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ABSTRACT. — Environmental issues have been addressed on the basis of three different
approaches. (i) The earliest is the ‘ Human-centered' approach; it was characterized by the
dichotomy between ‘useful’ species (for Man) and pests (competitors of humans). (ii) The spe-
cies-centered approach was characteristic of the 20" century and remains the most common
approach adopted in many countries and by several international agencies. It is based upon the
notion of outstanding species, which are designated as deserving appropriate management, in
contrast to ‘ordinary’ species. (iii) Finaly, the 21% century ecosystem-based approach isthe one
that can best meet the challenges driven by global change and ensure the proper management of
natural habitats. In contrast with indices based upon a species, or agroup of species belonging
to agiven taxon, that may not detect a strong impact on the ecosystem, and even erroneously
suggest a ‘good ecological status’, indices based on the functioning of the entire ecosystem,
from primary producers to top predators, such as Ecosystem-Based Quality Indices (EBQIs),
provide arealistic assessment of the ecological status. EBQIs have already been established for
northwestern Mediterranean marine ecosystems: the Posidonia oceanica seagrass meadow,
underwater marine caves and infralittoral reef macroalgal forests. They are currently being
developed for coralligenous habitats, saltmarshes and circalittoral coastal detritic bottoms. The
ecosystem-based approach can be applied to all types of ecosystem and it isimportant now to
extend this approach to other ecosystems and regions. Ecosystem-based management and
EBQIs are not incompatible with specific management measures based upon certain iconic spe-
cies, which are also part of an ecosystem. The interest of ecosystem-based management isthat it
isnot limited to the accumulation of specific management measures for iconic species, which
can be mutually incompatible.

including iconic species), which are designated as deserv-
ing appropriate management for a variety of reasons

To put things simply, we may consider that environ-
mental issues have been addressed, successively over
time or simultaneously, on the basis of three different
approaches (Boudouresque et al. 2020). (i) The earliest
isthe *human-centered’ approach; this was characterized
by the dichotomy between ‘useful’ species (for man) and
pests (competitors of humans). The concept of ecosystem
goods and services can be considered as amodern form of
thisapproach (Balmford & Bond 2005, Pescheet al. 2013,
Nordlund et al. 2016, Paali et al. 2017). (ii) The species-
centered approach (or species-by-species approach) was
characteristic of the 20" century and remains the most
common approach adopted in many countries and by sev-
eral international agencies; it is supported by groups of
experts working on a given taxon (‘taxonomic lobbies').
It is based upon outstanding species (a fuzzy concept,

(attractive in appearance, rare, emblematic, threatened,
etc.), in contrast to ‘ ordinary’ species. (iii) Finaly, the 21%
century ecosystem-based approach, although still rarely
used, isthe one that can best embrace the challenges driv-
en by global change and ensure the proper management
of natural habitats (see below).

In order to assess the quality of the natural environ-
ment, the measurement of the physical-chemical param-
etersis necessary, but very insufficient and often mean-
ingless: it is not the content in the water of a contaminant
(e.g., mercury) which isimportant per se, but its possible
impact on individuals, populations or ecosystems (Alava
et al. 2018, Outridge et al. 2018). It isfor thisreason that
biological indicators, describing the state of environmen-
tal health on the basis of species, have been devel oped.
In addition, the species integrate the characteristics of the
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environment over their entire lifespan (from afew months
to several decades); their presence or absenceistherefore
easier to interpret, and less costly in terms of time and
money, than physical-chemical measurements which are
extraordinarily variable from one hour to the next, from
one day to the next, etc. (e.g., Pergent 1991, Casazzaet al.
2002, Dauvin et al. 2010, Romero et al. 2015).

Ideally, abiological indicator should be (i) sufficiently
sensitive to provide an early warning of change, (ii) based
on species distributed over a broad geographical area,
(iii) capable of providing a continuous assessment over a
wide range of stress, (iv) relatively independent of sample
size, (v) easy and cost-effective to measure, (vi) able to
differentiate natural cycles or trends from those induced
by humans, and (vii) relevant to ecologically significant
phenomena (Noss 1990, Rombouts et al. 2013).

Here, we retrace the history of biological indicators,
based on one or more taxa (taxon-based indicators), or on
all of the taxa and their interactions in the framework of
the ecosystem (ecosystem-based indicators) in the Medi-
terranean. Without questioning the usefulness of indica-
tors based on a single taxon, which perfectly meet the
objective assigned to them, we show the leap forward rep-
resented by indicators based on the ecosystem, in terms
of management of natural environments and particularly
coastal marine habitats.

THE AGE OF TAXON-BASED INDICATORS

In the framework of European Union (EU) directives,
mainly the Habitats Directive of 1992 (HD: 92/43/ECC),
the Water Framework Directive of 2000 (WFD: 2000/60/
EC) and the Marine Strategy Framework Directive of
2008 (M SFD: 2008/56/EC), a number of biological indi-
ces have been developed. Their aim is to assess the water
quality, at local scale or at the scale of large water bod-
ies. Some of them are particularly efficient and are today
widely used to monitor the water quality and to assessits
required improvement at the scale of the EU coastline and
that of some neighboring countries. They can be grouped
into three main categories. (i) Indices based on morpho-
functional groups of macroalgae; the EEI (Ecological
Evaluation Index) compares opportunistic (r) vs K strate-
gist groups; it has been devel oped and steadily improved
by Orfanidiset al. (2001, 2003, 2011) and Simbouraet al.
(2005) (but see lvesaet al. 2009). (ii) The CARLIT index
is based upon a dozen species and groups of speciesthriv-
ing in the upper infralittoral and in the midlittoral stages
(stages sensu Pérés & Picard 1964), e.g., Cystoseira spp.
(brown algae), Ulva sp. (green algae), articulated coral-
lines (red algae) and the mussel Mytilus galloprovincialis.
The very shallow or above sealevel habitat of the taxa
taken into account enables the exhaustive mapping of the
coastline over hundreds and even thousands of kilometers
(Ballesteros et al. 2007, Bermejo et al. 2013, Nikoli¢ et

al. 2013, Blanfuné et al. 2016, Torras et al. 2016, Blan-
funéet al. 2017, De laFuente et al. 2018). (iii) A number
of biological indices are based on the seagrass Posidonia
oceanica (Linnaeus) Delile, which plays a pivotal role
in the functioning of Mediterranean coastal areas, and is
sensitive to a wide range of human impacts (Molinier &
Picard 1952, Boudouresque et al. 2006, 2009, 2012, Bon-
homme et al. 2013, Giakoumi et al. 2015, Boudouresque
et al. 2016). The BiPo index (Biotic Index based on Posi-
donia oceanica) combines four metrics: maximum depth
of the meadow, declining or progressing trend of the depth
limit, shoot density and leaf surface areaat 15 m depth
(Lopez y Royo et al. 2010). The PREI index (Posidonia
oceanica Rapid Easy Index) includes the same metrics
plus afifth, the ratio between epiphyte biomass and |eaf
biomass (Gobert et al. 2009). The POMI index (Posidonia
oceanica Multivariate Index) combines 11 metrics at the
physiological level (e.g., nitrogen, phosphorus and carbo-
hydrate content in rhizomes), the individual level (e.g.,
leaf surface area per shoot), the population level (shoot
density, % of plagiotropic rhizomes, meadow cover) and
the contamination level (nitrogen content of leaf epibionts
and trace metals) (Romero et al. 2007). Theseindices are
robust, with congruent results when compared with each
over (Bennett et al. 2011, Lopez y Royo et al. 2011, Mas-
card et al. 2012, Gerakaris et al. 2017). Other taxon-based
indicators have been proposed: Conservation Index (Cl)
(Moreno et al. 2001), Substitution Index (SI) (Montefal-
cone et al. 2007a), Phase Shift Index (PSI) (Montefal-
cone et al. 2007b, Montefal cone 2009, Rigo et al. 2019).
According to Boudouresque et al. (2012), Cl, Sl and PS|
can be relevant to assess changes over time in P. oceani-
ca seagrass meadows linked to global change (warming,
anthropogenic impact, community shift, etc.). Finally, the
content in phenolic compounds increases with stress and
represents a generic indicator of different environmental
stressors (Mannino & Micheli 2020).

The relevance of these biological indices has been
validated by putting them in correlation with some of the
anthropogenic pressures impacting the study area (e.g.,
land area covered by urbanization, industrial and agri-
cultural activities, particulate organic matter and nitro-
gen input), via pressure indices such as LUSI (Land Use
Simplified Index) and HAPI (Human Activities and Pres-
sure Index) (Flo et al. 2011, Bacci et al. 2013, Blanfuné
et al. 2017). The MCAI (Multi-criteria Anchoring Index)
measures the impact of anchoring on Posidonia oceanica
meadows (Rouanet et al. 2013, Schohn et al. 2019). The
relevance of these biological indices has al so been validat-
ed through their ability to detect changes over time; these
changes reflect the effectiveness of the EU water quality
improvement policy (establishment of sewage treatment
plants, reduction of air pollution, a major source of sea
water contamination, etc.) (Blanfuné et al. 2017, De la
Fuenteet al. 2018, Shin et al. 2018).

Vie Milieu, 2020, 70 (3-4)
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THE AGE OF ECOSYSTEM-BASED INDICATORS

The MSFD is considered to be the environmental pil-
lar of the Integrated Maritime Policy adopted in 2010 by
the European Commission (IMP: 2010/477/EU). This
directive established eleven criteria, to determine ‘ good
environmental status' (GES): (i) biological diversity is
maintained; (ii) introduced species are at levels that do
not adversely alter the ecosystems; (iii) populations of all
exploited fish and shellfish are safely within biological
limits; (iv) all elements of the food webs are maintained
at adequate levels to ensure the long-term abundance
of the species; (v) human-induced eutrophication is at a
minimum; (vi) sea-floor integrity isat alevel that ensures
that the structure and functions of the ecosystems are
safeguarded; (vii) permanent alteration of hydrographical
conditions does not adversely affect marine ecosystems;
(viii) concentrations of contaminants are at levels that
do not give rise to pollution effects; (ix) contaminantsin
fish and other seafood do not exceed level s established by
Community legislation; (x) properties and quantities of
marine litter do not cause harm to the coastal and marine
environment; and (xi) inputs of energy are at levels that
do not adversely affect the marine environment.

The MSFD includes a major innovation: the ecosys-
tem-based approach (Laffoley et al. 2004, Bryhn 2020);
it appears in particular in criteriaii, iv, vi and vii. This
approach is not to the taste of supporters of the species-
by-species approach nor of the taxonomic lobbies, who
seek to promote their beloved taxon (marine mammals,
seaturtles, etc.), confuse habitat and ecosystem, and find
it difficult to reflect at the level of the ecosystem. Howev-
er, taxon-based indicators and ecosystem-based indicators
are neither mutually exclusive, nor in opposition to each
over, but simply complementary: they just do not measure
the same thing (see below).

Fisheries managers were the pioneers of the ecosys-
tem-based approach, under the names of EAF (Ecosystem
Approach to Fisheries), EAFM (Ecosystem Approach to
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Fisheries Management) and EBFM (Ecosystem-Based
Fishery Management) — Hereafter EBFM (Ward &
Hegerl 2003, Pikitch et al. 2004, Turrell 2004, Rice 2005,
Tudela & Short 2005). According to Turrell (2004), “1.
All aspects of the ocean are interrelated and should be
treated asan integral whole. 2. In order to achieve a more
rational management of resources and thus to improve
the environment, States should adopt an integrated and
co-ordinated approach to their development planning so
asto ensure that development is compatible with the need
to protect and improve environment for the benefit of their
population”. But in fact, the real pioneers and promoters
of the ecosystem-based approach were the authors of the
Ecopath, the Ecopath with Ecosim and the Osmose mod-
elsand their subsequent users (e.g., Christensen & Pauly
1992, 1993, Polovina 1993, Opitz 1996, Walters et al.
1997, Banaru et al. 2013, Coll et al. 2015, Piroddi et al.
2017, Banaru et al. 2019, Hermosillo-NUfiez 2020).

The taxon-based indicators do not provide information
on the quality of the ecosystem, but on the quality of the
water bodies. water transparency, nutrient and contami-
nant content, etc. It is, moreover, for thislatter objective
that they were designed. The quality of the ecosystem
naturally depends on the quality of the water, but other
parameters can be more important: habitat destruction,
overfishing, biological invasions, etc. This obvious point
was illustrated in a diagram, in a somewhat caricatural
way, by Boudouresque et al. (2015) (Fig. 1).

MEDITERRANEAN ECOSYSTEM-BASED
INDICATORS

The rationale governing the EBQI's (Ecosystem-Based
Quality Indices) isbased on (i) attempting to quantify and
assess some compartments (e.g., boxes 1 through 13 for
the Posidonia oceanica ecosystem — EBQI/Pos; Fig. 2)
of the conceptual model by means of a set of parameters,
(ii) determining their relative weight and (iii) by using a

Fig. 1. — Left. A pristine Posido-
nia oceanica ecosystem, with
species belonging to all function-
al compartments (for compart-
ment numbers, see Fig. 2). Right.
A P. oceanica meadow deprived
of most of itsfunctional compart-
ments (e.g., via overfishing),

| Matte endo- |
| fauna (13)

| Roetsand |~
rhizomes (1}

which could be considered as
healthy on the basis of taxon-
based indicators, based upon
metrics such as shoot density and
meadow coverage. From Boud-

A well-functioning ecosystem

An ecosystem deprived of most of its functional
compartments (e.g. via overfishing)
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ouresgue et al. (2015), modified
and redrawn).
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(2015), adapted.

simple algorithm, calculating a rank for the ecosystem
status within a given area, matching the five classes of
the ecological status of the EU Water Framework Direc-
tive (WFD), from bad to high. In addition, (iv) it should
be based on metrics that are easy to measure, species that
do not require great taxonomic expertise for determina-
tion, and therefore able to be implemented routinely by
managers, thisimplementation may require that atrain-
ing course be organized for managers. EBQIs are a com-
promise between the completeness of the assessment and
the need for an approach that is not too time-consuming
(e.g., lessthan one day for 4 divers per site for EBQI/Pos)
(Ruitton et al. 2013, Personnic et al. 2014, Boudouresque
et al. 2015, Ruitton et al. 2017).

The status of each functional compartment (box) is
assessed by means of a semi-quantitative scale (4 through
0), from very good (4) to very bad (0). Calibration of the
scale is based upon the available literature. Compart-
ments are weighted according to their relative importance
in the ecosystem functioning, from 5 (highest weighting)
to 1 (lowest weighting). The grade for each compartment
is determined by its status (O through 4), multiplied by its
weighting (1 through 5), and is therefore graded from 0 to
4 and 0 to 20 (depending upon the weighting of the con-
sidered compartment). The grades of all compartments
are added up to give the final grade for the ecosystem
status (EBQI) at agiven site. For practical purposes, the
EBQI isconverted to ascalefrom 0to 10 (e.g., Table| for
EBQI/Pos) (Personnic et al. 2014, Boudouresque et al.
2015, Ruitton et al. 2017). In the case of the EBQI/Pos,
which considers 13 functional compartments:

13 13
EBQI=|D. (W, xS)/2 (W, x5,,)[*10
i=1 i=1

22 The matte: a sink for carbon

where: W, isthe weighting of the box i, S the status of the
box i, S, the highest possible grade (= 4) for abox and i
isthe number of the box (1 through 13).

For each box, each value of the box status and each
site, a Confidence Index (Cl) is proposed (TableIl). The
reason for the Cl is (i) that data for one or several com-
partments may be missing or of poor quality at some
sites, (ii) the reliability of available data may be different
between boxes and sites, and (iii) it is worth drawing the
attention of managers and scientists to those boxes (com-
partments) that are poorly known and which merit further
field studies. The grade of each considered box is given
by its Cl (0 through 4) and by its weighting (1 through
5), and they are therefore graded from O through 20 (for
EBQI/Pos). The grades of all considered boxes are added
up, which givesthe final grade for the Cl at a given site.
For practical purposes, the Cl was converted to a scale
from 0to 4 (Personnic et al. 2014, Ruitton et al. 2017). In
the case of the EBQI/Pos, which considers 13 functional
compartments:

13 13
Clesr=| 2, (W, x CL)I 2 (W, x CL,,, )| < 4
i=1 i=1
where W; isthe weighting of the box i, Cl; the Confidence
Index of the box i, Cl . the highest possible Confidence
Index (= 4) for acompartment (box) and i is the number
of the box (1 through 13).

Thefirst attempt to build an EBQI concerned the Posi-
donia oceanica ecosystem (EBQI/Pos) (Personnic et al.
2014, Boudouresque et al. 2015, Ruitton et al. 2017), one
of the Mediterranean ecosystems for which the data avail-
ableon the functioning and the different compartmentsare
the most extensive (e.g., Bell & Harmelin-Vivien 1983,
Mazzellaet al. 1992, Pergent et al. 1994, 1997, Boudour-

Vie Milieu, 2020, 70 (3-4)
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Table |. — Conservation status of the Posidonia oceanica ecosystem (EBQI/Pos) in Balearic |slands, Spanish and French Catalonia,
West and East Provence, French Rivieraand Corsica. For each compartment (see Fig. 2): the weighting (1 through 5) and the status
grade (O through 4) at the 17 studied localities. EBQI ranges from 0 to 10. SRDI: Specific Relative Diversity Index of fish. Ecological
status classes: high (deep blue), good (light blue), moderate (green), poor (orange) and bad (red). From Boudouresque et al. (2015),

adapted.
Compartment 1 2 34 5 6 7 8 10 11 12 SRDI 13 EBQI.Pos
Weight 3 ) 4 2 2 2 2 ) 5 3 3 1
Espardell (Balearic Islands) 4 4 3 3 3 3 3 1 1 1 3 2 n
Sitges (Spanish Catalonia) 2 0 0 0 2 2 2 35 0 0 1 0 0
Tossa de Mar (Spanish Catalonia) 2 3 4 0 2 2 4 3 2 0 2 3 1 516
L Medes Islands (Spanish Catalonia) 2 385 4 3 2 2 2 25 4 4 3 4 2 7.9
O Peyrefite Bay (French Catalonia) 2 35 2 4 2 2 2 3 1 1.5 4 0 5.8
C Niolon (West Provence) 2 25 2 0o 15 1 3 1 0 2 2 1 3.9
A Prado Bay (West Provence) 2 25 2 0 25 2 3 25 3 1 15 3 2 5.3
L Plateau des Chevres (West Provence) 2 25 4 0o 15 2 3 25 2 1 0.5 2 2 5.0
| Saint-Cyr Bay (East Provence) 1 3 2 1 2 2 2 2 2 2 2 2 0.5 4.9
T Gulf of Giens (East Provence) 3 4 2 2 2 1 3 15 1 0 1 1 0.5 4.3
| Porquerolles North (East Provence) 3 2 3 2 2 0 1 15 1 1 2 2 1 4.3
E Porquerolles South (East Provence) 3 4 4 3 3 3 2 2 2 3 3 1
S Bagaud Pass (East Provence) 4 3 2 4 3 4 4 3 2 3 4 1 7.6
Port-Cros South (East Provence) 4 4 4 4 3 4 3 35 4 4 3 4 1.5 9.3
Villefranche Bay (French Riviera) 2 15 2 1 3 0 0 3 2 15 4 0 4.8
Elbu Bay, Scandula (Corsica) 4 3 1 4 3 2 2 2 1 1.5 3 5.7
Valincu Gulf (Corsica) 4 3 2 2 2 2 3 2 2 2 2 1 5.4

Tablell. — Criteriato assess the Confidence Index (Cl) of the status of acom-

partment.

EBQIs were proposed for the Mediterra-
nean undersea cave ecosystem, EBQI/Caves

Cl Criteria

(Rastorgueff et al. 2015, Ruitton et al. 2017)

4  Field data available, recent and suitable with the recommended methods

Field data recent, partially completed with expert judgment
No quantitative field data but recent expert judgment
No quantitative field data, but non-recent expert judgment

o = N W

No quantitative field data and no suitable expert judgment

(Fig. 5) and for shallow rocky reefs dominat-
ed by macroalgae, EBQI/Reefs (Ruitton et
al. 2017, Thibaut et al. 2017) (Fig. 6). Under-
sea caves are remarkable infralittoral and
circalittoral habitats widespread throughout

esque et al. 2006, 2012, Deudero et al. 2014, Giakoumi et
al. 2015, Ourgaud 2015, Ourgaud et al. 2015, Boudour-
esque et al. 2016).

Subsequently, the concept of EBQI was generalized
and theorized (Ruitton et al., 2013, 2017): (i) construction
of a conceptual model of the ecosystem on the basis of
existing literature; (ii) evaluation of carbon and/or nutri-
ent flows between compartments, with weighting of their
volume when possible (Fig. 3); (iii) choice of compart-
ments that can be taken into account routinely (minimi-
zation of the sampling effort); (iv) weighting of these
compartments (on ascale of 1 to 5) (Fig. 3); (v) assess-
ment of the ecological status of the compartments taken
into account (Fig. 4); (vi) calculation of the EBQI and CI
for each locality. The decisions concerning al these steps
are made through an expert meeting and a Delphi process
(see Dalkey & Helmer 1963 for the Delphi process).

the Mediterranean Sea (e.g., Marseille area,
Croatia) (Chevaldonné & Lejeusne 2003;
Surié et al. 2010). They often originate from
the marine flooding of karstic networks during the post-
glacial maximum transgression; they harbor specialized
species, which are often Mediterranean endemics; some
of them are regular bathyal and abyssal dwellers, which
find in these caves environmental conditions similar to
those of the deep sea (Harmelin et al. 1985, Vacelet et
al. 1994, Bianchi et al. 1996, Janssen et al. 2013, Ras-
torgueff et al. 2015). Shallow rocky reefs dominated by
macroalgae are also an infralittoral ecosystem. The eco-
system is characterized by Cystoseira (long-living brown
algae — Stramenopiles; Cystoseira sensu lato) forests
which can shift to barren grounds when herbivorous sea
urchins (such as Paracentrotus lividus (Lamarck, 1816)
proliferate; this proliferation is related to a disturbance
of the ecosystem, such as overfishing of fish predators of
sea urchins and organic pollution (Sala & Zabala 1996,
Bonaviri et al. 2011, Boudouresque & Verlaque 2013,
Ling et al. 2015, Thibaut et al. 2017).

Vie Milieu, 2020, 70 (3-4)
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Fig. 3. — Conceptual model of a
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bad (red). From Ruitton et al.
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EBQIs are being developed for the coralligenous
ecosystem (EBQI/Cor) (Ruitton et al. 2014, 2017), salt
marshes and coastal lagoons (EBQI/sm) (Massinelli et al.
2017, Astruch et al. 2019a) and circalittoral coastal detri-
tal sandy bottoms (EBQI/cd) (Astruch et al. 2019b). They
are at the conceptual model development stage, choosing
the compartments that can be used routinely and testing
the metrics. The EBQI/Cor is even ready for publication
(Ruitton et al. 2017).

Certain works, although they do not lead to the calcu-
lation of an EBQI, can clearly be referred to as exempli-
fying an ecosystem-based approach. For example, Banaru
et al. (2010) show in the Black Seathe switch from a
complex top-down and bottom up functioning pattern of
the coastal ecosystem (1965-1970) to a bottom-up pat-

Carbon
TH

tern (2001-2005). The end-to-end model of the Gulf of
Lions ecosystem (NW Mediterranean) is also referable
to an ecosystem-based approach (Béinaru et al. 2019).
They explicitly detail trophic flows between food web
compartments, highlight the main primary producers and
successive consumers as well as dominant and key spe-
cies. Fisheries pressure on food web compartments and
their direct and indirect effects may also be highlighted
(Bianaru et al. 2013). These models allow depiction the
combined effects of both climate and fisheries on the sys-
tem functioning (Bénaru et al. 2019, Diaz et al. 2019).
Astruch et al. (2019a) highlighted the need for an EBA
within the saltmarshes of Hyéres (Provence, France) asa
way to make the management system more appropriate,
evolving from a previous species-centered approach (e.g.,
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waterfowl enhancement, fight against so-called ‘ harmful
species such asthered fox Vulpes vulpes, etc.).

ECOSYSTEM-BASED INDICATORS: VALUABLE
TOOLSFOR COASTAL MANAGEMENT

Environmental management is often perceived by
managers and the general public as ‘firefighter’s work’,
which consists of putting out fires, running from one fire
to another. A ‘fire’ is a species of which the abundance
increases, or on the contrary decreases, a changing land-
scape, etc. This management approach is also deeply
biased by taxonomic lobbies: a species of dolphin or bird,
even if nothing indicates a decline, is the subject of mul-

tiple management programs, while a species of insect or
macroalga, seriously threatened or even on the brink of
extinction, is of little interest to NGOs and the general
public (Boudouresque 2002, Thibaut et al. 2016, Ver-
laque et al. 2019). It is significant that (since 1992) 46 %
of the European programs intended for the protection of
the environment are dedicated to birds, against 26 % to
mammals, 8 % to ‘invertebrates’ 8 % to flowering plants
and 6 % to ‘fish’; insects and macroalgae are not even
mentioned (Tempier 2018, Mammides 2019). Members
of ataxonomic lobby are not aware of this, because they
are really attached to their preferred taxon, but manage-
ment based on taxa is sometimes akin to a millefeuille (a
French multi-layered cake): alayering of taxon-focused
protection measures, the addition of measures to enhance
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Table l11. — Comparison between EBQI/Pos (from Personnic et al., 2014) with taxon-based indices based mainly upon Posidonia oce-
anica (the organism itself) and aimed at establishing the ecological status of a seawater body. Ecological status: high (deep blue), good
(light blue), moderate (green), poor (orange) and bad (red). From Personnic et al. (2014) and Boudouresgue et al. (2015), adapted.
EBQI/Pos ranges from 0 (lowest ecological status) to 10 (highest ecological status. PREI, POMI and BiPo indices, based upon distinct
but similar metrics, range from O (lowest ecological status) to 1 (highest ecological status). * See text for the metrics of PREI, POMI

and BiPo.

Locality (region) EBQI/Pos Taxci::(;:ised Type of itnagg:—based Reference
Port-Cros Island, south (East Provence) 9.3 0.80 PREI* Gobert et al. (2009)
Medes Islands (Spanish Catalonia) 7.9 0.75 POMI* Romero et al. (2007)
Elbu Bay, Scandula (Corsica) 5.7 BiPo* Lopez y Royo et al. (2010)
Tossa de Mar (Spanish Catalonia) 5.6 0.68 POMI Romero et al. (2007)
Valincu Gulf (Corsica) 5.4 0.39 PREI Gobert et al. (2009)

5.4 0.73 BiPo Lopez y Royo et al. (2010)

Prado Bay, Marseilles (West Provence) 5.3 0.64 PREI Gobert et al. (2009)
Plateau des Chévres, Marseille (West Provence) 5.0 0.48 PREI Gobert et al. (2009)
Saint-Cyr Bay (East Provence) 4.9 0.68 PREI Gobert et al. (2009)
Villefranche-sur-Mer Bay (French Riviera) 4.8 0.28 PREI Gobert et al. (2009)
Gulf of Giens (East Provence) 4.3 0.71 PREI Gobert et al. (2009)
Porquerolles North (East Provence) 4.3 m PREI Gobert et al. (2009)
Niolon, Céte Bleue (West Provence) 3.9 0.47 PREI Gobert et al. (2009)
Sitges (Spanish Catalonia) m 0.24 POMI Romero et al. (2007)

adeclining species or to hinder another specieswhichis
proliferating, regardless of the fact that the latter may be
the predator of the former. The indices based on ataxon
were not designed to manage taxa, but to assess the qual-
ity of awater body, and the effectiveness of measures
intended to improve this quality, for example the estab-
lishment of sewage treatment plants. But for many stake-
holders, if the indices based on Posidonia oceanica show
positive results, it means that P. oceanicais fine, and if
P. oceanica, an ecosystem engineer, is fine, the whole
environment is fine. However, thisis not always the case,
as shown in Fig. 1: P. oceanica can thrive in a highly
degraded ecosystem.

Thereisno significant correlation between taxon-based
indices and ecosystem-based indices, as shown by the
comparison between the EBQI/Pos and taxon-based indi-
ces (PREI, POMI, BiPo) for the same localities (Tablelll)
(Personnic et al. 2014, Boudouresque et al. 2015). This
islogical, since the two categories of indicators were
designed to highlight different things, respectively the
quality of the functioning of an ecosystem and the quality
of awater body, but it isimportant to emphasize it again.
The contrasting ranking of Porquerolles Island (north
coast) from EBQI (poor) to PREI (high, first rank) (Table
[11), together with those of the Gulf of Giens, may be due
to impacts other than the water quality, such as artisanal
and recreational overfishing.

Ecosystem-based management and EBQIs are not
incompatible with specific management measures based
upon certain iconic species, which are also part of an eco-
system. The interest of ecosystem-based management is
that it is not limited to the accumulation of specific man-

agement measures for iconic species, which can be mutu-
ally incompatible when, for example, an iconic species
proliferates at the expense of other iconic speciesin the
same habitat.

The spread of invasive speciesis considered as one of
the most worrying environmental issues in the 21 cen-
tury (Schmitz & Simberloff 1997, Canning-Clode 2015,
Maxwell et al. 2016). The Mediterranean Seais the
region worldwide most severely hit by invasive species,
with more than 800 non-indigenous species (Verlaque et
al. 2015, Zenetos et al. 2017, Galil et al. 2018). Invasive
species can deeply alter the food webs and the function-
ing of marine ecosystems (Vitousek et al. 1996, Boudour-
esgue et al. 2005, Thomsen et al. 2016, Boudouresque et
al. 2017a; David et al. 2017). Although an index account-
ing for invasive species has been proposed (ALEX —
Alien Biotic Index) (Piazzi et al. 2015, 2018), food web
approach (see e.g., David et al. 2017) and EBQIs are the
most effective tools for tracking their overall impact on
the ecosystem.

Overfishing is also one of the major environmental
pressures that affect marine ecosystems, via extirpation
of target species, reducing the top predators compart-
ment, reducing the mean trophic level (‘fishing down the
food web') and increasing the abundance of herbivorous
sea urchins (Pauly et al. 1998, Sala et al. 1998, Pauly &
Palomares 2005, Myers et al. 2007, Salaet al. 2012, Bou-
douresque & Verlaque 2013, Boudouresque et al. 20173,
Bryhn et al. 2020). Obviously, EBQIstackle fishery pres-
sure better than taxon-based indices in coastal areas. On
alarger scale, offshore ecosystem functioning indices are
proposed to highlight the state of ecosystems and relate it
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to the pressure of fisheries (Coll et al. 2016, www.indis-
€as.0rg).

The ecosystem-based approach can be applied to all
types of ecosystems and it isimportant now to extend this
approach to the pelagic ecosystems and their coupling
with benthic ecosystems, infralittoral sandy bottoms, the
beach-dune-Posidonia oceanica banquette ecosystem
(see Boudouresque et al. 2017b, Otero et al. 2018), the
deep sea and terrestrial ecosystems. Obviously, applica-
tion perspectives of the EBA must reach areas away from
the northwestern Mediterranean: eastern, central and
southern Mediterranean, and worldwide coastal areas.

CONCLUSIONS

Ecosystem-based indices are the natural tools required
for ecosystem-based management. They allow a compre-
hensive approach to the management of natural coastal
areas, in particular Marine Protected Areas. They provide
answers to different questions compared to taxon-based
indices and are therefore not in opposition to them. It is
obvious that the management of an ecosystem is much
more complex than that of a single species or group of
species. However, ecosystem-based management, and
therefore ecosystem-based indices, represents the future.
It will take time for stakeholders and the general public to
understand that the complexity of the functioning of eco-
systems can lead to responses which, at times, are coun-
ter-intuitive, but much more realistic and effective.

There is ever-increasing evidence of global change
occurring. For example, in the eastern Mediterranean Sea,
community-shift is dramatically altering ecosystem func-
tions and services, leading to new ecosystems, most often
less effective than the native ones. Monitoring and com-
bating these major challenges must be undertaken at eco-
system scale, taking into account the whole functioning
of the impacted ecosystems.
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