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Abstract

Spatial priorities for the conservation of three key Mediterranean habitats, i.e. seagrass Posidonia oceanica meadows,
coralligenous formations, and marine caves, were determined through a systematic planning approach. Available
information on the distribution of these habitats across the entire Mediterranean Sea was compiled to produce basin-scale
distribution maps. Conservation targets for each habitat type were set according to European Union guidelines. Surrogates
were used to estimate the spatial variation of opportunity cost for commercial, non-commercial fishing, and aquaculture.
Marxan conservation planning software was used to evaluate the comparative utility of two planning scenarios: (a) a whole-
basin scenario, referring to selection of priority areas across the whole Mediterranean Sea, and (b) an ecoregional scenario,
in which priority areas were selected within eight predefined ecoregions. Although both scenarios required approximately
the same total area to be protected in order to achieve conservation targets, the opportunity cost differed between them.
The whole-basin scenario yielded a lower opportunity cost, but the Alboran Sea ecoregion was not represented and priority
areas were predominantly located in the lonian, Aegean, and Adriatic Seas. In comparison, the ecoregional scenario resulted
in a higher representation of ecoregions and a more even distribution of priority areas, albeit with a higher opportunity cost.
We suggest that planning at the ecoregional level ensures better representativeness of the selected conservation features
and adequate protection of species, functional, and genetic diversity across the basin. While there are several initiatives that
identify priority areas in the Mediterranean Sea, our approach is novel as it combines three issues: (a) it is based on the
distribution of habitats and not species, which was rarely the case in previous efforts, (b) it considers spatial variability of
cost throughout this socioeconomically heterogeneous basin, and (c) it adopts ecoregions as the most appropriate level for
large-scale planning.
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Introduction method for the identification of priority areas for conservation in
coastal ecosystems [4]. In the last decades the use of habitat

Understanding  the  distribution  of marine organisms and surrogates in spatial prioritization has been applied both at a local

processes is of great importance for marine conservation planning and regional scale for marine systems (e.g., [5,6]). However, in the
[1]. Obtaining detailed information for all species is time Mediterranean Sea most prioritization initiatives have been based
consuming and costly, thus practically impossible when time or on the distribution of large predators, commercial or flagship
resources are limited. To address this challenge, physical data or species (e.g., marine mammals, sea birds) failing to adequately
higher-taxon approaches (e.g., identification to genera or families) represent a large number of species with different distribution

have often been used as surrogates for the distribution of species

patterns [7]. The utility of umbrella and flagship species as
richness [2,3]. Using habitat surrogates can be a cost-effective
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surrogates for regional biodiversity has been found to be limited
and hence their use in conservation planning inappropriate [8].

In order to protect marine biodiversity the European Union
(EU) has identified and classified a number of marine habitat types
within the Habitats Directive (92/43/EEC) that should be
represented in a pan-European network of protected areas (named
Natura 2000). The list of marine habitats includes sandbanks that
are always slightly covered by sea water, Posidonia oceanica beds,
estuaries, mudflats and sandflats not covered by seawater at low
tide, coastal lagoons, large shallow inlets and bays, reefs,
submarine structures made by leaking gases, as well as submerged
or partially submerged sea caves. This list has further been
expanded by the Barcelona Convention which established a List of
Specially Protected Areas of Mediterranean Importance (SPAMI’s
List), through the Protocol on Specially Protected Areas and
Biological Diversity in the Mediterranean [9]. Although some of
the habitats listed by both the Habitats Directive and the
Barcelona Convention can be easily mapped (e.g., estuaries,
coastal lagoons, large shallow inlets, and bays) and they are
protected by some of the existing instruments (e.g., Natura 2000,
Emerald Network, RAMSAR sites; see the supplementary
material of Micheli etal. [7] for detailed description), most
submerged habitat types have not yet been comprehensively
mapped in the entire Mediterranean Sea [10]. Compilation of all
available data on the distribution of these habitats is a first and
critical step towards effective conservation planning.

In the present study we have focused our efforts on three
benthic habitats of high conservation importance: P. oceanica
scagrass meadows, coralligenous formations, and marine caves.
These habitats were selected because they have been designated as
Mediterranean priority habitats by the EU Habitats Directive
and/or the Barcelona Convention and a large amount of
distribution information exist, albeit in a non-synthesized state.

The seagrass beds and bio-constructions of the endemic P.
oceanica are considered a priority habitat for conservation by the
EU Habitats Directive and the Barcelona Convention. Posidonia
oceanica meadows are important nursery grounds for a large
number of fish and invertebrate species, thereby contributing to
the maintenance of marine biodiversity [11]. Over 400 plant
species and several thousands of animal species inhabit its
meadows [12]. At the same time, P. oceanica beds are one of the
most productive ecosystems on the planet; their primary produc-
tion is comparable to or greater than that of tropical forests and
coral reefs [12]. Seagrass meadows provide a number of ecosystem
services, including food provision, coastal protection, carbon
sequestration, water purification, ocean nourishment, and life
cycle maintenance [13]. Nonetheless, they are among the most
threatened coastal ecosystems on earth with a global decline rate
of 110 km? yr™ ! since 1980 [14]. However, this number should be
considered with caution as differences in mapping techniques can
lead to an overestimate of the actual meadows regression [15].
Coastal development, pollution, trawling, fish farming, mooring,
dredging, dumping of dredge spoil, and introduced species are the
major factors responsible for the loss of P. oceanica meadows, and
climate change further exacerbates the effects of local threats
[16,17]. Due to its very slow growth (2 cm yr~'; [18]), P. oceanica
recovery and recolonization may take centuries depending on the
severity of impacts. Regression of seagrass meadows results in
decline of the services they provide, emission of vast quantities of
stored carbon, decline in the distribution range of associated
species, and disruption of critical linkages with other habitats.

Coralligenous formations are the second most diverse benthic
habitat of the Mediterranean Sea after P. oceanica meadows [19]
that are included in the EU Habitats Directive under the generic
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habitat type “Reefs”. Furthermore, an Action Plan has been
adopted by contracting parties of the Barcelona Convention
specifically aiming at their conservation [20]. Coralligenous
formations comprise various benthic assemblages, which form
typical underwater seascapes in the sublittoral zone [20]. Coralline
algal frameworks growing in dim light conditions are their main
components, although it is the presence of a broad range of
sciaphilic and perennial organisms that characterize these complex
structures and greatly contribute to their development [21].
Conservative estimates list more than 1700 species inhabiting the
coralligenous assemblages (15-20% of Mediterranean species),
among which are several protected and commercially important
species [21-23]. Also known for their high aesthetic value,
coralligenous structures constitute focal points for underwater
tourism and recreational diving. Their extensive distribution,
structural complexity, species diversity, role in energy flux and
carbon cycle, and economic value render coralligenous structures
as one of the most important coastal habitats in the Mediterrancan
[21,24]. Currently, they are among the most threatened habitats in
the region; as key engineering species they are long-lived with slow
growth rates, while the dynamic equilibrium between the bio-
construction and bio-erosion processes is particularly susceptible to
environmental changes [25-28]. Direct or indirect human-
induced disturbances include mechanical damage mainly caused
by destructive fishing practices, pollution, sedimentation, diver
frequentation, biological invasions, mass mortality outbreaks
related to temperature anomalies, and the synergistic effects of
these stressors [29-33].

Coralligenous rims are commonly formed at the entrance zone
of “submerged or partially submerged sea caves” that are
protected by the EU Habitats Directive as a distinct habitat type.
Semi-dark caves are also included in the aforementioned Action
Plan regarding the coralligenous and other calcareous bio-
concretions [20], while an additional Action Plan dedicated to
the conservation of dark habitats, encompassing dark caves and
deep-sea habitats (e.g., deep-sea corals), has recently been
developed [34]. As each cave system is characterized by a unique
topographical complexity and associated abiotic gradients, marine
caves host a variety of communities. These range from semi-
sciaphilic and coralligenous algal-dominated assemblages to semi-
and entirely-dark assemblages [35], which in some cases resemble
those of the deep sea [36,37]. Mediterrancan marine caves
harbour a high number of rare, endemic, protected, and
commercially important species such as the red coral Corallium
rubrum. The survival of the Mediterranean monk seal Monachus
monachus, which is a critically endangered species, has been
favoured by a plethora of suitable caves for resting and pupping
predominantly in the eastern Mediterranean Sea [38]. Marine
caves have been characterized as ‘refuge habitats’ [39], ‘ecological
islands’ supporting isolated populations [39,40], ‘bathyal meso-
cosms’ within the littoral zone [37], and ‘biodiversity reservoirs’
[41]. Furthermore, they present high aesthetic, and often
archaeological value, offering popular sites for SCUBA diving
activities. Nonetheless, marine caves are ecosystems with low
resilience [39] that are sensitive to diver-induced mechanical
disturbance, impacts of increasing water temperature on motile
and sessile invertebrates, red coral harvesting, coastal infrastruc-
ture and development, and marine pollution ([42-45], authors’
personal observations).

Although all three habitat types under study are to some extent
represented in Mediterranean Marine Protected Areas (MPAs),
they are not adequately protected [46]. This limited protection is
due to either their low percentage of coverage within existing
MPAs, or because most MPAs lack a management structure or
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effective management plan. This is particularly the case in the
southern part of the Mediterranean Sea, since 96% of current
MPAs (Natura 2000 sites included) are situated in the northern
Mediterranean basin [46]. Recently, scientific consortia have
focused on raising public awareness on the urgent need for
increased biodiversity protection in the Mediterranean Sea,
especially in poorly protected regions (e.g., [7,47,48]). These
scientific initiatives come to support the Antalya declaration and
the Roadmap to 2020 established during the Forum for
Mediterranean MPAs (held in November 2012 in Turkey). During
the Forum, the Mediterranean MPA community reviewed the
status of MPAs in the region and identified the actions needed for
the establishment of an ecological network of MPAs and its
effective and sustainable management. A roadmap was produced
calling for urgent action and aimed at achieving the conservation
objectives set by international commitments by 2020.

Adequate representation of the three examined habitats,
especially coralligenous formations and marine caves, in existing
Mediterranean MPAs or proposed conservation plans [7] has been
hindered by the substantial heterogeneity of their “known”
distribution. Such heterogeneity encompasses two underlying
sources of variability: (1) the uneven natural distribution of the
three habitats due to the spatial patterns of related geophysical and
oceanographic conditions [23,49], and (2) the highly variable
mapping and monitoring efforts across the Mediterranean basin
[50]. Due to this heterogeneity, not all ecoregions, i.e. areas of
relatively homogenous species composition that are clearly distinct
from adjacent systems [51], will be adequately represented in
large-scale whole-basin conservation plans when using habitats as
surrogates for the distribution of biodiversity. Similar heterogene-
ity issues affect large-scale conservation planning when the process
is based on the spatial distribution of a restricted number of species
or higher taxa (see [23,47]).

The use of biogeographic classification can support effective and
representative marine conservation that protects the full range of
biodiversity (genes, species, and ecosystems) [51-53]. Representa-
tion of P. oceanica beds, coralligenous formations, and marine caves
in different ecoregions is crucial from both a functional and genetic
point of view [54]. While P. oceanica exhibits low genetic variability
across the basin [12], the composition of communities hosted in its
meadows differs among ecoregions [55,56]. Similarly, invertebrate
assemblages constructing coralligenous habitats and inhabiting
marine caves vary significantly among or even within ecoregions
[41,57,58]. For effective protection of various aspects of biodiver-
sity, a more even spatial distribution of MPAs is needed across the
Mediterranean Sea [59].

Spatial variability is not only a characteristic of biodiversity, but
also of anthropogenic activities taking place in the human-
dominated environment of the Mediterranean Sea [60,61]. The
application of systematic conservation planning requires the
inclusion of socioeconomic cost so that the plans proposed are
feasible [62,63]. However, spatially explicit economic information
is often unavailable [62] or its resolution is inadequate [64]. In
such cases, spatially variable cost surrogates should be used rather
than assuming just area coverage as a surrogate for cost [63].
Taking into account opportunity cost for fisheries, which is the
most prevalent activity in the sea [66], can lead to win-win
situations and support equitable and efficient conservation
planning.

The present study aims at identifying priority areas for the
conservation of the seagrass P. oceanica, coralligenous formations,
and marine caves across the entire Mediterranean Sea (excluding
areas deeper than 1000 m), considering concurrent ecoregional
representation of habitats and opportunity cost. The selection of
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priority areas within eight marine ecoregions [67] was based on a
systematic planning process: i) distribution maps for the habitats
under study were produced following a thorough assimilation of
available data, 1ii) surrogates for the spatial distribution of
opportunity cost for commercial fishing, non-commercial fishing,
and aquaculture were used, and iii) the systematic computational
tool Marxan was applied. Potential conservation actions within the
resulting priority areas are further discussed, given that the
primary focus of conservation planning is the prioritization of
actions rather than places [68]. This approach is novel in large-
scale multinational conservation planning, especially in the
Mediterranean environment (see [7]).

Methods

Study area

The study area comprises the entire Mediterranean Sea,
excluding areas deeper than 1000 m (Fig. 1). We did not include
areas at depths beyond 1000 m in our analysis because (1) the
three targeted habitats generally thrive at much shallower depths
(with the exception of some rare occurrences of very deep corals),
(2) human activities and their impacts to marine biodiversity are
predominantly concentrated on the continental shelves and slopes
of the basin [47], and (3) decisions have already been made for
their protection. The General Fisheries Commission for the
Mediterranean (GFCM) recommended the prohibition of towed
dredges and trawl nets fisheries at depths beyond 1000 m
(Recommendation GFCM/2005/1 on the “management of
certain fisheries exploiting demersal and deepwater species”) and
the EU has adopted this recommendation through Regulation
1967/2006. Furthermore, Ecologically and Biologically Significant
Areas (EBSAs) have already been identified in the Mediterranean
Sea for the protection of pelagic and off-shore habitats [67].
Within these large areas, representative networks of MPAs will be
established. EBSAs have been discussed, amended, and ultimately
endorsed by all the contracting parties to the Barcelona
Convention (21 Mediterranean countries and the EU) [69].

We divided the study area into 13212 planning units each of
10x10 km. This resolution was chosen following EU guidelines on
the use of a pan-European 10x10 km grid for spatial planning
(Directive 2007/2/EQC). All planning units were assigned to one of
the eight marine ecoregions proposed by Notarbartolo di Sciara
and Agardy [67] for the identification of the EBSAs in the
Mediterranean Sea: 1. Alboran Sea, 2. Algero-Provencal Basin, 3.
Tyrrhenian Sea, 4. Tunisian Plateau/Gulf of Sidra, 5. Adriatic
Sea, 6. Ionian Sea, 7. Aegean Sea (including the Sea of Marmara),
and 8. Levantine Sea (Fig. 1). This classification is based on the
work of Spalding et al. [51] with further subdivision of the western
basin into two regions to capture more spatial heterogeneity.
Although there is controversy on the ecological meaning of
subdividing open ecosystems (such as marine ecosystems), the
common geo-morphological features and ecological processes
taking place into each of the eight sub-regions have led to a
general consensus in their acceptance (see [69]). The boundaries
among these ecoregions lack precision and are not politically
sanctioned [69]; for the purpose of our analysis we have made
them discrete by attributing each planning unit to a specific
ecoregion (Fig. 1).

Conservation features

Information on the distribution of the seagrass P. oceanica
meadows, coralligenous formations, and partially or totally
submerged marine caves was compiled from several source types
for the production of distribution maps. As the Mediterranean
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Figure 1. Map of the study area divided into 8 ecoregions, sensu Notarbartolo di Sciara and Agardy (2010). The study area comprises

the entire Mediterranean Sea, excluding areas deeper than 1000 m.
doi:10.1371/journal.pone.0076449.g001

scientific community has not yet reached a consensus on the exact
definition of the coralligenous habitat, we consider the clarification
of the data incorporated in our analyses important. The
coralligenous habitat data set includes all benthic assemblages
thriving on hard substrates of biogenic origin under low irradiance
levels that are most commonly observed between 20-120 m depth
[33]. However, particular instances of other calcareous bio-
concretions, such as rhodolith beds in coastal detritic bottoms,
certain parts of deep sea habitats (e.g., seamount peaks, off-shore
rocky banks) characterized by high density of suspension feeders,
and the rare occurrence of deep coral communities, found on
seabed shallower than 1000 m, were incorporated in this data set.
The inclusion of such sites was considered appropriate, as they are
either found in close association to coralligenous formations or
their communities share certain common characteristics with those
of the deep coralligenous communities, at least with regard to the
main habitat forming biotic components.

To map the spatial distribution of habitats we used the following
data sources: scientific and grey literature (including journal
articles, monographs, presentations and posters in conferences and
workshops, reports), on-line databases and national catalogues
(provided by national or international, governmental, intergov-
ernmental-EU agencies and non-governmental organizations-
NGOs), unpublished data provided by scientific officers and
researchers affiliated with universities, research institutes, NGOs
and governmental agencies, situated in several Mediterranean
countries (including the authors), published (in the form of booklets
and diving guides) and unpublished information provided by
diving and caving clubs, divers and cavers through scientific and
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naturalist fora on the web, and direct personal communications. A
complete list of all sources used for each habitat type is presented
in detail in the Supplementary Online Material (Text SI).
Moreover, researchers, divers, cavers and naturalists that provided
information are acknowledged in the relevant section. Spatial
information on the habitats was extracted or provided in the form
of coordinates, Google Earth placemarks, maps (imported and
digitized through ArcGIS 10), and GIS layer files. Following EU
recommendations [70], habitat data were projected into the
ETRS89 Lambert Azimuthal Equal Area coordinate reference
system at the selected planning unit scale, using ArcGIS 10
software. To deal with the high heterogeneity in data format
(points, lines or polygons) and resolution/accuracy of available
data for P. oceanica beds and coralligenous formations, and to
achieve large-scale integration of the compiled dataset, we
transformed all spatial information to presence/absence in the
10x10 km planning units of our standard grid. The total number
of marine caves was estimated for each planning unit.

Socioeconomic data

The cost surrogate layer used in the analyses was developed by
Mazor et al. (unpublished data) refining methods devised in
Mazor et al. [71]. It represents the spatial distribution of the
combined opportunity cost for three marine sectors: commercial
(small and large-scale) fishing, non-commercial fishing (recreation-
al and subsistence), and aquaculture. The opportunity cost in this
study, is the lost revenue that would occur by the restriction of
activities from these marine sectors when an area is designated as
MPA. Estimation of opportunity cost for commercial fishing was
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based on annual tonnage data regarding total fishing from 28
Geographical Sub-Areas (GSAs) as reported by the GFCM for
2008 [72]. Each planning unit was assigned to one of the 28 GSA
regions. It was assumed that the opportunity cost is proportional to
the size of the nearest port and decreases exponentially with
distance from port. To ensure that the total value of catch in each
region (28 GSA regions) summed to its real value the cost of
commercial fishing was normalized in each planning unit by a
measure of total regional effort. To obtain a final value the fishing
effort in each planning unit was multiplied by the average market
value (€ per kg, http://en.fishprices.net/home; [73]) of the main
species composing the catch of each fishing sector (see [74-76]).

Estimation of opportunity cost for non-commercial fishing was
based on the number of recreational fishers per country, the cost of
expenditure on fishing gear (adjusted for each country based on
purchasing power parity (PPP) rates; http://data.worldbank.org/
indicator/ PAINUS.PPPC.RF), and the value of catch per year.
Those variables were based on the limited available information
on recreational fishing in the Mediterranean Sea [77-79]. The
cost of expenditure was used to estimate the value that recreational
fishers give to recreational fishing through their purchases in the
related markets, e.g., recreational vessel purchases from fishers
participating in this activity through their revealed preference
(hedonic method; see [77]). The value of the catch was calculated
by multiplying the number of fishing days per year, the total
number of kg of fish per day and the value of catch (€ per kg).
Although recreational fishers are not allowed to sell their catches
in many Mediterranean countries, the consumption of their catch
constitutes a benefit (i.e. the avoided cost for subsistence).

The opportunity cost for aquaculture was based on the work of
Trujilo et al. [80] and the factors included were the annual
aquaculture production for each country, each country’s sea
bream (Sparus aurata)/sea bass (Dicentrarchus labrax) ratio (as those
are the main fish species cultivated), the market value of the sea
bream and sea bass, and the spatial distribution and area coverage
of each aquaculture unit. All methods applied for the creation of
cost surrogates and the importance of using cost in large-scale
conservation planning are thoroughly analyzed and discussed in a
separate paper recently submitted by Mazor et al.

Spatial conservation prioritization

To select priority areas for conservation features that minimize
conflict between conservation objectives and sectors of marine
resources exploitation we used the conservation planning software
Marxan [81]. This software uses a simulated annealing algorithm
to find a range of good near-optimal systems of priority areas that
meet conservation targets while attempting to minimize socioeco-
nomic costs. Marxan solutions are generated iteratively by
randomly changing the status of a single planning unit and
assessing the new configuration in terms of achieving Marxan’s
goal, i.e. minimize the cost of the reserve network and the
boundary length of the system whilst meeting a set of biodiversity
targets. In Marxan the user needs to set a target for every feature
to be protected which in our case was expressed as the percentage
of its extent; 60% for P. oceanica and 40% for the other two habitat
types. These targets were based on the EU additional guidelines
for assessing sufficiency of Natura 2000 proposals (SCIs) for
marine habitats and species [82]. In the guidelines of the
European Topic Centre on Biological Diversity it is stated:
“Where quantitative data on habitat areas are available, it would
be possible to apply the arbitrary sufficiency levels 20-60% for
non-priority habitats and >60% for priority habitats (e.g., Posidonia
beds)”. Although coralligenous and marine caves are considered
priority habitats under the Barcelona Convention, the EU
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formally recognizes only P. oceanica meadows as a priority habitat.
Using the same targets we produced two planning scenarios: a)
selection of priority areas across the whole Mediterranean Sea,
and b) selection of priority areas across each ecoregion separately.

For our priority areas to have the desired level of spatial
compactness we calibrated the Boundary Length Modifier (BLM)
to generate a reasonable trade-off between boundary length and
cost [83]. After several trials and calibration of our model, we
found that using a BLM value of 100 produced solutions with a
desirable level of compactness (i.e. selected planning units were not
scattered all over the study area but were sufficiently clustered with
a reasonable trade-off with cost). Marxan was run 1000 times. By
using the selection frequency, which is the proportion of runs in
which a site (planning unit) is selected amongst the 1000 runs, we
defined the areas of greater irreplaceability and hence higher
priority for protection.

Finally, the spatial distribution of the priority areas identified in
the ecoregion scenario was compared to the distribution of 677
existing MPAs, including national MPAs, Natura 2000 sites, and
SPAMIs. Data on current MPAs distribution was provided by
MAPAMED; The database on Mediterranean Marine Protected
Areas [84]. The MPA definition by MAPAMED is: “MPA is a
clearly defined marine geographical space — including subtidal,
intertidal and supratidal terrain, and coastal lakes/lagoons
connected permanently or temporally to the sea, together with
its overlying water — recognized, dedicated and managed, through
legal or other effective means, to achieve the long-term
conservation of nature with associated ecosystem services and
cultural values”.

The use of presence/absence data and the coarse resolution
used in our analyses (10 x10 km grid) did not allow us to perform a
detailed coverage assessment of the spatial overlap between the
priority areas identified and current MPAs. Hence, we calculated
the percentage of planning units for each ecoregion that: a) did not
contain an MPA but was identified as priority area, b) contained
an MPA and was identified as priority area, ¢) did not contain an
MPA and was not identified as a priority area, and d) contained an
MPA but was not identified as priority area.

Results

Habitat distributions

The compilation of data on the distribution of P. oceanica
meadows (see Text S1) is illustrated in Fig. 2. Posidonia oceanica
meadows have been reported in 16 Mediterranean countries, 1.e.
Albania, Algeria, Croatia, Cyprus, Egypt, France, Greece, Italy,
Libya, Malta, Monaco, Montenegro, Morocco, Spain, Tunisia,
and Turkey (Fig. 2; Text S1). Availability of data was greater in
the northern part of the Mediterranean than in the southern part.
The Aegean Sea presented the highest coverage in terms of
absolute numbers of planning units with presence of P. oceanica
meadows, followed by the Algero-Provencal Basin and the
Tyrrhenian Sea (Table 1). The Ionian, Levantine, and Adriatic
Seas had intermediate coverage while the Tunisian Plateau/Gulf
of Sidra and the Alboran Sea had the lowest. However, the relative
P. oceamica coverage within each ecoregion (% of planning units
with presence of P. oceanica meadows) was greater in the Ionian
Sea, as well as in the Tyrrhenian Sea and the Algero-Provencal
Basin (Table 1). Very low relative coverage was found in the
Alboran Sea and the Tunisian Plateau/Gulf of Sidra.

The distribution of coralligenous formations, based on the
review of available information (see Text S1), is depicted in Fig. 3.
Cloralligenous habitats have been recorded in 16 Mediterranean
countries, i.e. Albania, Algeria, Croatia, Cyprus, France, Greece,
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Figure 2. Distribution of Posidonia oceanica meadows in the Mediterranean Sea. Green cells indicate planning units with the presence of P.
oceanica. Information on the spatial distribution of P. oceanica was extracted from various sources which are provided as a supplementary material.

doi:10.1371/journal.pone.0076449.9002

Italy, Israel, Lebanon, Libya, Malta, Monaco, Morocco, Spain,
Tunisia, and Turkey. Information sources were substantially
greater for the northern than the southern part of the Mediter-
ranean. The Adriatic and Aegean Seas presented the highest

coverage in terms of absolute numbers of planning units with
presence of coralligenous formations, followed by the Tyrrhenian
Sea and the Algero-Provencal Basin (Table 1). All other ecoregions
presented lower coverage, with the Alboran Sea having the lowest.
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Table 1. Distribution of habitats across ecoregions of the Mediterranean Sea.

Planning
Ecoregion Units P. oceanica Coralligenous Marine Caves

N Ns N % Nr % Nc N % Nr % Nmc N % Nr % Nc Nc %
Alboran Sea 496 16 0.1 3 25 0.2 5 6 0.05 1.2 6 0.2
Algero-Provencal Basin 1747 370 2.8 21 153 1.2 9 11 0.84 6.4 459 16
Tyrrhenian Sea 1570 339 2.6 22 171 13 11 78 0.59 5 581 203
Tunisian Plateau/Gulf of Sidra 2975 19 0.9 4 48 0.4 2 12 0.09 0.4 68 24
Adriatic Sea 1485 151 1.1 10 276 2.1 19 181 1.37 12.2 708 24.7
lonian Sea 791 228 1.7 29 88 0.7 11 58 0.44 73 307 10.7
Aegean Sea 2423 408 3.1 17 250 1.9 10 184 1.39 7.6 529 185
Levantine Sea 1725 161 1.2 9 64 0.5 4 77 0.58 4.5 209 73
We calculated (i) the number of planning units in each ecoregion (N); (ii) the number of planning units with presence of each habitat in each ecoregion (P. oceanica: Ns,
coralligenous: Nc, marine caves: Nmc), (iii) the percentage of Ns, Nc, Nmc across the Mediterranean Sea (N %), (iv) the percentage of Ns, Nc, Nmc across each ecoregion
(Nr %); (v) the number of caves in each ecoregion (Nc) and (vi) the percentage of marine caves of each ecoregion across the Mediterranean Sea (Nc %).
doi:10.1371/journal.pone.0076449.t001
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Figure 3. Distribution of coralligenous formations in the Mediterranean Sea. Red cells indicate planning units with the presence of
coralligenous formations. Information on the spatial distribution of coralligenous formations was extracted from various sources which are provided

as a supplementary material.
doi:10.1371/journal.pone.0076449.g003

The relative coverage of coralligenous habitats within each
ecoregion (% of cells with presence of coralligenous) was the
highest in the Adriatic Sea, followed by the Tyrrhenian, Ionian,
and Aegean Seas, while it was much lower in the north-eastern
parts of the Levantine Sea and the Tunisian Plateau/Gulf of Sidra
(Table 1).

Almost 3000 marine caves were recorded in 14 Mediterranean
countries, i.e. Albania, Croatia, Cyprus, France, Greece, Israel,
Italy, Lebanon, Malta, Montenegro, Morocco, Spain, Tunisia,
and Turkey. The distribution of marine caves in the Mediterra-
nean basin is illustrated in Fig. 4, while sources of data are listed in
Text S1. The vast majority (about 97%) of caves recorded was
located in the northern Mediterranean basin. The Aegean Sea
presented the highest coverage in terms of absolute numbers of
planning units with presence of marine caves, followed by the
Adriatic Sea and the Algero-Provencal Basin (Table 1). The
highest number of caves was found in the Adriatic Sea, followed by
the Tyrrhenian Sea, the Aegean Sea, and the Algero-Provencal
Basin. The Ionian and Levantine Seas had intermediate numbers
of marine caves, while the Tunisian Plateau/Gulf of Sidra and the
Alboran Sea had the lowest numbers (Table 1). A dense
concentration of caves (Fig. 4) within a single planning unit was
found in parts of the Algero-Provencal Basin (e.g., northwest
Clorsica), Tyrrhenian (e.g., Pontine Islands and Capo Palinuro),
south-west Adriatic (Bari region), and Ionian Seas (Salento

PLOS ONE | www.plosone.org

Peninsula and Zakynthos Island). Several other regions and
particularly insular areas (e.g., the Greek Aegean, Croatian and
Balearic islands) also presented a high number of marine caves but
were more evenly distributed across the coastline.

Cost distribution

Overall, the western Mediterranean Sea was found to be more
expensive for conservation in terms of opportunity cost than the
eastern part of the basin. Particularly high opportunity cost was
computed along the Spanish coast in the Alboran Sea and Algero-
Provencal Basin (Fig. 5). The high cost of the planning units is
associated with the distance from the coastline, because non-
commercial (recreational and subsistence) fishing and small-scale
commercial efforts are concentrated close to the shore within 12
nautical mile territorial waters [85]. Furthermore, the narrow
continental shelf dominating the Mediterranean also determines
that most activities are concentrated near the coast, even large-
scale fisheries. Thus, near-shore areas were more expensive than
offshore areas throughout the study region.

Priority areas

In the whole-basin planning scenario (targets set for the entire
Mediterranean Sea), higher priorities were mostly located in: a) the
Greek Tonian Archipelago and Patraikos Gulf, b) the Aegean Sea,
particularly in the Cyclades Archipelago and along the Turkish
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Figure 4. Distribution of marine caves in the Mediterranean Sea. Different colours indicate the variation in cave number per planning unit,
warmer colours illustrating planning units with higher number of caves. Information on the spatial distribution of marine caves was extracted from

various sources which are provided as a supplementary material.
doi:10.1371/journal.pone.0076449.9g004

coast, and c) the Adriatic Sea along the Croatian coast. According
to this scenario, 25% of the Ionian, 23% of the Aegean, and 15%
of the Adriatic Sea constitute areas highly selected as conservation
priorities (planning unit selection frequency >50%), whereas no
area was selected in the Alboran Sea (Fig. 6A; Table 2).

In the ecoregion scenario (targets set for each ecoregion
separately), the Ionian, Aegean, and Adriatic Seas remained high
priorities but to a lower extent (Fig 6B; Table 2). On the other
hand, the proportion for protection increased in the Algero-
Provencal Basin and the Tyrrhenian Sea by 180% and 75%
respectively, while 4% of the Alboran Sea was identified as priority
for conservation. Both scenarios were equally demanding in terms
of total area (approximately 11% of the planning units of the study
area). However, the translocation of priority areas from cheaper to
more expensive areas in this scenario increased the overall cost of
protection by a factor of approximately 2.5 (Table 2).

The spatial overlap between priority areas identified in the
ecoregion scenario and current MPAs was more pronounced in
the Algero-Provencal Basin (12% of the ecoregion planning units),
the Ionian Sea (10%) and the Tyrrhenian Sea (9%; Fig. 7). Less
overlap was observed in the Adriatic Sea (1%) and the Tunisian
Plateau/Gulf of Sidra (1%; Fig. 7). A significant amount of areas
identified as priority areas in the Ionian (12%), Adriatic (10%) and
Aegean Seas (9%) have no protection status. On the other hand,
areas under legal protection in the Tyrrhenian Sea (28%) and the
Algero-Provencal Basin (23%) were not identified as priority areas
for the habitats under study.

PLOS ONE | www.plosone.org

Discussion

Delay in achieving the Aichi goals set by the Convention on
Biological Diversity, specifically Target 11 committing states to
protect 10% of the Mediterranean Sea by 2020, has often been
attributed to the lack or scarcity of data on biodiversity distribution
[7,69]. In the present study, we compiled all available information
for three Mediterranean habitats of conservation concern, namely
P. oceanica meadows, coralligenous formations, and marine caves
and identified priority areas for their conservation. When planning
at a whole-basin scale, priority areas were mostly concentrated in
the Ionian, Aegean, and Adriatic Seas due to the high occurrence
of these three habitat types and the relatively low opportunity cost.
When planning and setting targets for our conservation features at
an ecoregional scale, the total required percentage area for
protection remained the same (approx. 11%), but the priority
areas identified were more evenly distributed across the Mediter-
ranean Sea. However, while this prioritization was spatially more
uniform it had higher opportunity cost, making it less cost efficient
than the whole-basin plan. These results are in accordance with
the findings of previous studies, where the trade-off between cost
and planning scale was also observed [71,86].

Despite the fact that planning at an ecoregional scale may
increase the overall opportunity cost for the exploitation sectors of
living marine resources, representation of all Mediterranean
ecoregions is desirable from both a biodiversity and social point
of view [87]. Representativeness at the ecoregional scale will
ensure the conservation of species, functional, and genetic diversity
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across the Mediterranean Sea [54]. Yet, it is probable that the
ecoregional classification used for the identification of EBSAs and
adopted in the present study is not sufficient for the protection of
habitats that present great differences in biotic diversity among
ecoregions [41]. In such cases, further subdivision of ecoregions
might be needed (see [88,22]). No matter what subdivision pattern
has been followed, the achievement of conservation targets in each
ecoregion increases the resilience of the ecosystems to ongoing
environmental and human induced changes in the Mediterranean
Sea, such as climate change and the introduction of alien species
[89,90]. Additionally, a more even distribution of priority areas
across the basin is more likely to provide equitable social
outcomes, Le. equitable distribution of benefits and costs across
the Mediterranean coastal communities [91].

Historically, long-term research focusing on the examined
habitat types in the north-western and northern Mediterranean
countries could justify, at least to some extent, the observed
distribution patterns. Several habitat mapping studies of P. oceanica
and coralligenous beds (to a smaller extent) have been undertaken,
mainly in MPAs (e.g., [24,92,93]). At the same time, there has
been extensive recording of marine caves recently carried out in
Italy [94], Corsica [95], Croatia [96], and Greece (especially
surveys on M. monachus cave shelters [97]). The results of the
present study provide information on the extensive distribution of
P. oceanica meadows in some eastern Mediterranean countries that
was lacking until recently (see [50]), particularly Turkey, Greece,
Cyprus, and Croatia. Although very limited data were found for
the presence of coralligenous formations in the southern and
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eastern coasts of the Levantine Sea, the current work reveals an
extensive presence of this habitat in the poorly studied Adriatic,
Aegean and Ionian Seas, and the northern Levantine coasts. This
finding substantially contributes to the improvement of the
previously existing knowledge gap regarding their presence in
these regions, as acknowledged by [98], although further mapping
is required to determine the full extent of this highly variable
habitat. Furthermore, we provide the first map on the distribution
of marine caves in the Mediterranean Sea. However, detailed
censuses in each country are still needed to fill current distribution
gaps, while further underwater studies in the eastern and southern
countries (e.g., Greece, Turkey, and Libya) are expected to
significantly raise the number of caves in the corresponding
ecoregions. The high level of individuality [99] and fragmentation
[41,100] that characterizes marine cave assemblages emphasizes
this need.

Regardless of our efforts to obtain information on the
distribution of the selected habitats from southern Mediterranean
countries (particularly Egypt, Libya, and Algeria), we did not
manage to collect a substantial amount of data as they were either
lacking or, when available, rigid bureaucratic structures made
access to them almost impossible. The establishment of long-term
relationships with research institutions and governmental agencies
in these countries may facilitate data availability. Species
distribution and habitat suitability models could assist with filling
the gaps in data poor regions [7], in which case we suggest the use
of MarProb (Marxan with probabilities) to accommodate mapping
accuracy and account for uncertainty related to the biodiversity
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Figure 6. Priority conservation areas when planning a) at whole basin scale and b) at ecoregional scale. Darker shades correspond to
areas with higher selection frequency and therefore constitute spatial priorities. Red delineation illustrates borders of the 8 ecoregions.

doi:10.1371/journal.pone.0076449.g006

spatial distribution [101]. Ideally, coverage data should replace
presence/absence data, allowing for quantitative instead of
qualitative assessments of what is already protected in the
Mediterranean and what is not (see results). Moreover, outstand-
ing marine caves and coralligenous assemblages with unique
species composition and high levels of endemism should be
regarded as distinct conservation features. The health of P. oceanica
meadows should also be taken into account in future prioritization
analyses, as presence/absence or even coverage data alone cannot
guarantee the persistence of the meadow [102]. Rather than a
complete representation of the distribution of the examined
habitats, our work proposes a methodology that addresses data
heterogeneity and ecoregional representation in large-scale con-
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servation planning. This approach should be repeated and our
results modified as new data on their distribution become
available. Issues of connectivity and minimum size of protected
area should also be incorporated into this systematic approach,
when relevant information becomes available, in order to ensure
gene flow and persistence of populations [see 103]. Furthermore,
future work should incorporate the distribution of more habitat
types of conservation interest listed in detailed classification
systems such as EUNIS [104].

The uneven distribution of data, especially of coralligenous
formations and marine caves, is not only a matter of invested
research effort or data availability, but also depends on the
geomorphological heterogeneity of the Mediterranean coastline
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and seabed; the northern basin encompasses 92.3% of the
Mediterranean rocky coastline, while south and extreme south-
eastern areas are dominated by sandy coasts [49]. Hence, the
concentration of a high number of marine cave systems and the
extensive distribution of coralligenous in the Adriatic, Aegean, and
Tyrrhenian Seas is highly related to the presence of extensive
rocky coasts in these areas, with Italy, Greece, and Croatia
covering 74% of the Mediterranean’s rocky coasts [49]. As for P.
oceanica, 1t 1s worth noting the reported absence of its meadows in
the extreme south-cast of the basin (specifically in the eastern coast
of Turkey, the Syrian and Lebanese coasts, and the eastern coast
of Egypt), in the northern Italian coast of the Adriatic Sea, and the
south-western extreme of the Alboran Sea, due to unfavorable
temperature or salinity conditions related to river discharge
(namely Nile and Po Rivers) [105-107].

Bode et al. [108] found that the identification of priority areas
is more sensitive to the inclusion of cost data than biodiversity
data, highlighting the necessity to consider both ecological and
economic data in prioritization schemes. In this context, our
systematic approach for the identification of priority areas
accounted for fisheries and aquaculture opportunity cost. Such
applications are scarce in the Mediterranean Sea at a local scale
[60,61,109,110] and until now non-existent at a basin-scale [7].
While overlaying species distributions and spatial patterns of
human threats to identify hotspots is scientifically interesting,
such exercises are of limited practical use for conservation
(Fraschetti et al. unpublished data). Taking action in areas of
conflict between conservation and other human activities may
not be feasible from a social or economic point of view. On the
other hand, identifying priorities for conservation in locations
where the targets for the conservation features are met while
opportunity cost for conflicting social groups (in our case fishers
and fish farmers) is more equitably allocated, is likely to lead to
more viable solutions. Acknowledging the limitations of our
methods for the cost estimation, we encourage their improve-
ment as soon as additional data become available, through the
process of adaptive management [111]. This could be done by
incorporating illegal, unregulated, and unreported fishing into
the GFCM data, and by using information from Vessel
Monitoring Systems applied in large-scale fisheries in most
Mediterranean countries for better estimation of their spatial
distribution [109,110]. Furthermore, social aspects of artisanal
fisheries should be taken into account. Although lower oppor-
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Table 2. Percentage of area cover and opportunity cost when planning at different spatial scales.
Ecoregion Area % Cost %

Scenario a Scenario b Scenario a Scenario b
Alboran Sea 0 4 0 3
Algero-Provencal Basin 5 14 0.4 3
Tyrrhenian Sea 8 14 2 5
Tunisian Plateau/Gulf of Sidra 1 3 0.3 2
Adriatic Sea 15 12 12 6
lonian Sea 25 23 10 7
Aegean Sea 23 17 10 6
Levantine Sea 1 9 6 3
Mediterranean Sea 10.76 11.25 1.45 3.41
Percentage area cover and percentage opportunity cost of planning units required in each ecoregion of the Mediterranean Sea for scenarios a and b (scenario a:
selection of priority areas across the whole Mediterranean Sea, and b: selection of priority areas for each ecoregion separately).
doi:10.1371/journal.pone.0076449.t002

tunity cost was observed towards the north-eastern Mediterra-
nean areas, and especially the insular areas of the Adriatic and
Aegean Sea, it should be noted that artisanal fisheries constitute
an important sector of primary production, despite its small
contribution to the annual Gross National Product, as it
facilitates social and economic cohesion by creating job
opportunities and income security that are especially important
for rural areas and remote islands (e.g., Aegean Islands [112]).
Future systematic plans should also include socioeconomic data
related to other important economic sectors in the region such as
tourism (see [61,110]).

Spatial overlap between current Mediterranean MPAs and
priority areas identified at the ecoregional planning scale was
higher in the northwestern Mediterranean Sea (l.e. the Algero-
Provencal Basin and Tyrrhenian Sea) as well as in the Ionian Sea,
especially due to the presence of Natura 2000 sites in these
ecoregions. Croatia’s entry into the EU in July 2013 and its
subsequent proposal of Natura 2000 sites is expected to
significantly increase the overlap between MPAs and priority
areas in the Adriatic Sea (one of the two ecoregions with the lowest
overlap). It 1s worth mentioning that in the present analysis only
MPAs belonging to Croatian national categories were taken into
account. The mismatch between our priority areas and current
MPAs in the Algero-Provencal Basin and Tyrrhenian Sea is
justified by the presence of large off-shore protected areas,
SPAMIs, mainly targeting conservation of pelagic features (e.g.,
marine mammals within the Pelagos Sanctuary). Gabrie et al. [46]
found that P. oceanica meadows are fairly well represented in the
western Mediterranean basin since 49.7% of their distribution is
found within the limits of MPAs (aside Pelagos sanctuary), out of
which 19.1% is found within MPAs that have a management
structure, while coralligenous habitats are represented at a level of
11.6% of all MPAs (aside Pelagos sanctuary), out of which 4.9% is
in MPAs that have a management structure. On the other hand,
habitat representation in the eastern Mediterranean Sea is
considered poor; despite the presence of several marine Natura
2000 sites most of them currently have no established manage-
ment structure. Furthermore, a considerable proportion of eastern
Mediterranean MPAs is poorly studied, species’ and habitats’
inventories remain incomplete and few management plans or
monitoring schemes are being implemented [46]. Therefore,
before the creation of new MPAs or the enlargement of current
MPAs, the management adequacy and viability of those MPAs
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should be reinforced through enhanced resources, such as long- However, MPAs alone cannot safeguard the conservation of P.
term monitoring programs, capacity building programs, connec- oceanica meadows, coralligenous formations and cave habitats
tivity studies, and the creation of sustainable financial instruments [21,113]. In urban coastal areas, the establishment of sewage
to ensure enforcement of MPAs [46]. treatment plants is an additional conservation action to be
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considered in order to reduce pollution and water turbidity
[12,114]. Furthermore, damage due to coastal development could
be reduced by: a) setting minimum distances between artificial rip-
rap (i.e. ports, breakwaters, areas reclaimed from the sea) and key
habitats, b) using geotextile screens around the building sites to
minimize turbidity caused, and c) avoiding any construction work
during summer when P. oceanica is reconstituting its reserves [12].
Damage from anchoring should also be controlled by the
delineation of fix mooring points and the establishment of
ecological moorings where P. oceanica meadows and coralligenous
habitats occur [115]. Mitigation of the mechanical damage to
coralligenous formations caused by recreational fisheries could be
achieved through the exclusion of long-lines and nets from areas
with dense populations of erect invertebrates [116,117]. Further-
more, as coralligenous assemblages and marine caves are a pole of
attraction for SCUBA divers, the conservation of these habitats
requires specific regulations regarding the number and experience
level of divers [45,118]. Implementation of quotas on the
maximum number of divers, pre-dive briefings, and awareness
raising campaigns can be effective measures to reduce destruction
in certain locations [119-121]. Nevertheless, a prerequisite to
quantification of threats and effective implementation of conser-
vation actions i3 the acquirement of fine scale spatial data,
especially for coralligenous habitats and marine caves, which are
less studied than P. oceanica meadows. Information on depth
distribution and present ecological status of coralligenous habitats
and marine cave assemblages is urgently needed [21,41].

The present study, despite its limitations, builds upon previous
efforts focusing on large-scale spatial prioritization in the
Mediterranean Sea, e.g., [7,48]. As opposed to most previous
schemes (see [7] and references therein) our proposal a) is based on
the distribution of habitats and not on the distribution of species, b)
explicitly considers the spatial variability of cost and rejects the
false assumption that cost for conservation is the same throughout
this socially, economically and politically heterogeneous basin, and
c) suggests that planning at ecoregional scale is the largest
appropriate scale for identifying priority areas in which adequate
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