot fishing Other physical disturbance - Marine liter
Biological disturbance - Selective extraction of species
Recreational boat AAMP Other physical disturbance - Marine liter

fishing

Biological disturbance - Selective extraction of species

Professional

Ifremer, SIH (Activity

Physical loss - Abrasion

fishing data, 2012) Other physical disturbance - Marine liter
Biological disturbance - Selective extraction of species
Dredge spoil AAMP Physical loss - Smothering and sealing
disposal sites Physical loss - Abrasion
Physical damage - Changes in siltation
Off-shore energy AAMP Physical loss - Smothering and sealing
Interference with hydrological processes-changes in the currents
Harbors AAMP Physical loss - Smothering and sealing
Physical loss - Abrasion
Contamination by hazardous substances
Marinas AAMP Physical loss - Smothering and sealing
Physical loss - Abrasion
Contamination by hazardous substances
Marine traffic AAMP Other physical disturbance - Marine liter
Contamination by hazardous substances
Shipwrecks AAMP Physical loss - Smothering and sealing
Other physical disturbance - Marine liter
Contamination by hazardous substances
Submarine cables AAMP Physical loss - Smothering and sealing
Physical loss — Abrasion
Shellfish farms AAMP Physical loss - Smothering and sealing
Other physical disturbance - Marine liter
Interference with hydrological processes-changes in the currents
Granulate AAMP Physical loss - Abrasion
extraction Physical damage - Selective extraction
Anchorages AAMP Physical loss - Abrasion
Ammunition AAMP Other physical disturbance - Marine liter
Crepidula Ifremer Biological disturbance - Non-indigenous species
fornicata
Nutrients NCEAS Nutrient and organic matter enrichment-Inputs of organic matter
Organic NCEAS Nutrient and organic matter enrichment- Input of fertilizers and
pollutants other nitrogen

Table 2 GIS layers used to build the MSFD pressures




The MSFD pressures were represented using GIS layers that were preprocessed using
several spatial operations (Figure 3). The preprocessing procedure is described in the

supplementary material (Table A.1).
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Figure 3 Physical, chemical and biological pressures in the GNB according to the MSFD



The physical pressures and impacts for marine habitats include smothering and sealing,
interference in the hydrological process, physical disturbance and damage (AAMP et
IFREMER, 2012; EC, 2008; OSPAR, 2010).

Smothering can be caused by man-made structures such as sites for disposal of dredge
spoil, shipwrecks, submarine cables, or land reclamation for harbors and marinas building
(Airoldi and Beckland, 2007; Bolam, 2012). Permanent constructions such as shellfish farms
and offshore energy infrastructures can cause a sealing effect and alter locally the sediment
structure (Crawford et al., 2003). Constructions impeding water movements such as offshore
energy farms and shellfish farms may change currents with consequences on the
hydrological processes (Defne et al., 2011; Karsten et al., 2008; Plew, 2011; Plew et al.,
2005). Several human activities contribute to the creation of marine liter such as recreational
fishing activities, professional fishing, marine traffic, shipwrecks and shellfish farming
(Eastwood et al., 2007). Abrasion may have an important erosion impact on the seabed and
can be caused by commercial fishing such as scallop dredging (Hall-Spencer, 2000), trawling
(Kaiser et al., 2002), on-foot fishing (trampling) (Davenport and Davenport, 2006), aggregate
extraction (de Groot, 1996; Desprez, 2000; ICES, 2009, pp. 1998-2004), submarine cables
(OSPAR, 2009) and dredging activities (Guijarrogarcia et al., 2006). Most physical impacts
on marine habitats alter the sediment grain size and chemistry, and may cause diverse
changes on benthic communities and their functioning depending on the sensitivity of
habitats (Bolam et al., 2006; Guarin, 1991; Hartstein and Rowden, 2004; Kaiser et al., 2006).

Analyzed chemical pressures to marine habitats include the contamination by hazardous
substances, inputs of organic matter and inputs of fertilizers and other nitrogen compounds
(Fabry et al., 2008; Halpern et al., 2007). Contamination by hazardous substances may
result from the pollution from ships, harbor and marina activities and from inorganic
pollutants (e.g., impervious surfaces) (Halpern et al., 2008). Inputs of fertilizers and
phosphorus-rich substances (e.g. from point and diffuse sources including agriculture,
aquaculture, atmospheric deposition), and inputs of organic matter (e.g. sewers, mariculture,
riverine inputs) contribute for nutrient and organic matter enrichment, and is a major cause of
eutrophication of coastal areas potentially leading to hypoxia and major changes in the
ecosystem dynamics (Diaz and Rosenberg, 2008; Halpern et al., 2008).

The biological pressures in the GNB were evaluated through the impact of a non-indigenous
species and fishing activities. The American slipper-limpet (Crepidula fornicata, L. 1758)
expansion has had negative impacts on different ecosystem properties, such as the
modification of the sediment, changes in the biogeochemical cycles and nutrient cycling,
changes in primary production and long-term biodiversity loss, and the emergence of a new
benthic community (Blanchard, 2009; Chauvaud et al., 2000; Cugier et al., 2010; de
Montaudouin and Sauriau, 1999; Kostecki et al., 2011; Le Pape et al., 2004). The selective
extraction of species through commercial and recreational fishing is also considered a
biological pressure (AAMP et IFREMER, 2012; OSPAR, 2010).

The overall methodological workflow for assessing the habitat's vulnerability to deliver ES is
depicted in figure 4 and explained subsequently.
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Figure 4 Methodological workflow of this study

2.3 Habitat Risk Assessment
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The INVEST habitat risk assessment (HRA) model allows users to assess the risk posed to
coastal and marine habitats by human activities and the potential consequences of exposure
for the delivery of environmental services and biodiversity (Tallis et al., 2013). The likelihood
of exposure of the habitat to the stressor and the consequence of this exposure was done
using expert knowledge by assigning a rating to a set of criteria for each attribute (Table 3).

Score
Criteria 0 1 2 3
Data quality

g (DQ) - Limited Adequate Best

3 Intensity No score Low Medium High

u% Management No score Very effective Somewhat effective Not effective

Buffer Distance in m
Change inarea | No score Low loss (0-20%) | Medium loss (20-50%) High loss (50-100%)
ot o Change in
§ e structure No score Low loss (0-20%) | Medium loss (20-50%) High loss (50-100%)
= % Natural
g 2 disturbance No score Daily to weekly Several times per year | Annually or less often
© Temporal
overlap No score 0-4 mois 4-8 mois 8-12 mois
High mortality Moderate mortality
o Mortality No score (>=80%) (20-50%) Low mortality (0-20%)
& 5 Annual or more
ug; § Recrutement No score often Every 1-2 years Every 2+ years
g & High dispersal (+ Medium dispersion
o Connectivity No score 100 km) (10-100km) Low dispersion (<10km)
Regeneration No score Less than 1 year 1-10 years 10+ years

Table 3 Exposure and consequence scoring criteria (Tallis et al., 2013)
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If the stressor j does not spatially overlap an habitat i, both the exposure value e; and the
consequence value c; are set to 0 as well as the risk value. The model also enables to score
the quality of the data and the weighted importance of the criteria. In this case, an equal
importance for all criteria was used. Exposure E (1) and consequence C (2) scores are
calculated as weighted averages of the exposure values e; and consequence values c; for
each criterion i as follows (InVEST, 2013):

€ = 2)

where d; is the data quality rating for criterion i, w; is the importance weighing for criterion i
and N is the number of criteria evaluated for each habitat.

The risk to habitat i caused by stressor j (R;) is calculated as (3):

Rij =+(E—1%+ (C - 1)2 (3)

Finally, the cumulative risk for habitat i is the sum of all risk scores for each habitat (4).

R; = Z§=1 R;j (4)

The values for each criterion in the model were previously scored using the individual input
layers (Table 2). These values were then averaged and, for the spatial influence criteria, the
maximum value was used. The data quality criterion is a scale ranging from 1, indicating a
limited knowledge of the data quality, to 3, indicating increasingly reliable data.

The scoring of the exposure to the different MSFD pressures was done according to
intensity, for example, activities that occur the whole year have higher intensity than the ones
that occur only for 1 or 2 months in the year, and management effectiveness, which are
strategies that reduce or enhance exposure (Table 3). The buffer distance represents the
spatial influence of each stressor.

The scoring of the resilience attributes was done according to (Tallis et al., 2013): changes in
area (measured as the percent change in areal extent of a habitat when exposed to a
stressor), changes in structure (for biotic habitats, is the percentage change in structural
density of the habitat when exposed to a stressor; for abiotic habitats, is the amount of
structural damage sustained by the habitat), natural disturbance (naturally frequently habitats
perturbed in a way similar to the anthropogenic stressor are more resistant to additional
anthropogenic stress) and temporal overlap (the duration of time that the habitat and the
stressor experience spatial overlap) (Table 3).

The scoring of the recovery attributes was done according to (Tallis et al., 2013): mortality

(habitats with high natural mortality rates are usually more productive and more capable of
recovery), recruitment (frequent recruitment increases recovery potential), connectivity (for
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biotic habitats only, dispersal and close spacing of habitat patches increases the recovery
potential of a habitat), and regeneration (biotic habitats that reach maturity earlier are likely
to be able to recover faster from disturbance; for abiotic habitats, shorter recovery times for
habitats decrease the consequences of exposure to human activities (Table 3).

In tables 4 and 5 are presented, respectively, the values used for exposure and
consequence (recovery) attributes. The values used for the resilience attributes are
presented as supplementary material (Table B.1).

Pressure # MSFD pressure Intensity | DQ | Management | DQ | Buffer (m)
1 Smothering and sealing 2 2 2 2 4000
2 Abrasion 2 2 2 2 4000
3 Selective extraction 3 3 2 2 1000
4 Marine liter 2 2 3 2 10000
5 Change in currents 3 3 2 2 4000
6 Contamination by hazardous substances 2 3 2 2 10000
7 Changes in siltation 2 3 3 2 4000
8 Input of fertilizers and other nitrogen 3 2 3 2 30000
9 Inputs of organic matter 3 2 3 2 30000
10 Non-indigenous species 3 2 3 2 4000
11 Selective extraction of species 2 2 3 1 3000

Table 4 Exposure of habitats to MSFD pressures (DQ = data quality)

Habitat | Mortality | DQ Recruitment | DQ | Connectivity | DQ | Regeneration | DQ

Al 2 2 1 3 2 3 3 2
A2.22 3 1 3 3 1
A2.23 2 3 1 3 2 3 2 2
A2.24 2 3 1 3 2 3 2 2
A2.31 2 3 1 3 2 3 2 2
A2.5 2 2 1 2 3 2 2 2
A2.61 2 2 2 3 3 2 2 2
A2.71 2 3 3 3 2 3 2 3
A3.A4 2 2 1 3 2 2 3 2
A4.13 3 2 1 3 2 2 3 1
A4.21 3 2 1 3 2 3 3 1
A5.13 3 3 1 3 2 3 3 1
A5.23 3 3 1 3 2 2 2 2
A5.24 2 3 1 3 2 3 2 2
A5.43 2 3 1 3 2 3 2 2
A5.51 2 2 0 1 0 1 3 3
A5.53 3 1 0 1 0 1 0 1

Table 5 Consequences of exposure scores (recovery attributes) (DQ= Data quality).

2.4 ES availability mapping

Although there are more ES provided by the GNB habitats, the one's listed in table 6 were
selected as the most relevant for this study. The support and regulation services were
grouped into a single category designated "regulating and maintenance" (Liquete et al.,
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2013). Biodiversity is treated as a cultural service and it concerns only the remarkable
species of the GNB.

Type of ES Ecosystem Service

Provisioning | Food provision

Raw material

Regulating | Climate regulation and composition of the atmosphere

and (carbon sequestration and greenhouse gas emissions)

maintenance | Prevention/protection against disturbance

Water quality regulation /buffering effect on waste and

pollutants

Shoreline stabilization

Resistance and resilience

Cultural Cultural heritage and identity

Cognitive benefits

Recreation

Remarkable biodiversity

Table 6 Relevant ES identified for the GNB habitats

A matrix that links the 17 EUNIS habitats to the availability of 11 ES was created using
expert knowledge (Table 7). The scores reflected the availability of ES provided by the
habitats (A;) for each type of service and could have the values of 0 (absent), 1 (weak), 2
(medium) or 3 (strong).

Food provision benefits included the analysis of 20 species that are usually fished in the
GNB. The provision of raw materials included the analysis of aggregate and crepidula
extraction activities. The cultural services included the analysis of 10 recreational activities
such as bird watching, recreational fishing and several recreation sports. The cognitive
benefits included nature recreation and research activities. The regulating and maintenance
services did not include any sub-category and were evaluated as a whole. The ES availability
scores for each ES are presented as supplementary material (Table C.1).

To enable a common comparison among the 3 three types of ES, all values were
transformed into an interval between 0 and 1, by subtracting the minimum value and dividing
by the difference between the maximum and minimum value (Parravicini et al., 2012). The
information of table 7 was used to build maps of ES availability in the GNB on a grid of 5x5
km.
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Habitat Provisioning | Range Regulating and Range | Cultural | Range
(ap;) [0-1] maintenance [0-1] (ag) [0-1]
(2rmi)

Al 0 0.00 4 0.30 15 0.67
A2.22 0 0.00 1 0.00 4 0.14
A2.23 15 0.63 4 0.30 21 0.95
A2.24 12 0.50 4 0.30 22 1.00
A2.31 9 0.38 6 0.50 9 0.38
A2.5 7 0.29 11 1.00 21 0.95
A2.61 0 0.00 7 0.60 5 0.19
A2.71 0 0.00 3 0.20 17 0.76
A3.A4 7 0.29 3 0.20 19 0.86
A4.13 13 0.54 2 0.10 4 0.14
A4.21 8 0.33 2 0.10 4 0.14
A5.13 24 1.00 2 0.10 12 0.52
A5.23 2 0.08 5 0.40 1 0.00
A5.24 13 0.54 3 0.20 12 0.52
A5.43 19 0.79 3 0.20 12 0.52
A5.51 10 0.42 2 0.10 5 0.19
A5.53 7 0.29 5 0.40 11 0.48

Table 7 ES availability by habitat

A5.13 and A5.43 are the habitats that provide the highest availability of provisioning services
(api). Regulating and maintenance services (arvi) are mostly provided by habitat A2.5.
Cultural services (ac;) are mostly provided by the habitats A2.23, A2.24 and A.25.

2.5 Marine habitats ES vulnerability and scenarios of change

In this study, we assess the habitats potential to deliver ES using habitat's vulnerability as a
proxy. The habitat's vulnerability is an increasing function of exposure and impact (Metzger
et al., 2006). We consider the adaptive capacity of the habitat's proportional to the existing
level of ES availability (A;). The habitats ES potential is less vulnerable where the habitats
already provide more ES. Thus, the habitat's vulnerability (Vi) is obtained by dividing the
cumulative risk for habitat (R;) by the ES availability level (A;) (5).

Vi= R/ 4 ()

Two hypothetical scenarios were created to show the stakeholders how changes in
management options may influence habitat's ability to deliver ES. The first scenario promotes
the development of human activities by increasing the intensity of pressures to the maximum
possible value (3, high) and decreasing the management effectiveness to the minimum (3,
not effective). The second scenario strengthens the conservation measures by decreasing
the intensity of pressures to the minimum possible value (1, low) and increasing the
management effectiveness to the maximum (1, very effective). Regarding the spatial
influence of the pressures, these are increased in 100% in the first scenario whereas, in the
second scenario, they are decreased by 50%.

The change of the habitats vulnerability in a given scenario relative to the baseline can be
calculated as (6):

vel, = [M} +* 100 (6)

VBasxi
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where VCI, is the vulnerability change index for delivering ES of type X, Vp4syi is the baseline
habitat's vulnerability for delivering ES of type x at time i and Vg, jis the habitat's
vulnerability scenario for delivering ES of type x at time j.

3. Results

3.1 Habitat Risk Assessment

The map of figure 5 depicts, using a 5x5 km cell, the sum of all cumulative risk scores for all
habitats. As expected, the near shore areas exhibit higher risk values. This means that these
habitats are more exposed to MSFD pressures unlike the habitats in the offshore areas of
the GNB.

Risk for habitats
wom High .

3 |¢§emain:§g-Ay
— Low

|
,Le/genequet
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Ardentes [
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Figure 5 Cumulative habitat risk for the GNB
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3.2 ES availability maps

The maps of figure 6 depict, using a 5x5 km cell, the ES availability for each type of ES.
These maps were created using the information of table 7.

Provisioning Regulation and Cultural
services maintenance services services

Figure 6 ES availability by type of service

3.3 Marine habitat's potential to deliver ES and scenarios of change

The maps of figure 7 depict, using a 5x5 km cell, the habitat's vulnerability to deliver each
type of service for the baseline and the alternative scenarios. The resulting maps show the
areas sensitive to the management actions.
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Figure 7 Habitat's ES vulnerability and scenario changes
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Table 8 shows the changes on the habitat's vulnerability index (VCI,) to deliver ES for each
scenario using the baseline as reference.

Provisioning Regulating and maintenance Cultural
. T VCl Development Vc'Conservation VCl Development Vc'Conservation VCl Development vc'Conservation
Habitat Description (%) (%) (%) (%) (%) (%)
Littoral rock and other 49.6 -32.3 32.3 -39.2 31.7 -38.9
Al
hard substrata
Barren or amphipod- 26.8 -42.4 0.0 0.0 26.8 -42.5
A2.22 dominated mobile
sand shores
Polychaete/amphipod- 47.6 -34.8 36.4 -41.7 35.5 -42.1
A2.23 dominated fine sand
shores
Polychaete/bivalve- 59.1 -35.1 58.1 -35.3 58.5 -35.0
A2.24 dominated muddy
sand shores
Polychaete/bivalve- 5.0 -56.0 0.0 0.0 5.0 -56.0
A2.31 dominated mid
estuarine mud shores
Coastal saltmarshes 67.9 -38.7 56.7 -42.6 62.2 -40.4
A2.5 .
and saline reedbeds
A2.61 S';eagrass bfeds on - - - - - -
littoral sediments
Littoral [Sabellaria] 26.7 -44.8 23.5 -47.0 23.2 -47.2
A2.71
reefs
Infralittoral rock and 27.8 -41.4 25.1 -41.7 26.2 -41.3
A3_A4 | other hard substrata /
Circalittoral
Mixed faunal turf 38.9 -38.4 43.7 -36.7 44,5 -36.4
A4.13 communities on
circalittoral rock
Echinoderms and 46.8 -39.8 0.0 0.0 46.9 -39.7
A4.21 crustose communities
on circalittoral rock
Circalittoral coarse 36.6 -35.6 39.7 -32.7 41.6 -33.0
A5.13 .
sediment
A5.23 Infralittoral fine sand 42.1 -38.8 34.0 -40.2 43.0 -34.4
A5.24 Infralittoral muddy 37.1 -39.5 0.0 -39.1 35.0 -40.0
sand
Infralittoral mixed 46.5 -35.3 42.8 -39.5 44.6 -39.7
A5.43 .
sediments
A5.51 Maerl beds 33.3 -35.0 27.6 -36.5 30.6 -34.8
Sublittoral seagrass 54.9 -30.3 61.9 -29.3 71.1 -27.1
A5.53 beds

Table 8 Changes in the habitat's vulnerability index to deliver ES (the most important habitats

for each type of ES are highlighted)

If a development scenario is adopted, the habitat's vulnerability for delivering provisioning ES
could increase between 36.6% and 46.5% in, respectively, the habitats A5.13 and A5.43. In
the conservation scenario, this value is likely to decrease, respectively, 35.6% and 35.3% for
these habitats. A development scenario would increase habitat's A2.5vulnerability for
delivering regulating and maintenance services in 56.7%. A conservation scenario would
decrease this value in about 42.6%. Finally, a development scenario could also increase
habitats A2.23, A2.24 and A2.5 vulnerability in, respectively, 35.5%, 58.5% and 62.2%. A
conservation scenario would decrease these values in, respectively, 42.1%, 35.0% and
40.4%. Values for habitat A2.61 are not presented due to the small area occupied by these
habitats (<0.5 km?).
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3.4 Demand of human activities for habitats

After identifying the most important habitats for supplying the different type of ES, it is
possible to know which human activities interact with these habitats in the various scenarios.
This enables defining which activities should be more managed from an EBM point of view
considering the habitat's vulnerability. Since we are using a GIS, one can easily retrieve this
information through a spatial query (Table 9). Table 9 shows that the activities that demand
more habitat space are the fishing activities (professional and recreation).

%) ) © © W ©
Qo ~ [} = C c < c
E S| 8| 8| ¢ |ss|sm|lgeBesos|ar 2
s o o e = EQ |5 O T S ®& n c 5%
© 0 © © a sS|lES|E2E|lseg e 22| S5
£ s T S z 5|69 & ©Csc* g8|e*
(%] 2l QL x Qo o
A2.23 0.3 2.0 0.3 0.5 0.6 - 12.6 74.7 60.6 85.1 0.2
A2.24 - 0.4 0.1 0.0 - - 8.1 90.7 48.5 85.0
A2.5 - 0.8 0.2 0.3 - - 0.1 86.5 21.6 53.5 -
A4.13 0.0 0.0 0.0 0.3 1.4 0.4 0.1 0.1 16.7 40.9 6.8
A5.13 0.1 0.0 0.0 0.2 2.6 2.2 - 16.2 77.7 53

Table 9 Habitat area (%) occupied by each human activity

4. Discussion

This study includes a modeling approach that incorporates the knowledge from scientists and
managers of the GNB enabling an informed discussion with the stakeholders about risks for
habitats and their impact on ES potential. However, several limitations were identified that
should be carefully considered when using these results.

The data scarcity and quality are critical aspects difficult to overcome in this study. The
results were not validated due to the lack of suitable empirical data. The geographical
datasets needed for this modeling approach are hard to find due to a varied number of
reasons which may include disparate collection dates, different scales and/or different data
production purposes (e.g., as is the case of the habitat map of the GNB). The lack of data is
particularly important in the NW section of the GNB. A considerable effort was made to
integrate coherently dispersed geographical data and describe it with the adequate data
quality score used in the HRA model. However, the quality of some datasets should be
improved in future versions of the model.

Although there are some publications that describe the ecological state of the marine
ecosystems (AAMP et IFREMER, 2012), these are context-dependent and there is a variable
degree of knowledge of the impacts of the pressures.

Finally, the HRA model assumes additive effects of pressures which is highly questionable

as some human pressures may have synergy and/or antagonism effects that are not
considered (Crain et al., 2008; Halpern et al., 2008).
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5. Conclusions

This study characterized the habitats vulnerability as a proxy of their ability to deliver different
types of ES in the GNB. The modeling approach involved the use of expert knowledge and
geographical data to describe the habitats (EUNIS classification at level 4) and their
pressures defined according to the MSFD. The most important habitats for the supply of ES
and the human activities that require more surface area of these habitats were also
identified. The use of scenarios enabled the understanding of potential degradation or
improvement as a consequence of alternative management options. These scenarios will be
adapted to specific management options required by the stakeholders.

Despite the important above-mentioned limitations, this project constitutes an outstanding
opportunity to integrate available expert knowledge and to use datasets that have been
produced over the years by several institutions that work in the sea environment of the GNB.
These results should be regarded as a first step in characterizing the GNB using an
integrated EBM approach aiming to provide useful elements for discussion and information to
better design the future marine protected area with the stakeholders. Future work will include
the study of more services such as primary production, carbon storage and nutrient cycling.
Data quality improvement and the description of the activities that are causing the highest
pressure on the habitats and their services are also envisaged in a near future.

Acknowledgments

This research is partially funded by VALMER (under the European cross-border cooperation
programme INTERREG IV A France Channel — England, co-funded by the ERDF),
Lyonnaise des eaux and Idealg (Agence Nationale de la Recherche).

References

AAMP, 2013. Mission d’étude pour la création d’'un parc naturel marin dans le golfe
normand-breton.

AAMP et IFREMER, 2012. Plan d’action pour le milieu marin. Sous-région marine Mers
Celtiques. Evaluation initiale des eaux marines analyse des pressions et impacts.

Airoldi, L., Beckland, M., 2007. Loss, Status and Trends for Coastal Marine Habitats of
Europe, in: Gibson, R., Atkinson, R., Gordon, J. (Eds.), Oceanography and Marine Biology:
An Annual Review, Volume 45, Oceanography and Marine Biology - An Annual Review.
CRC Press.

Augris, C., 2006. Carte des formations superficielles du domaine marin cétier de I'anse de
Paimpol a Saint-Malo (Cotes d’Armor - llle-et-Vilaine).

Augris, C., 2008. Carte des formations superficielles du domaine marin cotier de Saint-Malo
a Granville (llle-et-Vilaine - Manche).

Bai, Y., Zheng, H., Ouyang, Z., Zhuang, C., Jiang, B., 2012. Modeling hydrological
ecosystem services and tradeoffs: a case study in Baiyangdian watershed, China. Environ.
Earth Sci. doi:10.1007/s12665-012-2154-5

Barbier, E.B., Koch, E.W., Silliman, B.R., Hacker, S.D., Wolanski, E., Primavera, J., Granek,
E.F., Polasky, S., Aswani, S., Cramer, L.A., Stoms, D.M., Kennedy, C.J., Bael, D., Kappel,
C.V., Perillo, G.M.E., Reed, D.J., 2008. Coastal Ecosystem-Based Management with
Nonlinear Ecological Functions and Values. Science 319, 321-323.
doi:10.1126/science.1150349

20



Bhagabati, N., Barano, T., Conte, M., Ennaanay, D., Hadian, O., McKenzie, E., Olwero, N.,
Rosenthal, A., Suparmoko, S.A., Tallis, H., 2012. A Green Vision for Sumatra: Using
ecosystem services information to make recommendations for sustainable land use planning
at the province and district level. A Report by The Natural Capital Project, WWF-US, and
WWEF-Indonesia. www. ncp-dev.

Blanchard, M., 2009. Recent expansion of the slipper limpet population ( Crepidula fornicata
) in the Bay of Mont-Saint-Michel (Western Channel, France). Aquat. Living Resour. 22, 11—
19. doi:10.1051/alr/2009004

Bolam, S.G., 2012. Impacts of dredged material disposal on macrobenthic invertebrate
communities: A comparison of structural and functional (secondary production) changes at
disposal sites around England and Wales. Mar. Pollut. Bull. 64, 2199-2210.
doi:10.1016/j.marpolbul.2012.07.050

Bolam, S.G., Rees, H.L., Somerfield, P., Smith, R., Clarke, K.R., Warwick, R.M., Atkins, M.,
Garnacho, E., 2006. Ecological consequences of dredged material disposal in the marine
environment: A holistic assessment of activities around the England and Wales coastline.
Mar. Pollut. Bull. 52, 415-426. doi:10.1016/j.marpolbul.2005.09.028

Bonnot-Courtois et al, 1986. Produit numérique REBENT Ifremer-CNRS, 2009; Fond de
plan: SHOM, IGN-GEOFLA ; Réf. Lambert Il étendu.

Bouvier, P., 1993. Produit numérique REBENT Ifremer-CNRS, 2009 ; Fond de plan: SHOM,
IGN-GEOFLA, Réf. Lambert Il étendu.

Cabioch, L., Retiére, C., 1968. Produit numériqgue REBENT Ifremer-Université-CNRS-MNHN,
2010; Fond de plan: SHOM, IGN-GEOFLA ; Réf. Lambert Il étendu.

Castella, J.-C., 2005. Participatory simulation of land-use changes in the northern mountains
of Vietnam: the combined use of an agent-based model, a role-playing game, and a
geographic information system.

Chan, KM.A., Shaw, M.R., Cameron, D.R., Underwood, E.C., Daily, G.C., 2006.
Conservation  Planning for  Ecosystem  Services. PLoS Biol 4, e379.
doi:10.1371/journal.pbio.0040379

Chauvaud, L., Jean, F., Ragueneau, O., Thouzeau, G., 2000. Long-term variation of the Bay
of Brest ecosystem: benthic-pelagic coupling revisisted. Mar. Ecol. Prog. Ser. 200, 35-48.
Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of multiple
human stressors in marine systems. Ecol. Lett. 11, 1304-1315. doi:10.1111/j.1461-
0248.2008.01253.x

Crawford, C.M., Macleod, C.K.., Mitchell, .M., 2003. Effects of shellfish farming on the
benthic environment. Aquaculture 224, 117-140. doi:10.1016/S0044-8486(03)00210-2
Cugier, P., Struski, C., Blanchard, M., Mazurié, J., Pouvreau, S., Olivier, F., Trigui, J.R.,
Thiébaut, E., 2010. Assessing the role of benthic filter feeders on phytoplankton production in
a shellfish farming site: Mont Saint Michel Bay, France. J. Mar. Syst. 82, 21-34.
doi:10.1016/j.jmarsys.2010.02.013

Davenport, J., Davenport, J.L., 2006. The impact of tourism and personal leisure transport on
coastal environments: A review. Estuar. Coast. Shelf Sci. 67, 280-292.
doi:10.1016/j.ecss.2005.11.026

Defne, Z., Haas, K.A., Fritz, H.M., 2011. Numerical modeling of tidal currents and the effects
of power extraction on estuarine hydrodynamics along the Georgia coast, USA. Renew.
Energy 36, 3461-3471. doi:10.1016/j.renene.2011.05.027

De Groot, S.J., 1996. The physical impact of marine aggregate extraction in the North Sea.
ICES J. Mar. Sci. 1051-1053.

De Montaudouin, X., Sauriau, P., 1999. The proliferating Gastropoda Crepidula fornicata
may stimulate macrozoobenthic diversity. J Mar Biol Assoc 1069-1077.

Desprez, M., 2000. Physical and biological impact of marine aggregate extraction along the
French coast of the Eastern English Channel: short- and long-term post-dredging restoration.
ICES J. Mar. Sci. 57, 1428-1438. doi:10.1006/jmsc.2000.0926

Diaz, R.J., Rosenberg, R., 2008. Spreading Dead Zones and Consequences for Marine
Ecosystems. Science 321, 926—-929. doi:10.1126/science.1156401

21



Eastwood, P.D., Mills, C.M., Aldridge, J.N., Houghton, C.A., Rogers, S.l., 2007. Human
activities in UK offshore waters: an assessment of direct, physical pressure on the seabed.
ICES J. Mar. Sci. 64, 453-463. doi:10.1093/icesjms/fsm001

EC, 2008. DIRECTIVE 2008/56/CE.

EEA, n.d. EUNIS - Welcome to EUNIS Database [WWW Document]. URL
http://eunis.eea.europa.eu/ (accessed 5.4.14).

Egoh, B., Reyers, B., Rouget, M., Richardson, D.M., Le Maitre, D.C., van Jaarsveld, A.S.,
2008. Mapping ecosystem services for planning and management. Agric. Ecosyst. Environ.
127, 135-140. doi:10.1016/j.agee.2008.03.013

European Commission, 2000. Directive 2000/60/EC of the European Parliament and of the
Council of 23 October 2000 establishing a framework for Community action in the field of
water policy.

European Commission, 2007. Guidelines for the establishment of the Natura 2000 network in
the marine environment. Application of the habitats and Birds Directives.

European Commission, 2013. Proposal for a DIRECTIVE OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL establishing a framework for maritime spatial
planning and integrated coastal management (No. COM(2013) 133 final 2013/0074 (COD)).
Brussels.

European Commission, L., 1992. Council Directive 92/43/EEC of 21 May 1992 on the
conservation of natural habitats and of wild fauna and flora.

Fabry, V.J., Seibel, B.A., Feely, R.A., Orr, J.C., 2008. Impacts of ocean acidification on
marine fauna and ecosystem processes. ICES J. Mar. Sci. 65, 414-432.
doi:10.1093/icesjms/fsn048

Godet et al, 2007. Archipel de Chausey. Carte des habitats intertidaux de substrats meubles.
Dinard, Station Marine, MNHN, CNRS.

Guarin, F.Y., 1991. Water quality management issues in Lingayen Gulf, Philippines and
some proposed solutions. Mar. Pollut. Bull. 23, 19-23. doi:10.1016/0025-326X(91)90643-7
Guerry, A.D., Ruckelshaus, M.H., Arkema, K.K., Bernhardt, J.R., Guannel, G., Kim, C.-K,,
Marsik, M., Papenfus, M., Toft, J.E., Verutes, G., Wood, S.A., Beck, M., Chan, F., Chan,
K.M.A,, Gelfenbaum, G., Gold, B.D., Halpern, B.S., Labiosa, W.B., Lester, S.E., Levin, P.S.,
McField, M., Pinsky, M.L., Plummer, M., Polasky, S., Ruggiero, P., Sutherland, D.A., Tallis,
H., Day, A., Spencer, J., 2012. Modeling benefits from nature: using ecosystem services to
inform coastal and marine spatial planning. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 8,
107-121. doi:10.1080/21513732.2011.647835

Guijarrogarcia, E., Ragnarsson, S., Eiriksson, H., 2006. Effects of scallop dredging on
macrobenthic communities in west Iceland. ICES J. Mar. Sci. 63, 434-443.
doi:10.1016/j.icesjms.2005.08.013

Guillaumont et al, 1987. Produit numérique REBENT Ifremer-EPHE-Université, 2005 ; Fond
de plan: SHOM, Ifremer, IGN-GEOFLA ; Réf. Lambert Il étendu.

Gulickx, M.M.C., Verburg, P.H., Stoorvogel, J.J., Kok, K., Veldkamp, A., 2013. Mapping
landscape services: a case study in a multifunctional rural landscape in The Netherlands.
Ecol. Indic. 24, 273-283. doi:10.1016/j.ecolind.2012.07.005

Hall-Spencer, J., 2000. Scallop dredging has profound, long-term impacts on maerl habitats.
ICES J. Mar. Sci. 57, 1407-1415. doi:10.1006/jmsc.2000.0918

Halpern, B.S., Selkoe, K.A., Micheli, F., Kappel, C.V., 2007. Evaluating and ranking the
vulnerability of global marine ecosystems to anthropogenic threats. Conserv. Biol. J. Soc.
Conserv. Biol. 21, 1301-1315. d0i:10.1111/j.1523-1739.2007.00752.x

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C., Bruno,
J.F., Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin,
E.M.P., Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008. A Global Map
of  Human Impact on Marine Ecosystems. Science 319, 948-952.
doi:10.1126/science.1149345

Harley, C.D.G., Randall Hughes, A., Hultgren, K.M., Miner, B.G., Sorte, C.J.B., Thornber,
C.S., Rodriguez, L.F., Tomanek, L., Williams, S.L., 2006. The impacts of climate change in
coastal marine systems. Ecol. Lett. 9, 228-241. doi:10.1111/j.1461-0248.2005.00871.x

22



Hartstein, N.D., Rowden, A.A., 2004. Effect of biodeposits from mussel culture on
macroinvertebrate assemblages at sites of different hydrodynamic regime. Mar. Environ.
Res. 57, 339-357. doi:10.1016/j.marenvres.2003.11.003

Hutchison, L., Montagna, P., Yoskowitz, D., Scholz, D., Tunnell, J., 2013. Stakeholder
Perceptions of Coastal Habitat Ecosystem Services. Estuaries Coasts. doi:10.1007/s12237-
013-9647-7

ICES, 2009. Effects of extraction of marine sediments on the marine environment 1998-2004
(Collective Research report No. 297). Copenhagen, Denmark.

Ifremer-CNRS-CEVA, 2007. Produit numérique REBENT multi-sources, Sources diverses
1997-2007.

Ifremer-EPHE/CNRS-MNHN-RNBSB, 2006. Produit numérique REBENT, Sources diverses
1988-2004.

INSEE, 2014. Historique des populations par commune depuis 1961 [WWW Document].
Popul. Légales 2011. URL http://www.insee.fr/ (accessed 5.28.14).

INVEST, 2013. Integrated Valuation of Environmental Services and Tradeoffs.

Jackson, E.L., 2003. Importance of seagrass beds as a fishery species around Jersey.
Kaiser, M., Clarke, K., Hinz, H., Austen, M., Somerfield, P., Karakassis, ., 2006. Global
analysis of response and recovery of benthic biota to fishing. Mar. Ecol. Prog. Ser. 311, 1—
14. doi:10.3354/meps311001

Kaiser, M.J., Collie, J.S., Hall, S.J., Jennings, S., Poiner, |.R., 2002. Modification of marine
habitats by trawling activities: prognosis and solutions. Fish Fish. 3, 114-136.
doi:10.1046/j.1467-2979.2002.00079.x

Karsten, R.H., McMillan, J.M., Lickley, M.J., Haynes, R.D., 2008. Assessment of tidal current
energy in the Minas Passage, Bay of Fundy. Proc. Inst. Mech. Eng. Part J. Power Energy
222, 493-507. doi:10.1243/09576509JPE555

Kostecki, C., Rochette, S., Girardin, R., Blanchard, M., Desroy, N., Le Pape, O., 2011.
Reduction of flatfish habitat as a consequence of the proliferation of an invasive mollusc.
Estuar. Coast. Shelf Sci. 92, 154—-160. doi:10.1016/j.ecss.2010.12.026

Leh, M.D.K., Matlock, M.D., Cummings, E.C., Nalley, L.L., 2013. Quantifying and mapping
multiple ecosystem services change in West Africa. Agric. Ecosyst. Environ. 165, 6-18.
doi:10.1016/j.agee.2012.12.001

Le Mao, P., 2011. Le golfe Normand-Breton: définitions et caractéristiques. un site a la riche
histoire naturaliste et scientifique, in: Coloque Scientifique: Biodiversité, Ecosystémes et
Usages Du Milieu Marin: Quelles Connaissances Pour Une Gestion Intégrée Du Golfe
Normand-Breton? Rollet, C. et Dedieu, K., Palais du grand large de Saint Malo, France, p.
174 pp.

Le Mao, P., 2013. Comm. pers.

Le Pape, O., Guérault, D., Désaunay, Y., 2004. Effect of an invasive mollusc, American
slipper limpet Crepidula fornicata, on habitat suitability for juvenile common sole Solea solea
in the Bay of Biscay. Mar. Ecol. Prog. Ser. 277, 107-115.

Lester, S.E., McLeod, K.L., Tallis, H., Ruckelshaus, M., Halpern, B.S., Levin, P.S., Chavez,
F.P., Pomeroy, C., McCay, B.J., Costello, C., Gaines, S.D., Mace, A.J., Barth, J.A., Fluharty,
D.L., Parrish, J.K., 2010. Science in support of ecosystem-based management for the US
West Coast and beyond. Biol. Conserv. 143, 576-587. doi:10.1016/j.biocon.2009.11.021
Liquete, C., Piroddi, C., Drakou, E.G., Gurney, L., Katsanevakis, S., Charef, A., Egoh, B.,
2013. Current Status and Future Prospects for the Assessment of Marine and Coastal
Ecosystem  Services: A  Systematic  Review. PLoS ONE 8, e67737.
doi:10.1371/journal.pone.0067737

Maes, J., Egoh, B., Willemen, L., Liquete, C., Vihervaara, P., Schagner, J.P., Grizzetti, B.,
Drakou, E.G., Notte, A.L., Zulian, G., Bouraoui, F., Luisa Paracchini, M., Braat, L., Bidoglio,
G., 2012. Mapping ecosystem services for policy support and decision making in the
European Union. Ecosyst. Serv. 1, 31-39. doi:10.1016/j.ecoser.2012.06.004

Malczewski, J., 1999. GIS and Multicriteria Decision Analysis. Wiley, New York.
Martinez-Alier, J., Munda, G., O’'Neill, J., 1998. Weak comparability of values as a foundation
for ecological economics. Ecol. Econ. 26, 277-286. doi:10.1016/S0921-8009(97)00120-1

23



McLeod, K., Leslie, H. (Eds.), 2009. Ecosystem-based management for the oceans. Island
Press, Washington, DC.

Metzger, M.J., Rounsevell, M.D.A., Acosta-Michlik, L., Leemans, R., Schréter, D., 2006. The
vulnerability of ecosystem services to land use change. Agric. Ecosyst. Environ. 114, 69-85.
doi:10.1016/j.agee.2005.11.025

Millennium Ecosystem Assessment, 2005. Ecosystems and human well-being: synthesis.
Island Press, Washington, DC.

Nelson, E., Mendoza, G., Regetz, J., Polasky, S., Tallis, H., Cameron, Dr., Chan, K.M., Daily,
G.C., Goldstein, J., Kareiva, P.M., Lonsdorf, E., Naidoo, R., Ricketts, T.H., Shaw, Mr., 2009.
Modeling multiple ecosystem services, biodiversity conservation, commodity production, and
tradeoffs at landscape scales. Front. Ecol. Environ. 7, 4—11. doi:10.1890/080023

Noél et al, 1995. Cartographie et évolution des principaux mollusques filtreurs du golfe
Normano-Breton.

OSPAR, 2009. Assessment of the environmental impacts of cables.

OSPAR, 2010. Bilan de santé 2010. Comission OSPAR, Londres.

Parravicini, V., Rovere, A., Vassallo, P., Micheli, F., Montefalcone, M., Morri, C., Paoli, C.,
Albertelli, G., Fabiano, M., Bianchi, C.N., 2012. Understanding relationships between
conflicting human uses and coastal ecosystems status: A geospatial modeling approach.
Ecol. Indic. 19, 253-263. doi:10.1016/j.ecolind.2011.07.027

Peterson, G.D., Cumming, G.S., Carpenter, S.R., 2003. Planificacién de un Escenario: una
Herramienta para la Conservacién en un Mundo Incierto. Conserv. Biol. 17, 358-366.
doi:10.1046/j.1523-1739.2003.01491.x

Plew, D., 2011. Shellfish farm-induced changes to tidal circulation in an embayment, and
implications for seston depletion. Aquac. Environ. Interact. 1, 201-214. doi:10.3354/aei00020
Plew, D.R., Stevens, C.L., Spigel, R.H., Hartstein, N.D., 2005. Hydrodynamic Implications of
Large Offshore = Mussel Farms. IEEE J. Ocean. Eng. 30, 95-108.
doi:10.1109/JOE.2004.841387

Raskin, P.D., 2005. Global Scenarios: Background Review for the Millennium Ecosystem
Assessment. Ecosystems 8, 133-142. doi:10.1007/s10021-004-0074-2

Schroter, D., 2005. Ecosystem Service Supply and Vulnerability to Global Change in Europe.
Science 310, 1333-1337. doi:10.1126/science.1115233

Swetnam, R.D., Fisher, B., Mbilinyi, B.P., Munishi, P.K.T., Willcock, S., Ricketts, T.,
Mwakalila, S., Balmford, A., Burgess, N.D., Marshall, A.R., Lewis, S.L., 2011. Mapping socio-
economic scenarios of land cover change: A GIS method to enable ecosystem service
modelling. J. Environ. Manage. 92, 563-574. doi:10.1016/j.jenvman.2010.09.007

Tallis, H., Kareiva, P., 2006. Shaping global environmental decisions using socio-ecological
models. Trends Ecol. Evol. 21, 562-568. doi:10.1016/j.tree.2006.07.009

Tallis, H., Rickets, T., Guerry, A., Wood, S., Sharp, R., Nelson, E., Ennaanay, D., Wolny, S.,
Olwero, E., Vigerstol, K., Pennington, D., Mendoza, G., Aukema, J., Foster, J., Forrest, J.,
Cameron, D., Arkema, K., Lons, E., Kennedy, C., Verutes, G., Kim, C.K., Guannel, G.,
Papenfus, M., Toft, J., Marsik, M., Bernhardt, J., Griffin, R., 2013. InVEST 2.5.3 User’s
Guide: Integrated Valuation of Environmental Services and Tradeoffs.

Thouzeau, G., Hamon, D., 1992. roduit numérique REBENT-SINP Ifremer-Université-CNRS,
2010 ; Fond de plan: SHOM, Ifremer, IGN-GEOFLA ; Réf. Lambert |l étendu.

Townsend, M., Thrush, S.F., Lohrer, A.M., Hewitt, J.E., Lundquist, C.J., Carbines, M.,
Felsing, M., 2014. Overcoming the challenges of data scarcity in mapping marine ecosystem
service potential. Ecosyst. Serv. doi:10.1016/j.ecoser.2014.02.002

UNEP, 2006. Marine and coastal ecosystems and human well-being: synthesis. United
Nations Environment Programme, Nairobi, Kenya.

VALMER, 2014. VALUING ECOSYSTEM SERVICES IN THE WESTERN CHANNEL [WWW
Document]. VALMER. URL http://www.valmer.eu (accessed 5.28.14).

Walz, A., Lardelli, C., Behrendt, H., Grét-Regamey, A., Lundstrom, C., Kytzia, S., Bebi, P.,
2007. Participatory scenario analysis for integrated regional modelling. Landsc. Urban Plan.
81, 114-131. doi:10.1016/j.landurbplan.2006.11.001

24



Supplementary Material to: “Marine habitat's ecosystem service potential: a vulnerability
approach in the Normand-Breton (Saint Malo) Gulf, France” by Cabral et al.

Table A.1. GIS layers preprocessing.

GIS layers Source Type Preprocessing
Recreational on-foot AAMP Polygon | Selection of the foreshore area
fishing
Recreational boat fishing AAMP Polygon | Buffer of 3000m around points and inside the sailing
areas
Professional fishing Ifremer, SIH, Polygon | Density of ships per month per statistical sub-rectangle.
2012 Selection of bottom trawl and dredging engines for
abrasion. All engine types for the other pressures.
Density >0.2
Dredge spoil disposal AAMP Point Buffer 1000m
sites
Offshore energy AAMP Polygon | None
Harbours AAMP Point Buffer according to number of ships: < 5 = 250m; >=5
and <25 = 500m; >=25 and <100=1000m; >=100=2000m
Marinas AAMP Point Buffer of 250m
Marine traffic AAMP Polyline None
Shipwrecks AAMP Point Buffer of 250m
Submarine cables AAMP Polyline | Buffer of 250m
Shellfish farms AAMP Polygon | Convex hull
Aggregate extraction AAMP Polygon None
Anchorages AAMP Point Buffer according to the capacity: <10 = 250m; > =10 and
<100 = 500m; >=100 =2000m
Ammunition AAMP Point and | Buffer of 500m for the points
polygon
Crepidula fornicata (Noél et al, Polygon | Selection of densities > 50g
1995)
Nutrients NCEAS Raster Reclassification in 2 classes using natural breaks,
conversion to vector
Organic pollutants NCEAS Raster Reclassification in 2 classes using natural breaks,
conversion to vector
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Data quality)

Table B.1. Consequences of exposure scores (resilience attributes). (DQ

Temporal overlap

DQ

Natural
disturbance

DQ | Change in structure | DQ

Change in area

Pressure
#

10
11

10
11

10
11

Habitat

Al
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A2.24
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Table C.1. ES availability levels

Habitat S1 | S2 | S3 |S4|S5|S6 | S7 | S8 |S9 | S10 | S11
Al 0 0 0 1 1 1 4 1 3 6 2
A2.22 0 1 0 0 0 0 0 1 2 1
A2.23 15| 0 1 0 0 1 3 2 3 13 2
A2.24 121 0 2 0 0 0 6 2 3 11 2
A2.31 9 0 2 0 2 0 1 2 0 7 1
A2.5 7 0 3 3 0 3 4 2 3 12 2
A2.61 0 0 3 0 1 1 0 2 0 3 2
A2.71 0 0 0 0 0 1 5 2 3 6 3
A3.A4 7 0 0 1 1 0 3 1 0 13 3
A4.13 131 0 1 0 0 0 1 1 0 1 2
A4.21 8 0 1 0 0 0 1 1 0 1 2
AS5.13 23] 1 1 0 0 0 2 1 3 5 2
A5.23 2 0 1 1 0 1 0 2 0 0 1
A5.24 13| 0 1 0 0 0 3 2 0 7 2
A5.43 18| 1 1 0 0 0 3 2 0 7 2
A5.51 10| O 1 0 0 0 1 1 0 1 3
A5.53 7 0 3 0 1 1 2 0 0 6 3

(S1 Provisioning; S2 Raw material; S3 Climate regulation and composition of the
atmosphere (carbon sequestration and greenhouse gas emissions); S4 Prevention/protection
against disturbance; S5 Water quality regulation/buffering effect on waste and pollutants; S6
Shoreline stabilization; S7 Cognitive benefits; S8 Resistance and resilience; S9 Cultural

heritage and identity; S10 Recreation; S11 Biodiversity)

31





