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A B S T R A C T

Regionalisation aims at delimiting provinces within which physical conditions, chemical properties, and bio-
logical communities are reasonably homogeneous. This article proposes a synthesis of the many recent re-
gionalisations of the open-sea regions of the Mediterranean Sea. The nine studies considered here defined re-
gions based on different, and sometimes complementary, criteria: dynamics of surface chlorophyll
concentration, ocean currents, three-dimensional hydrological and biogeochemical properties, or the distribu-
tion of organisms. Although they identified different numbers and patterns of homogeneous regions, their
compilation in the epipelagic zone identifies nine consensus frontiers, eleven consensus regions with relatively
homogeneous conditions, and four heterogeneous regions with highly dynamical conditions. The consensus
frontiers and regions are in agreement with well-known hydrodynamical features of the Mediterranean Sea,
which constrain the distribution of hydrological and ecological variables. The heterogeneous regions are rather
defined by intense mesoscale activity. The synthesis proposed here could constitute a reference step for man-
agement actions and spatial planning, such as the application of the European Marine Strategy Framework
Directive, and for future biogeochemical and ecological studies in the Mediterranean Sea.

1. Introduction

Marine ecosystems and associated services are subject to strong
climatic and anthropogenic changes. This is especially true in the
Mediterranean Sea (Bianchi and Morri, 2000; Coll et al., 2010), due to
both its configuration as a semi-enclosed sea and its high and increasing
concentration of human activities (Lejeusne et al., 2010; The Mermex
Group, 2011). However, the absence of a consensus of its geographical
framework complicates the description, management and conservation
of Mediterranean marine ecosystems (Coll et al., 2012). Such a regional
framework should rely on regionalisation, or the objective definition of
ecological and biogeochemical spatial units. Historically, the

Mediterranean Sea has been subdivided into geographical entities
(Fig. 1) whose limits were set according to geographical frontiers (such
as straits) or political delineations. In the 90s, remote sensing allowed
to describe the dynamics of primary production, which was used to
delineate provinces within basins (Sathyendranath et al., 1995) and
then in the global ocean (Longhurst, 1998; Oliver and Irwin, 2008). In
Longhurst’s classification, the Mediterranean Sea was distinguished
from other regions, without further separation within the system, de-
spite its apparent heterogeneity. Later, a new global system was pro-
posed by Spalding et al. (2007) for coastal and shelf areas: the Marine
Ecoregions of the World (MEOW). This biogeographical classification,
based on existing global and regional literature, describes a nested
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system of 12 realms, 62 provinces, and 232 ecoregions. In this frame-
work, the Mediterranean Sea represents a province of the “Temperate
Northern Atlantic” realm and is subdivided into seven ecoregions: the
Adriatic Sea, the Aegean Sea, the Levantine Sea, the Tunisian Plateau/
Gulf of Sidra, the Ionian Sea, the Western Mediterranean, and the Al-
boran Sea (Fig. 2A). This regionalisation of the Mediterranean Sea
corresponds mostly to classical geographical entities but constitutes a
first regionalisation attempt that could be used for regional planning.
Indeed, its delineations are clear and correspond to different sub-basins
with potentially distinct hydrodynamical, hydrological, biogeochem-
ical, and ecological characteristics. However, regionalisation should

rather be based on objective criteria for identifying and defining regions
with similar characteristics.

In other parts of the world ocean, regionalisation mainly focused on
mapping marine habitats, defined as “a recognizable space which can
be distinguished by its abiotic characteristics and associated biological
assemblage, operating at particular spatial and temporal scales” (ICES,
2005). Although this definition is well-adapted for benthos, it may be
more difficult to apply it to the pelagos (Costello, 2009). Nevertheless,
some areas have benefited from tremendous efforts in mapping and
documenting pelagic habitats (or seascapes), such as the Austral Ocean
(Raymond, 2014) or the seas around Australia (Commonwealth of

Fig. 1. Map of the Mediterranean region displaying the main seas, locations, and surface circulation features, with a special focus on those cited in the text (circulation redrawn from
Millot and Taupier-Letage (2005)).

Fig. 2. Representation of the eight regionalisations of the Mediterranean Sea compared in this study (post-processed for clarity, as described below). Colours are used to differentiate
regions; they have no special meaning among panels. These maps (and all the following ones) can be explored interactively at https://mermexregio.obs-vlfr.fr.
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Australia, 2006). Isolated studies have also documented typologies of
hydrological structures and pelagic communities at smaller scale, such
as in the Bay of Biscay (Planque et al., 2006) or in the English Channel
(Delavenne et al., 2013).

In the Mediterranean Sea, several studies have proposed such ob-
jective regionalisations by using statistical clustering applied to various
variables describing the open waters (Table 1). Briefly, D’Ortenzio and
Ribera d’Alcalà (2009), Palmiéri (2014), and Mayot et al. (2016) fo-
cused on phytoplankton phenology; Nieblas et al. (2014) and
Reygondeau et al. (2017) used climatological averages of key biogeo-
chemical variables (such as temperature, salinity, nutrient concentra-
tions); Berline et al. (2014), Nieblas et al. (2014), and Rossi et al.
(2014) used the hydrodynamical properties of surface water masses;
Reygondeau et al. (2014) used the composition of biological commu-
nities, inferred from the modelled habitats of marine species over the
basin (each study is described in greater detail in the next section). This
high publication rate (eight regionalisation studies in eight years) re-
veals a strong focus on the Mediterranean Sea compared to other re-
gions of the world. The Mediterranean Sea seems like a good study case
because it can be seen as a “miniature ocean [that] can serve as a giant
mesocosm of the world’s oceans” (Lejeusne et al., 2010). Indeed, some
of the main features of the global ocean, such as a thermohaline cir-
culation influenced by climate and dense water formation, are re-
presented over smaller spatial scales in the Mediterranean Sea (Bethoux
et al., 1999). In addition, the Mediterranean region is a hotspot for
climate change (The Mermex Group, 2011) and holds high stakes for
biodiversity conservation (Coll et al., 2010). A consensus regionalisa-
tion of the Mediterranean Sea is currently missing, while it could not
only synthesise our knowledge of this basin but also help our under-
standing of marine ecosystem at global scale, especially in semi-en-
closed seas.

In that context, the Work Package 5 of the French research program
MERMEX (https://mermex.mio.univ-amu.fr/?page_id=1663) was a
transversal action that seeked to synthesize existing hydrographical,
hydrological, biogeochemical, and ecological data in the Mediterranean
Sea and to put this knowledge in the context of the multiple natural and
anthropogenic pressures acting on the Mediterranean Sea. The present
work is a contribution of this MERMEX WP5 and aimed to compare
these different regionalisations of the Mediterranean Sea and to propose
a synthesis that could be used to inform management decisions as well
as for future biogeochemical and ecological studies. We focus on sur-
face, open waters only. While Mediterranean coasts are heavily popu-
lated, the previous basin-scale regionalisations did not consider the
very coastal areas and, therefore, they cannot be considered here either.
Furthermore, they are obviously influenced by localised pressures
(riverine inputs, impacts from cities and harbours such as pollution,
fishery activities, ) and dedicated regionalisations need to be performed
at a more pertinent, smaller scale (e.g., Muñoz et al., 2015, for the
Gibraltar Strait; or Hattab et al., 2015, for coastal fishes). Similarly,
most previous studies focused on the epipelagic domain, probably be-
cause it comprises the euphotic zone, where primary production occurs.
Most human activities are also concentrated at the surface (Micheli
et al., 2013a) and strongly affect the epipelagic ocean. Finally, only one
regionalisation has considered the layers below the epipelagic zone and
it has showed that the forcing variables (hence the regions) are different
among vertical layers (Reygondeau et al., 2017).

The central questions we want to address are: Where do those recent
regionalisations agree or disagree? What consensus regionalisation can
we propose? How can we link this synthetic view with the structure and
functioning of the Mediterranean Sea? To answer these questions, we
will review the methods and data used for these regionalisations,
quantify the congruence of their frontiers, and propose a new synthetic
regionalisation. The following points will then be discussed: What is the
interest of considering a consensus regionalisation? How can it be used
by scientists and by managers? What are the scientific bottlenecks and
the future directions for regionalisation of the Mediterranean Sea?

What could be transferred to larger scale regionalisation efforts?

2. Previous regionalisations

The first statistical regionalisation of the Mediterranean Sea was
proposed by D’Ortenzio and Ribera d’Alcalà (2009) (Table 1). Regions
were separated according to the phenology (seasonal cycle) of surface
chlorophyll concentration. A non-spatial clustering algorithm (k-
means) was used to group pixels according to weekly climatologies
computed from 10 years of satellite ocean colour data. Seven “trophic”
regimes were identified and coherent spatial patterns matched well-
known oceanographic structures of the basin, notably the dichotomy
between the regions with and without a phytoplankton bloom. The
limits of this approach were mainly related to the inherent errors of
ocean colour data (algorithmic errors, cloud coverage and the restric-
tion to the surface layer of the ocean), in addition to the limited
duration of the time-series (10 years from 1997 to 2007).

Mayot et al. (2016) recently revisited the same approach but added
six years of data and analyzed interannual variability in addition to
climatologies (Fig. 2B, Table 1). Doing so, they detected new trophic
regimes, corresponding to extreme scenarios that are not observed with
climatological averages. Over the 16 years studied, the seven initial
trophic regimes were still the most recurrent (Fig. 2B, coastal bloom:
orange; bloom: blue; moderate bloom: red; no-bloom: purple, green,
and light yellow). Their mean spatial distribution was similar to that
identified by D’Ortenzio and Ribera d’Alcalà (2009), but with important
interannual variability at regional scales. These differences were related
to deep convection events in winter, frontal instabilities, inflow of
Atlantic or Black Sea Waters and river run-offs.

Palmiéri (2014) used a similar regionalisation technique but applied
it to the output of a three-dimensional coupled hydrodynamical-bio-
geochemical model. They defined and compared the bioregions derived
from the phenologies of simulated surface chlorophyll, vertically-in-
tegrated chlorophyll (Chltot, Fig. 2C, Table 1) and vertical maximum
chlorophyll, as well as those derived from mixed layer depth and ver-
tically-integrated phytoplankton biomass. The surface regionalisation
was relatively similar to that described by D’Ortenzio and Ribera
d’Alcalà (2009) and Mayot et al. (2016), with bloom regions driven by
deep mixed layers (D’Ortenzio et al., 2005; Lavigne et al., 2013). Dif-
ferences were observed with regionalisations that took into account the
deep chlorophyll maximum, which is an important characteristic of the
Mediterranean Sea, that are missed by satellite imagery, and could be
related to the seasonal penetration of solar radiation and vertical nu-
trient availability. The main limitation of this study was the difficulty to
validate the subsurface results of the biogeochemical model at regional
scale and hence to test the robustness of the proposed regionalisation.

In a similar three-dimensional approach, using data rather than
models, Reygondeau et al. (2017) proposed 60 biogeochemical regions
in the Mediterranean Sea: 12 for the epipelagic layer (Fig. 2D, Table 1),
12 for the mesopelagic layer, 13 for the bathypelagic layer and 26 for
the seafloor layer. Regions were delineated through a consensus be-
tween several clustering algorithms applied to climatologies of 16 hy-
drological and biogeochemical variables averaged per layer. These re-
sults confirmed that the classical set of environmental variables used in
previous studies (temperature, chlorophyll concentration, mixed layer
depth) described well the western-eastern gradient in the surface
Mediterranean Sea and were sufficient to partition the epipelagic layer.
Their influence decreased with depth, and other variables drove the
regionalisation in deeper layers (dissolved oxygen and PO4 concentra-
tions, thermocline depth, etc.). The main limitations of this study were
the scarcity of data in the south-eastern Mediterranean and the use of
climatologies, erasing seasonal and interannual variability.

In 2014, three regionalisation studies explicitly took into account
the ocean dynamics, either using simulated ocean currents or mesoscale
ocean features estimated from satellite data. Two studies defined re-
gions solely based on their connectivity due to ocean currents (Berline
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et al., 2014; Rossi et al., 2014) and another used both biogeochemical
and mesoscale variables to delineate regions (Nieblas et al., 2014).

Berline et al. (2014; Fig. 2E, Table 1) defined a grid over the whole
basin, simulated the advection of particles from every cell of the grid for
a year, and computed the mean connection time between each pair of
grid cells. This mean connection time was taken as the distance measure
for the hierarchical clustering algorithm. This algorithm led to 21 re-
gions that were coherent with the patterns and time scales of general
surface ocean circulation. The main limitation of this work was the
relatively arbitrary cut-off level of the dendrogram, which was even-
tually chosen to yield the maximum number of regions that the authors
could interpret.

Rossi et al. (2014) aimed at subdividing the seascape in distinct
hydrodynamical provinces to characterize connectivity through larval
dispersal at basin-scale (Fig. 2F, Table 1) and to inform the design of
marine reserves. To do so, they tracked passive Lagrangian particles (a
model for larval transport) and constructed Flow Networks (Ser-
Giacomi et al., 2015) that were analyzed using their connectivity (or
adjacency) matrices. While Rossi et al. (2014) used probabilities of
transport instead of mean connection times, contrasting Berline et al.
(2014)’s study, the frontiers of these hydrodynamical provinces also
matched oceanographic features at various scales (e.g., large-scale cir-
culation patterns as well as mesoscale fronts, jets, eddies). Note that an
important difference between both studies is the constraints imposed by
their clustering algorithms: the hierarchical clustering algorithm used
by Berline et al. (2014) aims at minimizing the exchange among distinct
provinces whereas the Infomap algorithm used by Rossi et al. (2014)
simultaneously maximizes intra-connectivity and minimizes inter-con-
nectivity. The main limitation of both studies was that they only con-
sidered passive tracers advected in two-dimensional current fields,
omitting the 3-dimensionality of the flow and more complex larval
behaviour (vertical migration, mortality, and settlement). As such, they
both described hydrodynamical connectivity rather than biological
connectivity.

Nieblas et al. (2014) used monthly climatologies of variables clas-
sically used for regionalisation (i.e., sea surface temperature, surface
chlorophyll, and bathymetry), and also mesoscale characteristics (i.e.,
eddy kinetic energy, finite-size Lyapunov exponents, and surface frontal
gradients) to describe the surface ocean. Through k-means partitioning,
the authors identified four biogeochemical regions in the Mediterra-
nean Sea when considering “classical” variables, four regions when
considering mesoscale features, and five regions when combining
classical and mesoscale features (Fig. 2G, Table 1). Overall, the classical
regionalisation had the most stable boundaries in time and space, while
the boundaries for the mesoscale and combined arrays were highly
variable. This indicated that the apparent stability found from classical
variables only is not representative of the “true” in situ variability of the
oceanic environment. Interestingly, the addition of mesoscale features
to biogeochemical variables was important to further delineate regions
in the open ocean, which would otherwise seem homogeneous. Several
oceanographic variables were included to capture as much of the ocean
variability and dynamics as possible; however, the analysis indicated
that some variables may be redundant and the authors suggested that
future analyses could be streamlined to include fewer, non-redundant
features.

Finally, Reygondeau et al. (2014) proposed an ecoregionalisation,
which takes into account the biological components of Mediterranean
Sea ecosystems. They used ecological niche modeling to project the
potential distribution of over 800 marine species, distributed across all
trophic levels (primary producer, primary consumer, secondary con-
sumer, top predator; Table 1). These modelled communities were
clustered into regions with the same multi-algorithm approach as
Reygondeau et al. (2017), applied to each trophic level. Finally, these
regions per trophic level and the biogeochemical regions of
Reygondeau et al. (2017) were merged into 25 ecoregions, or 15
ecoregions when using only pelagic layers (used here, Fig. 2H). This

work proposed an end-to-end approach based on biotic variables, but
was limited by the low number of occurrences recorded in international
databases, on which the ecological niche models were constructed,
especially for lower trophic level species (primary producers and pri-
mary consumers). In addition, only Mediterranean occurrences were
considered, even for species distributed elsewhere, and this regional
calibration might have resulted in truncated environmental niches.

3. Methods

To analyse comparable regionalisation efforts with statistical tools,
to avoid over-representing some processes, and to propose a synthetic
view, only epipelagic regions estimated from non-redundant data were
kept. It means that when several regionalisations were proposed using
the same datasets, only the regionalisation taking into account the
highest number of environmental predictors was kept. Following these
criteria, the regionalisation based climatologies in Mayot et al. (2016)
was considered an update of the original work by D’Ortenzio and Ribera
d’Alcalà (2009) and replaced it. The other regionalisation in Mayot
et al. (2016), focusing on interannual variability, was largely similar
and not considered. In Palmiéri (2014), only the regionalisation based
on chlorophyll vertically-integrated over the euphotic zone was kept
because it captured the patterns of their other regionalisations based on
the depths of the mixed layer or of the deep chlorophyll maximum,
while their surface-only approach was close to that of Mayot et al.
(2016). Only the epipelagic bioregionalisation proposed by
Reygondeau et al. (2017) was included. From Rossi et al. (2014), only
the regionalisation for a drifting duration of 30 days was used, because
it is representative of the duration of the larval stage of many species of
fish, which this study focussed on Macpherson and Raventos (2006).
The “full” regionalisation of Nieblas et al. (2014) that combined both
classical and mesoscale features was preferred to the regionalisations
based separately on “classical” and “mesoscale” features. In
Reygondeau et al. (2014), regionalisations involving benthic data were
not used in our analysis. Finally, eight regionalisations were considered
(Fig. 2): Spalding et al. (2007), Mayot et al. (2016) using climatologies,
Palmiéri (2014) using vertically-integrated simulated chlorophyll con-
centration, Reygondeau et al. (2017) using only the epipelagic re-
gionalisation, Berline et al. (2014), Rossi et al. (2014) with their
shortest drifting duration (30 days), Nieblas et al. (2014) considering
the full regionalisation including both biogeochemical and mesoscale
variables, and the pelagic ecoregionalisation of Reygondeau et al.
(2014).

To help this synthesis, regions from all studies needed to be su-
perposed to detect which zones are consistently delineated as a region
by all approaches. To do so, regionalisations needed to be homogenised
prior to comparison. Regionalisations based on ocean currents defined
many more regions than the others (Table 1). To avoid giving these an
over-estimated weight in our analysis, since having more regions means
having more frontiers, the number of regions was reduced. In Berline
et al. (2014), the hierarchical dendrogram used to identify regions was
simply cut higher, to yield 15, more consistent, regions. In Rossi et al.
(2014), small regions (< 20 pixels for a full domain of 3665 pixels)
were removed, resulting in 30 regions. The clusters of Berline et al.
(2014) and Rossi et al. (2014) are contiguous as a consequence of the
connectivity based distance used, while other regionalisations defined
fewer, but geographically discontiguous clusters (Table 1). Overall, the
actual number of geographical “patches” is quite similar among re-
gionalisations. For example, Nieblas et al. (2014) only defined five
clusters, but those are distributed in about 15 distinct geographical
patches (Fig. 2). Here we are interested in the frontiers between clus-
ters, i.e. in their geographical distribution, not in the number of clusters
per se.

All regionalisations were re-gridded over a 0.15° grid (∼15 km)
through nearest neighbour interpolation. The resolution of 0.15° was
chosen as a compromise among the resolutions of all studies (four

S.-D. Ayata et al. Progress in Oceanography 163 (2018) 7–20

11



higher, four lower; Table 1) that captured mesoscale patterns, but kept
some basin-scale generality (Sup Fig. 2). To focus on the pelagic Med-
iterranean Sea, all pixels outside of the Mediterranean or within 0.05°
(∼5 km) of the coasts were removed.

Many regionalisations, in particular those based on satellite-derived
chlorophyll, were quite noisy. They featured convoluted borders and/or
small, discontiguous regions. The regionalisations were denoised to
clarify basin-scale patterns, and simplify the superposition of the re-
gionalisations. Technically, for each regionalisation, the proportion of
each cluster was systematically calculated within a 7 × 7 pixel shifting
window (∼1° × 1°) over the whole domain. The majority cluster was
assigned to the pixels whose cluster represented less than 20% of the
window. This majority filter was applied recursively. When fewer than
200 pixels changed (among>10,000 pixels for the entire
Mediterranean Sea, after regridding), the window was downsized to
3 × 3 pixels, to focus on removing speckles. When fewer than 50 pixels
changed, filtering stopped.

These steps resulted in easy to compare regionalisations, while re-
taining their original characteristics (Sup Figs. 1, 2, and 3; Fig. 2). For
each, the frontiers or borders between regions were detected and all
frontier maps were summed, thus computing the congruence between
those regionalisations (Fig. 3). A pixel which is never a frontier has the
value 0 in the congruence map; a pixel which is a frontier in all re-
gionalisations has the value 8. Several weighting schemes were tested;
frontiers of each regionalisation were scaled by the number of clusters,
the number of geographical patches, and the number of frontier pixels.
Since the general aspect of the maps was either similar to Fig. 3 or
completely dominated by one regionalisation, the simple sum was used.

Regions that are consensual among studies translate into areas with
no or few frontiers at their core (low congruence of frontiers) and many
frontiers at their edge (high congruence). To detect those objectively,
the congruence map was smoothed to erase thin and weak frontiers
(only one regionalisation cut there) and keep thin and strong frontiers
(several regionalisations cut there) as well as weak but wide frontiers
(several regions delineated at approximately the same location). A
gaussian moving window of radius 0.5° (∼50 km) was used. On this
smoothed map (Fig. 4), cores of low congruence were detected
(smoothed congruence < 0.02) and extended to the contour line 0.3 to
define consensus regions. Cores of high congruence (smoothed con-
gruence > 0.98) were detected and extended to the isoline 0.8 to de-
fine consensus frontiers zones. These frontier zones were reduced to

actual consensus frontiers by delineating the ridges of the smoothed
congruence surface inside each zone. A “catchment area” map was
computed using a triangular flow model (i.e. simulating water flowing
along the congruence map, albeit towards high congruence values);
high catchment values were considered to be ridges. Consensus regions
and frontiers were well defined and were not very sensitive to the
choices of smoothing parameter or contour limit (Sup Fig. 4).

Manipulation of geographical layers to delineate frontiers was per-
formed with QGis version 2.12 (QGIS Development Team, 2009). All
other data analysis and maps were done in R version 3.3.2 (R Core
Team, 2015). The web application to display results at https://
mermexregio.obs-vlfr.fr is powered by shiny (https://shiny.rstudio.
com) and leaflet (http://leafletjs.com). Colours are extended from
Harrower and Brewer (2003). All code and data are available at https://
github.com/jiho/mermexregio.

4. Results and discussion

4.1. Consensus frontiers

Although the different regionalisations do not often agree on fron-
tier location at the pixel scale (maximum frontier congruence of 5;
Fig. 3), some areas are characterised by high frontier congruence and
correspond to consensus frontiers (Fig. 4).

About half of these consensus frontiers may be related to hydro-
dynamical discontinuities that result in strong gradients of hydrological
and biogeochemical properties (Fig. 1; Millot, 1999; Millot and Taupier-
Letage, 2005). The Almeria-Oran front, at the eastern edge of the Al-
boran Sea, is associated with filament formation and elevated phyto-
plankton concentration (Prieur and Sournia, 1994; Davies et al., 1993),
high primary production (Videau et al., 1994), and secondary produc-
tion (Youssara and Gaudy, 2001). The North Balearic front, between the
Balearic Islands and Sardinia, is a thermal front whose exact location
may vary with wind conditions (López-García et al., 1994) and is as-
sociated with moderate bloom conditions (Mayot et al., 2016). Ad-
ditionally, congruence is high along most of the coasts, particularly off
Libya, depicting the highly dynamical currents -permanent or seasonal-
that affect surface waters and follow a counterclockwise circuit along
the continental slopes through both basins (Figs. 1B and 3; Millot and
Taupier-Letage, 2005).

The other half of the frontiers seems related to strong bathymetric

Fig. 3. Map of the congruence of frontiers among regionalisations. The colour scale depicts the number of regionalisations that define a given pixel as a frontier between two regions. If all
regional frontiers agree, the frontier congruence value would be 8; the maximal observed frontier congruence value was 5.
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gradients: between Corsica and Italy, south of Sicily, and around Crete
(Figs. 1 and 4). Although bathymetry was included only in the re-
gionalisation of Nieblas et al. (2014) and not in the others, it seems to
strongly control the ocean circulation and thus to condition the struc-
ture of water masses, whose properties then defined the regions. It is
interesting to note that, although the western and the eastern Medi-
terranean basins are often considered to be separated by the shallow
waters of the Sicilian Strait, our analysis reveals that the main frontier
in terms of water masses is more westerly, just before the bottom slopes
down again.

4.2. Consensus regions

Other areas are consistently identified as regions by all studies, and
are therefore never delineated (i.e., frontier congruence=0; Fig. 3).
Based on the smoothed congruence map, eleven such consensus regions
could be identified, named after their geographical position, from
north-west to south-east (Fig. 4): the Ligurian Sea and its eastern ex-
tension, the eastern Algerian Sea, the Gulf of Gabes, the Venetian shelf,
most of the Adriatic Sea, the central northern Ionian Sea, the central
southern Ionian Sea, most of the north western Aegean Sea, the Cretan
Sea, the Gulf of Antalya and its offshore extension, and the eastern
Levantine Sea. Although most regionalisations of the Mediterranean Sea
are based on climatologies and average several years of data, some rely
on the temporal dynamics of key biogeochemical variables, such as the
phenology of phytoplankton (D’Ortenzio and Ribera d’Alcalà, 2009;
Mayot et al., 2016; Palmiéri, 2014). The consensus regions delineated
here integrate regionalisations that include seasonal dynamics, al-
though their exact locations could vary at the interannual scale (Mayot
et al., 2016). The consensus regions are thus characterised by well
defined, relatively homogeneous biogeochemical and hydrodynamical
conditions, with similar temporal dynamics.

For instance, the well-identified Ligurian Sea is one of the deep
convection areas of the Mediterranean Sea where dense water can form
(Fig. 1, The Mermex Group, 2011). It is also the most productive area in
the Mediterranean Sea (Morel and André, 1991; Antoine et al., 1995;
Bosc et al., 2004; Siokou-Frangou et al., 2010; Uitz et al., 2012), where
the mean annual surface chlorophyll concentration and primary pro-
duction reach more than 0.30mg Chl·m−3 and 180 gC·m−2, respec-
tively (Bosc et al., 2004), with a strong seasonal phytoplankton bloom
from late winter to early spring (Mayot et al., 2016). In this area, the
intense deep convection events enhance the spring primary production

rate (Mayot et al., 2017). Therefore, it is not surprising to identify a
consensus region there, since most regionalisations of the Mediterra-
nean Sea have taken the concentration or dynamics of chlorophyll into
account. Two other consensus regions also correspond to bloom areas
but are restricted to very coastal and shallow waters: the Gulf of Gabes
and the Venetian shelf (Mayot et al., 2016). Although coastal bloom
evidenced by satellite ocean color could be an artifact due to the optical
properties of shallow waters enriched in diverse particulate matter,
these two regions are characterised by phytoplankton blooms induced
by high nutrient concentrations due to terrestrial inputs, respectively
from industrial waste (Bel Hassen et al., 2009) and Po river outflow
(Spillman et al., 2007; Cozzi and Giani, 2011). Surface chlorophyll
concentration can exceed 1.1mg Chl·m−3 in the Gulf of Gabes (Bel
Hassen et al., 2009) and can even reach 13mg Chl·m−3 over the Ve-
netian shelf (with maximum values more usually about 24mg Chl·m−3)
to 35mg Chl·m−3 in the Po delta (Mozetič et al., 2010).

Some consensus regions are linked to strong dynamical features,
even though those may not be permanent. In the deep Antalya Basin
(2000–3000m), a long-lived mesoscale anticyclonic eddy stands in the
mean cyclonic flow and promotes specific hydrological and biogeo-
chemical characteristics, such as cold water patches (Özsoy et al.,
1993).

Most other consensus regions correspond to sub-basin seas (Adriatic
Sea, northern Ionian Sea, southern Ionian Sea, Cretan Sea) or parts of
sub-basin seas (eastern Algerian Sea, eastern Levantine Sea). They
mainly reflect the counterclockwise circulation of surface waters, which
forms a large ocean gyre (Fig. 1; Millot and Taupier-Letage, 2005) with
relatively homogeneous biogeochemical conditions (The Mermex
Group, 2011). For instance, the Cretan Sea is a region of dense water
formation, characterised by a counterclockwise gyre, permanent,
transitional, or recurrent eddies (Theocharis et al., 1999), and a very
low nitrate concentration at the surface (Pasqueron de Fommervault
et al., 2015). Indeed, in the Cretan Sea, nutrient concentrations are
extremely low with values ranging from 0 or undetectable to
2.73mmolN·m−3 for nitrate, 0.64mmolN·m−3 for ammonium,
0.13mmolP·m−3 for phosphate, and 3.74mmolSi·m−3 for silica over
the Cretan slope (Psarra et al., 2000). Due to the eastward gradient of
oligotrophy in the Mediterranean Sea, the consensus regions are also
characterized by different levels of surface chlorophyll and primary
production. The eastern Algerian Sea and the Adriatic Sea have similar
intermediate values of mean annual surface chlorophyll concentration
and primary production (about 0.15mg Chl·m−3 and 140 gC·m−2)

Fig. 4. Map of smoothed frontier congruence overlaid with the eleven consensus regions (white polygons), defined as having a low congruence core and being surrounded by strong
frontiers, and the nine consensus frontiers (dashed lines), defined as having a high congruence core and some spatial extent.
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(Bosc et al., 2004), whereas the northern Ionian Sea, the southern Io-
nian Sea, and the Cretan Sea have lower values of mean annual surface
chlorophyll concentration and primary production (less than
0.10mg Chl·m−3 and 120 gC·m−2). Finally, the eastern Levantine Sea is
one of the most oligotrophic areas of the Mediterranean Sea (less than
0.06mg Chl·m−3 and 100 gC·m−2) (Bosc et al., 2004). These differences
propagate to the higher trophic levels (Siokou-Frangou et al., 2010),
with a latitudinal gradient in zooplankton abundance (Nowaczyk et al.,
2011), and differences in communities structures (Nowaczyk et al.,
2011; Mazzocchi et al., 2014). For instance, in the surface waters of the
Cretan Sea, appendicularian can represent 12% of the zooplankton
biomass (Siokou-Frangou et al., 2013), although copepods dominate
the zooplankton biomass as in other areas of the Mediterranean Sea
(Siokou-Frangou et al., 2010). Finally, the northern Aegean Sea is
characterized by sporadic and strong meteorological events, the inflow
of low temperature and low salinity water from the Black Sea, the river
outflows from the Greek and Turkish mainland, the geographical dis-
tribution of the Aegean island chains, and the irregular bottom topo-
graphy throughout the region (Poulos et al., 1997; Tsiaras et al., 2014).
These two latter features also lead to small oceanic surfaces inter-
spersed by many coastlines and islands, which can induce a low relia-
bility of ocean model and of satellite data (which are the data sources of
most of the regionalisations used here). Although similar nutrient
concentrations have been recorded in the northern and southern Ae-
gean Sea, a latitudinal gradient of plankton biomass and production has
been described with higher values in the northern Aegean Sea
(Ignatiades et al., 2002; Siokou-Frangou et al., 2002), possibly linked
with temperature variability and seasonal upwelling (Poulos et al.,
1997). Especially, the northern Aegean Sea has higher biomass of small
phytoplankton (from 0.2 to 3.0 µm) and mesozooplankton and the
microbial food web plays a key role in channeling carbon towards co-
pepods in this area (Siokou-Frangou et al., 2002). In the northern Ae-
gean Sea, spring conditions are also characterized by a relatively
shallow subsurface chlorophyll maximum at about 20–30m depth
(Ignatiades et al., 2002).

4.3. Heterogeneous regions

A few remaining areas are characterised by many weak frontiers,
indicating that, depending on which variables are considered, the re-
gionalisations do not delineate at the exact same locations (Fig. 3).
These areas of scattered frontiers are found within the Alboran Sea, the
Tyrrhenian Sea, the western Algerian Sea, and the western Levantine
Sea. Contrary to the consensus regions, these regions are less homo-
geneous spatially and correspond to gradients of hydrological and
biogeochemical conditions associated with a highly dynamical hydro-
graphy (d’Ovidio et al., 2004).

In the Alboran Sea, Atlantic waters entering the Mediterranean form
a quasi-permanent clockwise gyre in the west and a more variable
circuit in the east depending on wind conditions (Heburn and La
Violette, 1990; Viudez and Tintoré, 1995), resulting in high mesoscale
activities (Nieblas et al., 2014; Muñoz et al., 2015) that could explain
the scattering of frontiers there. Surface waters are also colder and less
salty than in the rest of the basin (The Mermex Group, 2011) and re-
latively more productive, especially along the Spanish coasts (Bosc
et al., 2004; Uitz et al., 2012), with shallower nutriclines and deep
chlorophyll maxima (Lohrenz et al., 1988). Due to its hydrological and
hydrological characteristics, maximal chlorophyll concentrations can
reach in spring 4.3mg Chl·m−3 (Mercado et al., 1994) to
7.9 mg Chl·m−3 (Arin et al., 2002), with diatoms dominating the phy-
toplankton communities, followed by dinoflagellates and coccolitho-
phorids (Videau et al., 1994; Claustre et al., 1994; Mercado et al., 1994)
and high copepod biomass and abundances, with some species that are
indicators of Atlantic waters (Thibault et al., 1994; Seguin et al., 1994;
Youssara and Gaudy, 2001).

The Tyrrhenian Sea is highly dynamical (Vetrano et al., 2010) with

complex circulation patterns, including semi-permanent and transient
hydrodynamical structures in the south and a pair of counterclockwise
and clockwise gyres in the north (Marullo et al., 1994; Millot, 1999;
Rinaldi et al., 2010). These complex and highly variable hydro-
dynamical features may explain why the Tyrrhenian Sea was not
identified as a homogeneous region but as a heterogenous region of
scattered frontiers, where various biogeochemical conditions can be
observed (e.g., moderate bloom and no-bloom conditions; D’Ortenzio
and Ribera d’Alcalà, 2009; Mayot et al., 2016). High proportions of
cyanobacteria and dinoflagellates have been reported in the phyto-
plankton communities of the Tyrrhenian Sea (Decembrini et al., 2009).

The Algerian Sea is the most energetic area regarding mesoscale
activity in the entire Mediterranean Sea (Millot, 1999; Nieblas et al.,
2014), with intense mesoscale eddies interacting with the unstable
Algerian Current, known for its meanders (Millot, 1999; d’Ovidio et al.,
2009). The western part is indeed a region of scattered frontiers but,
quite surprisingly, the eastern Algerian Sea stands out as a consensus
region. This may be related to the large Algerian Eddies (whose dia-
meter can reach 200 km) that are formed in this area and have a long
lifetime ranging from several months up to several years (Millot et al.,
1990; Puillat et al., 2002).

In the Levantine basin, the mean counterclockwise gyre circulation
along the continental slope is strongly affected by numerous mesoscale
eddies interconnected by jets (Özsoy et al., 1993; Hamad et al., 2006;
Mkhinini et al., 2014). These clockwise eddies are created by current
instability (Libyo-Egyptian eddies in the south), wind conditions (Pe-
lops and Ierapetra eddies induced by orographic effects in the north,
i.e., offshore the Peloponnese and eastern Crete coasts), or by interac-
tion with the bathymetry (Eratosthenes Seamount Eddy and Latakia
Eddy, located south and east of Cyprus, respectively). The Levantine
Sea is the warmest, saltiest, and most oligotrophic zone of the Medi-
terranean Sea (Bosc et al., 2004; Siokou-Frangou et al., 2010; The
Mermex Group, 2011; Uitz et al., 2012). In the present study, the
eastern Levantine Sea appears as a consensus region, but not the wes-
tern and central parts, where eddies are more energetic (Gerin et al.,
2009) hence resulting in higher eddy kinetic energy, considered by
Nieblas et al. (2014). For example, the cyclonic Rhodes Gyres area
appears as a heterogeneous region. Nonetheless, this region is well
known as a formation area of the Levantine Intermediate Water (Fig. 1;
The Mermex Group, 2011), where the cyclonic circulation can enhance
the phytoplankton production and drive occasional phytoplankton
blooms (D’Ortenzio et al., 2003; Volpe et al., 2012; Siokou-Frangou
et al., 2010). However, this physical-biological relationship is not clear
since it is restricted to a relative small area and exhibits a very high
interannual variability (Mayot et al., 2016). Therefore, such physical
and biological patterns are difficult to detect by all regionalisations of
the Mediterranean Sea used here and might explain why this region
appears as heterogeneous.

5. A synthetic view of the epipelagic Mediterranean Sea

From the review and comparison of the recent regionalisations of
the Mediterranean Sea, this study proposes the first regionalisation
based on the consensus of several regionalization studies of the epipe-
lagic open seas in the Mediterranean basin. Because it is based on
multiple and independent approaches, this new regionalisation should
provide a more synthetic and consensual view of the structure of the
Mediterranean Sea than any dedicated study. Using the congruence of
frontiers among regionalisations, we were able to identify consensus
frontiers, consensus homogeneous regions, and heterogeneous regions.

5.1. Consensual biogeography of the Mediterranean Sea

In the present synthesis, rather than dividing the entire
Mediterranean Sea into contiguous ecoregions (as in previous re-
gionalisation studies), we identified a few consensus regions and
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frontiers, which result from the agreement of diverse regionalisations
and are related to congruent and coherent hydrodynamical, biogeo-
chemical, and ecological features. The consensus regions proposed here
could then be seen as the (relatively) homogenous cores of larger
ecoregions, whose boundaries can be loose and/or related to consensus
frontiers. Areas characterized by scattered frontier congruence indicate
dynamical regions, in which the location of fronts between water
masses vary with time, from mesoscale to seasonal scale. Although
previous regionalisations may be more suited to address specific ques-
tions (for instance focusing on current-driven regionalisation for ge-
netic and dispersal studies, on niche based regionalisation for diversity
studies, or on environmental based regionalisation for biogeochemical
studies, etc.), the consensus proposed here gives a synthetic, unified
and global regionalisation of the Mediterranean Sea, that could be seen
as a general agreement of different approaches. As any consensus, it
does not necessarily conform to all the constraints from each previous
regionalisation (and may not be adapted to specific questions), but it
proposes a general agreement, as needed for multidisciplinary studies
or managerial/political actions.

The congruence between regionalisations based solely on hydro-
dynamics (i.e., Berline et al., 2014; Rossi et al., 2014) and solely on
biogeochemical variables (i.e., Mayot et al., 2016; Palmiéri, 2014;
Reygondeau et al., 2014; Reygondeau et al., 2017) suggests that the
horizontal circulation explains a significant part of the distribution of
hydrological and ecological variables at basin scale. Indeed, the fron-
tiers and regions identified are often associated with large scale hy-
drodynamical features of the basin, which induce homogeneous hy-
drological and biogeochemical conditions within regions and sharp
gradients at their boundaries (Nieblas et al., 2014). But we also show
that basin-level gyres do not always define consensus regions: when
mesoscale activity is intense, the mixing of water masses creates locally
highly variable conditions and gradients which induce a scattering of
regionalisation frontiers (e.g., Tyrrhenian Sea). Finally, the robust
frontiers that this approach highlights are likely as significant for
marine ecosystems as the consensus regions that regionalisation studies
usually focus on. For example, many consensus frontiers coincide with
frontal structures that may favour primary production (Franks, 1992;
Claustre et al., 1994; Videau et al., 1994, for the Almeria-Oran front).

Since regions need to coincide among various regionalisations to be
considered consensual, the consensus regions defined here are ne-
cessarily smaller than the ones identified previously. However, it
highlights the fact that the ocean cannot be simply represented as large
regions with homogeneous environmental conditions separated by
sharp frontiers. The location of these frontiers is an artefact of the ne-
cessary but somewhat arbitrary choices regarding the variables con-
sidered, the clustering algorithm, and the cutoff level in each study. By
combining studies, these choices are averaged and the consensus ac-
curately depicts that some areas simply cannot be classified. This was
already recognised by several underlying studies, which used various
clustering configurations and computed maps of the frequency of
frontiers (e.g., Reygondeau et al., 2017; Rossi et al., 2014) but then
used those to define synthetic and contiguous regions, because this is
the expected output of a regionalisation study.

5.2. Implications for future biogeochemical and ecological studies

The fact that true consensus regions are smaller than previously
found could have direct impacts on our ability to understand marine
ecosystems. For instance, if one was to characterise the dynamics of key
biogeochemical variables or pelagic species in some parts of the
Mediterranean Sea, a cruise or a time series would not have the same
representativeness if it was conducted within a consensus region or
outside. Many basin-scale cruises have sampled the Mediterranean
waters along a North-West to South-East transect (e.g., Pujo-Pay et al.,
2011, and Moutin et al., 2012, for biogeochemical variables; Ignatiades
et al., 2009, for phytoplankton; Nowaczyk et al., 2011, and Mazzocchi

et al., 2014, for zooplankton) following the latitudinal gradient of oli-
gotrophy (Bosc et al., 2004). However, it appears from our study that
such a transect may not cross consensus regions but rather, may sample
highly dynamical consensus frontiers. Therefore, the extrapolation to
the entire basin of such observations along an oligotrophic gradient
may be hampered. More interestingly, this points out that the long-
itudinal oligotrophic gradient may not cross regions characterized by
consensus gradients in hydrodynamical, biogeochemical, and ecolo-
gical features. On the contrary, a few studies have sampled along two
longitudinal transects, one northern, one southern, and may have
captured more representative features by crossing consensus regions
(e.g., Dolan et al., 2002). We suggest that our regionalisation could be
used to optimize the sampling strategy of future biogeochemical and
ecological studies by targeting different consensus regions within the
Mediterranean Sea. We also argue that more effort should be given to
the description of the consensus regions and frontiers, rather than to
other more variable and heterogeneous areas, and to the confirmation
that a measure within a consensus region could be considered re-
presentative of a wider region (for instance using autonomous plate-
forms as BGC-Argo floats or gliders). Such a regionalisation-based ap-
proach was proposed by the NAOS-Med Team (2012) for the
deployments of BGC-Argo floats in the Mediterranean Sea, based on the
regionalisation of D’Ortenzio and Ribera d’Alcalà (2009). Optimizing
the sampling strategy of future genetic studies by targeting different
consensus regions could also help formulating and testing hypotheses
pertaining to the role of larval dispersal in the spatial and genetic
structuring of marine populations (Dubois et al., 2016). Our results may
also help in designing optimal observation networks and raise the
question of the representativeness of offshore Mediterranean time series
that may not be located within consensus regions. Consensus regions
could be used as target areas for the deployment of observing systems,
since they could be used as indicators of the spatial extent of the region
that is effectively monitored (Oke and Sakov, 2012). Therefore, in order
to document conditions that are relatively homogeneous and long-
lasting, floats and observatory should rather be deployed within con-
sensus regions. On the contrary, if they were to track more dynamical
features, floats and observing system should be deployed within con-
sensus frontiers or within heterogeneous regions. Thus, the consensus
frontiers and regions proposed in this study can help the planning of
scientific cruises, the release and data interpretation of floats such as
ARGO and BGC-Argo (e.g., Poulain et al., 2007) and, as suggested by
The Mermex Group (2011), can help the design and the deployment of
an optimal large scale observatory such as MOOSE (Mediterranean
Ocean Observing System for the Environment, http://www.moose-
network.fr/), as well as the choice of Fixed-Point Open Ocean Ob-
servatories (FixO3, http://www.fixo3.eu/).

5.3. Implications for management and conservation planning

The vision of the Mediterranean Sea as a mosaic of more or less
homogeneous regions separated by robust frontiers also has con-
sequences for ecosystem management and spatial planning. So far, the
Marine Ecoregions of the World (MEOW) proposed by Spalding et al.
(2007), and reused by Halpern et al. (2008) to depict human impacts on
marine ecosystems, have set the geographical context for biodiversity
studies and associated threats in the Mediterranean Sea (Coll et al.,
2012; Micheli et al., 2013a). The seven Mediterranean ecoregions of
Spalding et al. (2007) displayed comparable levels of cumulative
human impacts, although the underlying drivers differed between re-
gions (Micheli et al., 2013a). Cumulative human impacts were also
comparable among our consensus regions (Fig. 5a), with average im-
pacts per region ranging from 6.5 to 9.1 while the full scale in Micheli
et al. (2013a) is 1.5–19.1. Yet, the more offshore and western regions
(e.g., Ligurian) had lower impacts than the more inshore and eastern
regions (e.g., Antalyan). Indeed, human activities are concentrated
close to the coasts and climate change is projected to be stronger in the
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eastern basin (Micheli et al., 2013a; Adloff et al., 2015).
The areas of high human impacts are often associated with intense

fishing that occurs in dynamical and productive regions, close to the
shore. With such characteristics, those areas are mostly excluded from
the homogeneous consensus regions defined here. Fortunately, these
impacted areas are also the ones targeted by current and future marine
management plans (Fig. 5b; Micheli et al., 2013b; Piante and Ody,
2015). Yet, the only pelagic Marine Protected Area (MPA) of the
Mediterranean Sea, the Pelagos Sanctuary for marine mammals that
spans> 87,500 km2 around Corsica and between France, Italy, and
Sardinia (Notarbartolo-Di-Sciara et al., 2008), encompasses only part of
the Ligurian region as well as the Corsica-Italy consensus frontier. Si-
milarly, only the central Adriatic Sea is proposed for conservation while
our study shows that the southern part functions in a similar fashion.
The same is true for a small portion of the Levantine consensus region.
This raises the question of whether the protection of such diverse pe-
lagic habitats was an explicit goal when creating or proposing these
MPAs or a byproduct of other choices. In the Alboran Sea, an MPA has
been proposed and its eastern limits are congruent with a consensus

frontier. In general, the areas proposed for conservation in the Medi-
terranean Sea are mainly located in coastal areas. As a consequence, the
consensus regions that cover mainly offshore water (ie., the Eastern
Algerian Sea, the Northern Ionian Sea, and the Southern Ionian Sea) are
not included in potential conservation planning. For the efficacy of the
conservation effort when delineating pelagic MPAs, to consider ocean
dynamics is important (Grantham et al., 2011; Dubois et al., 2016), as
well as biogeochemical properties (such as productive areas), or the
inclusion of the different facets of biodiversity (e.g., Mouillot et al.,
2011). Management plans have multiple objectives and a consensus
regionalisation can help in addressing them simultaneously. Our con-
sensus regionalisation could then be used for designing MPAs that
would cover productive environments (reflecting high nutrients supply,
high biomass, and good habitat quality) with coherent dispersion pat-
terns (hence including current-driven regionalisation) and finally
“pristine locations” where cumulative impacts are relatively low
(Fig. 5a).

Regionalisation has a different meaning for stakeholders (i.e., re-
gional cooperation on conservation measures) and for scientists (i.e.,

Fig. 5. Consensus regions and frontiers overlaid on (a) the cumulative human impacts on the Mediterranean Sea, from Micheli et al. (2013a) and (b) the frequency of inclusion in spatial
conservation plans, from Micheli et al. (2013b). Map (a) cumulates 22 anthropogenic drivers, whether direct (e.g., fisheries, shipping, coastal population density) or indirect (e.g.,
acidification, sea surface warming, hypoxia). Map (b) considers six existing and twelve proposed conservation plans in the Mediterranean Sea (data kindly provided by the authors).
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identification of regions with homogeneous abiotic and biotic condi-
tions). The present synthesis should help to identify coherent regions
for ecosystem-based management by providing objective spatial in-
formation on ocean and ecosystem dynamics (Pınarbaşı et al., 2017).
An ecosystem approach to management requires the monitoring of a
wide range of ecosystem components (from nutrients and plankton to
fish and top predators) and processes (biogeochemical fluxes and
trophic dynamics) in a cost-effective way (Borja et al., 2016; Kupschus
et al., 2016). Ecosystem-based approaches should then be adopted at a
spatial scale driven by the spatial heterogeneity of ecosystem processes.
The consensus regions identified in the present study could be good
candidates for targeted monitoring programs and conservation plan-
ning. In Europe, the Marine Strategy Framework Directive (MSFD) re-
quires such regionalisation for the definition of indicators of Good
Environmental Status (GES), particularly for the pelagic habitat in-
dicators but also for some foodwebs ones (Elliot et al., 2017). For in-
stance in the North-East Atlantic, the regionalisation of Van Leeuwen
et al. (2015) in the North Sea, based on stratification regimes of the
water column, has been used for the evaluation of some of these in-
dicators in the frame of the OSPAR convention (Convention for the
Protection of the Marine Environment of the North-East Atlantic,
named after Oslo and Paris Conventions). However, it does not cover
the whole OSPAR area resulting in heterogeneous evaluation of in-
dicators (cf. OSPAR 2017 Intermediate assessment, available at www.
ospar.org). Using large-scale consensus regionalisation approach has
the following advantages: use of homogeneous indicator assessment
within member states, which increases the chance of acceptance by
funding institutions, shorter-term political decision processes in the
existence of common member-states scientific reliable tools, and fea-
sibility of cost-effective monitoring and management programs through
member-states cooperation using the same indicators at the same scale.
In the Mediterranean Sea, the development of regional indicators is at
his premises through the Barcelona Convention (Convention for the
Protection of the Marine Environment and the Coastal Region of the
Mediterranean), but the consensus regionalisation proposed here could
be the basis for developing common indicators, since they correspond
to geographical entities with relatively coherent features, particularly
for indicators dedicated to pelagic habitats which need to be considered
in any ecosystemic approach to management (McQuatters-Gollop et al.,
2017). Besides, such a regionalisation study can be of particular im-
portance in the absence of consensus at the geopolitical level, such as
for the Mediterranean where most countries have not declared Ex-
clusive Economic Zones (EEZ) (Chevalier, 2005) and are not under a

current common policy framework such as the MSFD. In addition to the
scientific reliability of such approach, the large-scale homogenous
method allows the existence of an objective tool that can significantly
increase the speed of working groups' decision processes. For all these
reasons, we recommend the consideration of the present regionalisation
of the Mediterranean Sea at the political and management levels.

There are however some limits to its application. Since we focused
on the epipelagic layer of the Mediterranean Sea, the consensus regions
are not adapted for fisheries management, for which the General
Fisheries Council for the Mediterranean (GFCM, http://www.gfcm.org/
) has already proposed 27 geographical subareas (essentially based on
political criteria) for estimating fish stocks in the Mediterranean Sea.
Besides, fish such as bluefin tuna are known for their migrations over
large spatial scales within the Mediterranean Sea and across the
Atlantic (Block et al., 2005; Fromentin and Lopuszanski, 2014;
Cermeño et al., 2015).

5.4. Future work

This synthesis opens several perspectives for the regionalisation of
the Mediterranean Sea. Human impacts over the whole basin, such as
the ones documented in Micheli et al. (2013a), could be used to com-
pute a statistical regionalisation dedicated to human activities. This
would allow the identification of regions under similar pressures. Other
zonations of human activities in the Mediterranean Sea are documented
in the MedTrends Project of WWF (http://medtrends.org/; Piante and
Ody, 2015), such as conserved versus open areas, regions of prospection
for oil and gas. It would then be interesting to estimate the congruence
of such regions with the present work, based solely on abiotic and biotic
variables.

The availability of several regionalisation studies and their relative
agreement, described here, may give the impression that our knowledge
of the functioning of the Mediterranean Sea is now stable and complete.
Yet, maps of the density of data points for classic hydrological and
biogeochemical variables highlight substantial gaps, as can be shown
for the data used to compute climatologies in the World Ocean Atlas
(WOA; Fig. 6). Other regional databases may hold more complete but
spatio-temporally restricted cast records; e.g. MISTRALS in France
http://mistrals.sedoo.fr, containing the MEDAR/MEDATLAS dataset
http://mistrals.sedoo.fr/?editDatsId=677&datsId=677; IBAMar in
Spain http://www.ba.ieo.es/ibamar). But WOA is one of the most ex-
tensive sources of gridded oceanographic products and is therefore used
by many biogeography studies. Even for temperature (the best informed

Fig. 6. Average number of observations used to compute the climatologies of classic hydrological and biogeochemical variables between 0 and 100 m in the World Ocean Atlas (WOA;
since 1955, downloaded from http://data.nodc.noaa.gov/thredds/dodsC/woa/WOA13/DATAv2/). NB: the colour scale is not linear, otherwise the map would be dominated by a few
pixels with very dense data which are not representative of the overall sampling effort in the basin.
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variable thanks to the extensive use of bathythermographs) data is still
lacking over the Tunisian Plateau and the Gulf of Sidra, with fewer than
10 data points per 0.25° square over the last 60 years, and more gen-
erally offshore the southern coasts of the eastern Mediterranean Basin.
All other variables display the same pattern but are even less informed
overall; only the northern parts have been extensively sampled. Al-
though geopolitical concerns may explain the lack of data off Libya, this
is not true for the Tunisian Plateau and most of the poorly sampled
offshore regions. A strong effort should now be put on collecting ex-
isting data, collecting new biogeochemical data in the open waters of
the Mediterranean Sea and making it available in open online data-
bases.

Finally, the current context of climate change raises the question of
how the synthetic view presented here could be altered in the future.
Indeed, by the end of the century, the general circulation could reach a
situation similar to the present-day Eastern Mediterranean Transient
(EMT), because of the warming and increased salinity expected for the
entire Mediterranean Basin (Adloff et al., 2015). The EMT is a mod-
ification of the circulation whereby deep water formation zones shift
from the Adriatic Sea to the Aegean Sea (Roether et al., 2007). This shift
has major implications for the hydrologic characteristics of the inter-
mediate and deep waters of the eastern Mediterranean Basin (Cardin
et al., 2015). Given how strongly the general circulation shapes the
consensus regions outlined above, such a shift would likely change this
consensus map and the long term management plans for pelagic areas
would need to account for it. A regionalisation based on the outputs of
several coupled biogeochemical ocean models at the regional scale s
forced by climatic scenarios would help in estimating how climate
change, and the associated alterations of hydrodynamic and hydrologic
patterns, could modify the epipelagic ecosystems of the Mediterranean
Sea in the near future.

Like the four other Semi Enclosed Seas (SES) (Black Sea, Baltic Sea,
Arabian Gulf, Red Sea), the Mediterranean Sea is highly vulnerable to
both local and global stressors due to its small volume and disconnected
nature (compared to other oceanic environments). Consequently
Mediterranean Sea and other SES will respond faster than most other
parts of the Ocean to changes in global temperature (Hoegh-Guldberg
et al., 2014). There is thus a strong interest that solid regionalisation of
those particular oceanic environments are made both taking into ac-
count the current state of knowledge and the future conditions.
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