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PREFACE

GECOMARS : INTERNATIONAL WORKSHOP ON ECOSYSTEM BASED
MANAGEMENT, MARSEILLE, FRANCE, 4-5 FEBRUARY 2020

The ‘species-by-species’, or ‘stock-by-stock’ approach
in the case of fisheries, characterized the 20" century ecol-
ogy. The ecosystem-based approach, which in the case of
fisheries emerged at the end of the 20" century, represents
the ‘new frontier’, the 21 century revolution in ecology.

According to the Marine Strategy Framework Direc-
tive, the ecosystem-based approach (EA) should enable
us to understand and assess the functioning of marine and
coastal ecosystems and their dependent services. As an
integrated management process, this strategy promotes
both conservation and sustainable use and provides ben-
efits in a more equitable way via the social-ecosystem
concept. First used for fisheries management, the EA has
become a valuable tool for ecosystem services assess-
ment and for marine protected areas (MPA) monitoring
and governance, especially in the Mediterranean Sea but
it could also be considered in the spatial planning and the
management of other coastal areas. The perception that
humans belong to ecosystems (socio-ecosystems) is a
key feature of the EA and the catastrophic events due to

anthropic pressures, in the global change context, remind
us the price to pay.

The aim of organizing a Workshop on Ecosystem-
based Management in Marseille was to create the oppor-
tunity to gather managers, stakeholders and scientists to
discuss this crucial topic within the framework of the Inte-
grated LIFE Marha project, headed by the French Office
of Biodiversity and funded by the European Union.

Aix Marseille University, Pythéas and the Mediterra-
nean Institute of Oceanography, the Marseille’s city Tour-
ism Office and Toulon Provence Metropole have also
supported the organization of the event.

The upcoming challenge, in the current Global change,
is to move forward to a suitable and carbon free manage-
ment and use of our natural ecosystems. Only a concern
at the Ecosystem scale will make it possible.

Le comité éditorial de GECOMARS
The GECOMARS editorial committee
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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) Finally, the 21 century ecosystem-based approach is the 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 a group of species belonging
to a given 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 (EBQISs),
provide a realistic 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 is important 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 is that it
is not 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
is the “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 a modern form of
this approach (Balmford & Bond 2005, Pesche et al. 2013,
Nordlund et al. 2016, Paoli 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) Finally, the 21%
century ecosystem-based approach, although still rarely
used, is the 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-
eters is necessary, but very insufficient and often mean-
ingless: it is not the content in the water of a contaminant
(e.g., mercury) which is important per se, but its possible
impact on individuals, populations or ecosystems (Alava
et al. 2018, Outridge et al. 2018). It is for this reason that
biological indicators, describing the state of environmen-
tal health on the basis of species, have been developed.
In addition, the species integrate the characteristics of the
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environment over their entire lifespan (from a few months
to several decades); their presence or absence is therefore
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, Casazza et al.
2002, Dauvin et al. 2010, Romero et al. 2015).

Ideally, a biological 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 (MSFD: 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 assess its
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 developed and steadily improved
by Orfanidis et al. (2001, 2003, 2011) and Simboura et al.
(2005) (but see lvesa et al. 2009). (ii) The CARLIT index
is based upon a dozen species and groups of species thriv-
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 sea level 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-
funé et al. 2017, De la Fuente 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 area at 15 m depth
(Lopez y Royo et al. 2010). The PREI index (Posidonia
oceanica Rapid Easy Index) includes the same metrics
plus a fifth, the ratio between epiphyte biomass and leaf
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). These indices are
robust, with congruent results when compared with each
over (Bennett et al. 2011, Lopez y Royo et al. 2011, Mas-
car6 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, Montefalcone 2009, Rigo et al. 2019).
According to Boudouresque et al. (2012), CI, Sl and PSI
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 also 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
Fuente et 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 is at a level 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) contaminants in
fish and other seafood do not exceed levels 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 criteria ii, 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,
sea turtles, 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

Planktivorous -
teleosts (20) —— I @<
are—.
[ Predatory |
teleosts (18)

Herbivarest
sea urchins
(16}

Posidonia
leaves (3)

Top predators
teleosts {16)

| Top predators
L] teleosts (18)

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 as an 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
as to 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-
els and 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-Nfiez 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 this latter 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 EBQIs (Ecosystem-Based
Quality Indices) is based 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.
AP. oceanica meadow deprived
of most of its functional 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)

Vie Milieu, 2020, 70 (3-4)

ouresque et al. (2015), modified
and redrawn).
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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; this implementation may require that a train-
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., less than one day for 4 divers per site for EBQI/Pos)
(Ruitton et al. 2013, Personnic et al. 2014, Boudouresque
etal. 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 (0 through 4), multiplied by its
weighting (1 through 5), and is therefore graded from O 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 a given site. For practical purposes, the
EBQI is converted to a scale from 0 to 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; is the weighting of the box i, S; the status of the
box i, S;ax the highest possible grade (= 4) for a box and i
is the 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 (Table II). 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 CI (0 through 4) and by its weighting (1 through
5), and they are therefore graded from 0 through 20 (for
EBQI/Pos). The grades of all considered boxes are added
up, which gives the final grade for the CI at a given site.
For practical purposes, the Cl was converted to a scale
from 0 to 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;is the weighting of the box i, Cl; the Confidence
Index of the box i, Cl,., the highest possible Confidence
Index (= 4) for a compartment (box) and i is the number
of the box (1 through 13).

The first 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-
able on the functioning and the different compartments are
the most extensive (e.g., Bell & Harmelin-Vivien 1983,
Mazzella et al. 1992, Pergent et al. 1994, 1997, Boudour-

Vie Milieu, 2020, 70 (3-4)
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Table I. — Conservation status of the Posidonia oceanica ecosystem (EBQI/Pos) in Balearic Islands, Spanish and French Catalonia,
West and East Provence, French Riviera and Corsica. For each compartment (see Fig. 2): the weighting (1 through 5) and the status
grade (0 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

Table I1. — Criteria to assess the Confidence Index (CI) of the status of a com-

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 a scale 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 all 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
theoretical ecosystem (fictitious
data). Compartments 1 through
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organic carbon (DOC) and sl &t iibimns and cephalopocs (e ecosystem
microbial loops are in orange; €
predators (including herbivores) sl
are in yellow. POM: Particulate
Organic Matter). BAFHS: bacte-
ria, archaea, fungi and het- e Vi
erotrophic stramenopiles | (basibionts) |  water
involved in the litter degradation. — column
The width of the arrows roughly @ 3 <
represents the volume of the car- Eragitini
bon flow. The ecosystem proper- g . tation
ly speaking is included within the § Substrate 13 Endofauna e
red rectangle. From Ruitton et al. Carbon
(2017), adapted and redrawn. i
17. Pelagic mi-
crobial loop 3 1. P 4 e
e o

3 Epibiontic | 4. Benthic filter- and 0. Top predato 18. Organisms

filter- and suspension-feeders ang 4 entering the

feaders orpaena ecosystem

h 4

- 4. Macro-
Fig. 4. — Conceptual model of a Sl

theoretical ecosystem (fictitious
data). Assessment of the ecologi-
cal status of the compartments
taken into account: high (deep
blue), good (light blue), moder-
ate (green), poor (orange) and
bad (red). From Ruitton et al.
2017, adapted and redrawn.

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 Sea the switch from a
complex top-down and bottom up functioning pattern of
the coastal ecosystem (1965-1970) to a bottom-up pat-

20. Organisms

(e.g. teleosts)
+ leaving the
ecosystem

21. Expor-

(basibionts) Water
column

i Substrate

ted detritus

22. Detritus
entering the
ecosystem

P —
Fragmen-
tation
E—
Carbon
flux

s
13. Endofauna

I S Tk

tern (2001-2005). The end-to-end model of the Gulf of
Lions ecosystem (NW Mediterranean) is also referable
to an ecosystem-based approach (Béanaru 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) as a
way to make the management system more appropriate,
evolving from a previous species-centered approach (e.g.,
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Fig. 5. — Conceptual model of
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production
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ed and redrawn.

waterfowl enhancement, fight against so-called “harmful
species’ such as the red 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 a taxonomic 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): a layering of taxon-focused
protection measures, the addition of measures to enhance
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Table I11. — 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 Boudouresque 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 0 (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)

a declining species or to hinder another species which is
proliferating, regardless of the fact that the latter may be
the predator of the former. The indices based on a taxon
were not designed to manage taxa, but to assess the qual-
ity of a water 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. oceanica is fine, and if
P. oceanica, an ecosystem engineer, is fine, the whole
environment is fine. However, this is not always the case,
as shown in Fig. 1: P. oceanica can thrive in a highly
degraded ecosystem.

There is no 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 (Table I11)
(Personnic et al. 2014, Boudouresque et al. 2015). This
is logical, 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 a water body, but it is important to emphasize it again.
The contrasting ranking of Porquerolles Island (north
coast) from EBQI (poor) to PREI (high, first rank) (Table
I11), 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 species in the
same habitat.

The spread of invasive species is 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 Sea is the
region worldwide most severely hit by invasive species,
with more than 800 non-indigenous species (Verlagque 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-
esque 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, Sala et al. 2012, Bou-
douresque & Verlaque 2013, Boudouresque et al. 2017a,
Bryhn et al. 2020). Obviously, EBQIs tackle fishery pres-
sure better than taxon-based indices in coastal areas. On
a larger 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-
eas.org).

The ecosystem-based approach can be applied to all
types of ecosystems and it is important 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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INTRODUCTION

ABSTRACT. — Seagrass meadows have long been recognized for their high ecological and eco-
nomic value (ecosystem services). More recently, a potential role in climate regulation, due to
their ability to fix and sequester carbon, has been the focus of intensive study. In the Mediterra-
nean Sea, the matte, a specific structure built by the seagrass Posidonia oceanica, is of particu-
lar interest because it keeps buried for thousands of years massive amounts of carbon. Recent
studies carried out along the Corsican coasts show a mean fixation of 1.62 Mg C hayr?, with a
sequestration rate of between 27 and 30 %, a mean matte thickness of 210 cm and 711 Mg C ha*
of organic carbon trapped in the matte. That is to say, a stock corresponding to 1,580 years of
P. oceanica carbon sequestration, confirmed by radiocarbon analysis. An extrapolation to the
Mediterranean basin (1.0 to 1.5 million hectares covered by P. oceanica meadow; mean matte
thickness: 210 cm) shows that the total stock of organic carbon sequestered in the P. oceanica
matte might be as much as 711 to 1,067 million Mg C. The conservation of the P. oceanica
meadows thus constitutes an issue of major importance since any degradation of the matte,
which has been built up over the past millennia, would very likely result in the release of consid-
erable quantities of carbon. Rather than playing a major role in the attenuation of the impact of
climate change (blue carbon sequestration), the P. oceanica meadow would then become a
source of carbon that would be likely to amplify the greenhouse gas emissions. Management of
P. oceanica meadows should take into account not only their role in carbon sequestration, but
also the whole the full range of their ecosystem services, in relation with the functioning of the
ecosystem.

this highly resistant structure can reach several meters in
height, and the organic matter it contains can persist for

Seagrass meadows have long been recognized for their
high ecological and economic value and associated eco-
system services (Costanza et al. 1997, Boudouresque et
al. 2012, Vassallo et al. 2013, Picone et al. 2017). More
recently, a potential role in climate regulation, due to their
ability to fix and sequester carbon, has been the focus of
intensive study (Nellemann et al. 2009, Fourqurean et al.
2012, Pergent et al. 2014). Carbon sequestration by sea-
grass is estimated at 15 % of total blue carbon, although
seagrass cover represents only 17.7 to 61.0 million hect-
ares at biosphere scale (Spalding et al. 2003, Kennedy &
Bjork 2009, UNEP-WCMC 2013).

Among the sixty-four species of seagrass (Guiry &
Guiry 2020), Posidonia oceanica (Linnaeus) Delile, a
Mediterranean endemic species, appears to be the most
efficient in carbon storage; the P. oceanica meadow is the
only ecosystem able to match peatlands and mangroves
because it builds a unique structure: the matte. Made up of
rhizomes and roots, with sediment that fills the interstices

millennia (Mateo et al. 1997, 2006, Serrano et al. 2012,
Boudouresque et al. 2016, Monnier et al. 2019a). In the
light of the Paris Agreement, where major carbon sinks
such as coastal vegetation are taken into account for the
first time, and due to the exceptional extension of the
P. oceanica meadows in Corsica (Valette-Sansevin et al.
2019), an extensive survey of these blue carbon sinks was
performed to (i) inventory the main Blue Carbon Ecosys-
tems (surface area and 3D extension — matte thickness),
(i) estimate the fixation and carbon sequestration rates,
and (iii) assess the standing carbon stocks within the
matte.

MATERIALAND METHODS

The study was conducted in the Natura 2000 area “Grand
Herbier de la Cote Orientale”, a 100 km sandy coastline area
along the eastern coast of Corsica (Fig. 1).
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The inventory of surface area covered by seagrass beds was
performed, (i) for the shallow area (surface to —15 m), by remote
sensing based on aerial images (BD ORTHO® of the IGN —
French National Geographic Institute) with a 0.5 m resolution,
(ii) for the deep area (=10 to —50 m), through several oceano-
graphic surveys using exhaustive acoustic coverage (coupling
a multibeam echosounder and a side-scan sonar), and (iii) for
the other sectors, by a survey of existing data (Valette-Sansevin
et al. 2019). Ground truthing data were acquired using a bathy-
scope for the shallow area (0 to —10 m) and for deeper areas,
a Remotely Operated \ehicle (ROV), scuba diving inspections,
underwater video camera recording (Pergent et al. 2017) and by
collecting samples (Van Veen grab). After remote sensing fol-
lowing the method of Bonacorsi et al. (2013), data were inte-
grated into a Geographic Information System (ArcGIS® 10.2.2.,
ESRI).

The assessment of P. oceanica matte thickness was carried
out using the high-resolution seismic reflection method. Three
devices with distinct emission frequencies were deployed for
data collection: a Sparker (1 kHz) and two sediment profilers;
the Manta EDO (2.5 kHz) and the Pesk Avel (3.5 kHz). In total,
510 seismic profiles were acquired corresponding to 3,095 km
of data (Monnier et al. 2017, 2019b). Mapping of matte thick-
nesses is done after integrating the data into the ArcGIS®
10.2.2. software and using the ordinary kriging method. The

map covered a range from —10 m (upper limit of data acquisi-
tion) to —40 m depth (lower limit of the P. oceanica meadow
generally observed at this site).

Organic carbon fixation and sequestration were estimated
at six sites (between -5 and —30 m) along three transects at the
Natura 2000 site (Biguglia, Taverna and Urhino). Carbon fixa-
tion was measured through an assessment of primary production
by the lepidochronology method (Pergent & Pergent-Martini
1991), and (ii) carbon sequestration was estimated on carbon
fluxes (consumption by herbivores and detritivores, leaf litter
exportation and seagrass tissues (sheaths, rhizomes and roots)
buried in the P. oceanica matte; Pergent et al. 1997). Elemental
analysis contributed to measurement of the total carbon content
(%C) in the different tissues of P. oceanica after removal of epi-
phytes.

Estimation and characterization of organic carbon stocks was
performed by collecting vertical cores in the matte with a Kul-
lenberg gravity corer during the CARBONSINK oceanographic
survey (2018). The matte samples were collected at three sta-
tions (=10 m, —20 m and —-30 m) close to the same transects
(Biguglia, Taverna and Urbino). Analysis of samples were
undertaken after drying, sieving (< 2 mm) and separating sedi-
ment slices in different fractions (calcium carbonates, mineral
and organic material). The total organic matter content (%TOM)
and the elemental analysis (%C) were carried out on the fine
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Fig. 2. — A: Location of P. oceanica transects and shoots and matte core sampling; B: Distribution of seagrass meadows (from Valette-
Sansevin et al. 2019); C: Map of P. oceanica matte thickness estimated within the study site (from Monnier et al. 2017).

fraction and the coarse organic fraction following Monnier et al.
(2019b). The standing organic matter and carbon stocks per unit
area (cumulative stocks; kg C m2or Mg Chat) were calculated
according to Howard et al. (2014).

RESULTS

At the Natura 2000 site, seagrass meadows repre-
sent the most extensive habitat with a surface area of
20,425 ha for biocoenosis of P. oceanica meadows and
798 ha for association with Cymodocea nodosa (Ucria)
Ascherson; respectively, more than 38 % and 47 % of the
seagrass beds along the Corsican coastline (Fig. 2). The
mean upper and lower limits of P. oceanica meadows
range from =5 m to —40 m respectively. The distribution
of C. nodosa beds is mainly located near the mouth of
coastal rivers and locally beyond the lower limit of the
P. oceanica meadows (Fig. 2).

The matte thicknesses of the P. oceanica meadow
shows a high variability (Fig. 2). The mean thickness of
the matte, estimated at 210 cm for the whole site, increas-
es from north (160 cm) to south (270 cm). The thickness
of the matte also seems to be greater near the coast with
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Fig. 3. — Foliar primary production of P. oceanica (blades)
according to depth at the Natura 2000 site.

gentle slopes (between —10 and —25 m). Maximum thick-
ness (up to 8 m) is recorded at the mouth of the main
coastal rivers (Golo, Tavignano, Fium’Orbo and Travo).
The primary production of blades decreases signifi-
cantly with depth and varies between 1,112.0 mg DW
shoot™ yr* (-5 m) and 560.8 mg DW shoot™ yr! (=30 m)
(Fig. 3). Total carbon fixation by the P. oceanica meadow
(blades, sheaths and rhizomes) also varies with depth,
between 3.51 (-5 m) and 0.34 Mg C hat yr* (=30 m) with
an average of 1.62 Mg C hatyr (Table I). The total fixa-
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Table I. — Carbon fixation by P. oceanica at the Natura 2000 site.

Density Blades Sheaths Rhizomes Total carbon fixation
Sites DW.m2 DW.m™ DW.m=2 kg DW.ha"'. kg C.ha™
, 9gDWm=z o1 9DWm= .1 9DWm=2 ».. 4+ kgDW.ha'. kgC.ha'.
shoot.m yr g C.m2yr yr g C.m2yr yr g C.m2yr yr yr
-5m 550.5 612.1 249.9 178.9 71.9 69.1 28.9 8601.0 3507.5
-10m 377.2 332.3 138.7 93.8 38.5 47.3 20.2 4734.3 1973.2
-15m 300.6 295.5 122.0 65.3 27.7 39.0 16.6 3998.6 1662.8
-20m 279.4 226.9 93.9 49.3 20.1 28.0 11.9 3041.1 1258.2
—25m 204.2 177.4 73.0 39.1 15.9 18.6 7.9 23515 968.0
-30m 106.1 59.5 24.0 14.9 6.2 9.1 3.8 834.6 342.9
Mean %TOM Mean %C
A B
0 5 10 15 20 25 0 2 B 6 8
0 1 » ™ 1 b 0 .
50 4 50
100 - 100
150 ~ 150
Fig. 4. — Changes in the main
parameters (%TOM and %C) in)
the P. oceanica cores collected at 1
the Natura 2000 site. %TOM and .
%C are expressed as percentage -10m . -10m
of the total sample dry weight —s -20m 20m
(%). Study site (red lines) corre- 200 - ——e-30m 200 3 -30m
spond to the mean values for the e—e Study site Study site
different stations and depths.

tion at the Natura 2000 site corresponds
t0 33,063 Mg C yr.

Primary production allocated to the
sheaths, rhizomes and roots is estimated
at between 0.1 (-30 m) and 1.0 (-5 m)
Mg C hat yr?, with an average of 0.45
Mg C hat yr. The total carbon seques-
tration at the Natura 2000 site represents
9,175 Mg C yrt, corresponding to a mean
of 27.8 % of carbon fixation.

Table 1. — Average stock of total organic matter and organic carbon of P. oceanica
at the Natura 2000 site (SD: Standard Deviation).

Bathymetry 100 cm core 210 cm core
kg TOMm2 kgCm2 kgTOMm2 kgC m=2
-10m 83.3 38.5 183.3 91.4
-20m 69.3 33.2 121.5 76.2
-30m 51.0 27.3 92.0 42.6

Study site (Mean + SD) 68.5+20.3 33.2+9.2 133.8+48.7 71.1+289

The matte cores collected at the study site are main- roots) integrated in a dark brown sandy-muddy sedimen-
ly constituted of seagrass debris (sheaths, rhizomes and tary matrix. The average length of the cores sampled at the
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study site is 215 cm, with a maximum value of 365 cm.
The base of the matte (reflector) is thus frequently
reached, contributing to calibration of the high-resolution
seismic reflection data in complement to the matte wall
heights measured in the ‘intermattes’ by scuba diving.

The standing stocks of total organic matter (kg TOM
m-2) and organic carbon (kg C m-2?) were standardized to
100 cm to allow comparison with literature, and 210 cm
corresponding to the mean estimated matte thickness at
the study site. Although different locations are compared,
soil parameters of the cores change with water depth and
seagrass soil depth. The vertical trends feature a slow
decrease in %TOM and %C with soil depth and water
depth (Fig. 4). The proportion of TOM and C in sedi-
ment significantly decreases through the top 100 cm of
the soil and remains rather constant down to the core bot-
tom (210 cm; Fig. 4). Thus, the mean TOM and C content
decrease (respectively from 16.8 % to 4.0 % and from
5.3 % to 2.0 %) for the 0-100 cm section, and remain rel-
atively constant in the lower section (100-210 cm) with
4.6+0.6%TOM and 1.8 £ 0.3 %C (mean = SD). The
characterization of samples shows that cores contained on
average 68.5 +20.3 kg DW TOM m2and 33.2+9.2kg C
m-2 in the first meter of soil (Table I1). For the total core
sequence (i.e., 210 cm), the average amount of TOM and
C stored are 133.8 + 48.7 kg DW TOM m=2and 71.1 +
28.9 kg C m, respectively (Table I1). Whatever the soil
depth considered, the TOM and C stock decrease with
water depth (Table I1).

DISCUSSION

The surface area covered by P. oceanica meadow in
the Natura 2000 site is more extensive than anywhere
else in the Mediterranean Sea, with more than 64 % of the
seabed between 0 and 40 m depth and up to 206 ha km™!
of coastline covered, even in comparison with the Corsi-
can coastline as a whole where this biocoenosis covers on
average 61 % of the seabed (Valette-Sansevin et al. 2019,
Table I11). This exceptional coverage is linked to the par-
ticular topography of the eastern continental shelf of Cor-
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Fig. 5. — Carbon fixation (g C m? yr?) by P. oceanica meadows
(blade, sheaths and rhizomes) in the Mediterranean Sea (circles,
solid line) and in the study site (squares, dotted line). Data from
Pergent-Martini et al. 1994, Pergent et al. 1997, Guidetti 2000,
Dumay 2002, Vela 2006 and references therein.

sica (very low slope: < 2 %; Pluquet 2006) and to reduced
anthropogenic pressures (Cannac-Padovani 2014).

Total carbon fixation recorded at the Natura 2000 site
is comparable with other values recorded in the Medi-
terranean Sea, but is slightly higher, mainly between the
sea surface and —20 m (Fig. 5). The fixation and carbon
sequestration at this site correspond respectively to 6.5 %
and 1.75 % of annual CO, release by anthropogenic activ-
ities on the island of Corsica (based on mean release rates
by inhabitant in France in 2018, approximately 1.9 million
Mg CO,; Global Carbon Atlas 2020). At regional scale,
the P. oceanica meadows as a whole (53,737 ha; Valette-
Sansevin et al. 2019) contribute respectively to the fixa-
tion and carbon sequestration of 16.6 % and 4.6 % of CO,
emissions on the island (Global Carbon Atlas 2020).

On the basis of (i) the mean carbon fixation corre-
sponding to the integrative depth of =15 m (138.5g C
m-2yr?), and (ii) the area covered by P. oceanica (1.0 to
1.5 million hectares; Topouzelis et al. 2018, Traganos et
al. 2018, Valette-Sansevin et al. 2019), the total carbon
fixation for the whole of the Mediterranean Sea should be
between 1.39 and 2.08 million Mg C yr, that is to say
the equivalent of 5.08 to 7.62 million Mg equivalent CO,
release.

The use of the high-resolution seismic reflection meth-
od has contributed to providing an accurate estimate of the

Table I11. — Surface covered by the Posidonia oceanica meadow at the Natura 2000 site and on the main islands of the Western Medi-
terranean basin (* Valette-Sansevin et al. 2019, " Ruiz et al. 2015, ™ Ministero dell’Ambiente e della Tutela del Territorio 2001,

“** Calvo et al. 2010, ¥ GADM 2020, * EMODnet, 2020).

P. oceanica Length of P. oceanica surface area Seabottom surface area P oceanica surface area
surface area coastline by length of coastline in 0-40 m depth range in 0-40 m depth range
(ha) (km) # (ha.km~) (ha) ## (%)
Study site 20,425 99 206.3 31,769 64.3 %
Corsica’ 58,735 1,177 45.7 88,509 60.7 %
Balearics” 63,316 1,435 441 112,022 56.5 %
Sardinia™ 153,382 2,403 63.8 303,740 50.5 %
Sicily™ 76,000 2,007 37.9 318,393 23.9 %
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spatial extent of carbon stocks represented by P. oceanica
matte at the study site. The edification of this structure
is mainly due to the vertical growth of orthotropic rhi-
zomes which avoids the burial (sediment inflows) of the
aboveground living biomass, resulting in a relatively slow
upward rise of the bottom (Boudouresque & Jeudy de
Grissac 1983, Boudouresque et al. 1984). The thickness
of the matte results from the balance between an accretion
of material (sediment and debris) and decomposition and
erosion processes linked to different factors (Mateo et al.
1997, 2006).

The seismic data highlight a high variability of the
thickness of bioformations which could be explained by
(i) the natural land-based inputs at the mouth of the coast-
al rivers, but also near the lagoon inlets (‘flushing flow”),
and (ii) the sediment dynamics related to ocean currents
(coastal drift) at the underwater deltas (Monnier et al.
2017, 2019a). Although high-resolution seismic reflec-
tion data appears to be a reliable tool to determine the
thickness of the sedimentary carbon stocks buried under
the P. oceanica meadows (Lo lacono et al. 2008, Toma-
sello et al. 2009), core sampling and the subsequent geo-
chemical analysis remain essential as a basis for a precise
quantification of carbon stocks.

The decrease in total organic matter (%TOM) and
carbon (% C) with depth within the matte (Fig. 4) sug-
gests that contrary to what is often claimed — that is to
say that within the matte, sheaths, rhizomes and roots are
rot-resistant (Molinier & Picard 1952, Boudouresque et
al. 2012) — degradation does occur within the matte. This
hypothesis has already been formulated by Boudouresque
et al. (2019) in the Bay of Hyéres (Provence, France).

Taking into account (i) the average thickness of the
matte (210 cm), (ii) the average quantity of carbon mea-
sured (711.4 + 289.4 Mg C ha™), and (iii) the average
annual carbon sequestration rate (0.45 Mg C hat yr?), the
carbon stock present at the Natura 2000 site would corre-
spond to the carbon sequestered over a period of approxi-
mately 1,580 years.

In the context of climate change, the carbon storage
capacity of the P. oceanica matte over several thousand
years is a major advantage (Boudouresque et al. 1980).
Within the “Grand Herbier de la Cote Orientale” site, the
average carbon stock in the first meter of sediment (33.2 +
9.2 kg C m2) is generally comparable to values observed
in the literature for similar heights of matte (28-237 kg C
m-2; Romero et al. 1994, Mateo et al. 1997, Serrano et al.
2012, 2014, 2016). Compared with other seagrass beds,
the amount of carbon stored by P. oceanica is globally
higher (Fourqurean et al. 2012, Lavery et al. 2013). The
carbon stocks for the P. australis and P. sinuosa seagrass-
es are estimated as between 10.8-32.0 kg C m2and 1.8-
6.6 kg C m2, respectively (Lavery et al. 2013, Serrano et
al. 2014, 2016). Moreover, this value is similar or higher
than those measured in several terrestrial ecosystems con-
sidered to be efficient in carbon storage such as peatlands

(120 kg C m2; Warner et al., 1993), wetlands (13-73 kg C
m~2; Laffoley & Grimsditch 2009) and the boreal forests
(9-34 kg C m2; Serrano et al. 2014).

The carbon stock present at the Natura 2000 site is
estimated at 14.5 £ 5.9 million Mg C. For the entire coast-
line of Corsica, the value is estimated at 38.2 + 15.6 mil-
lion Mg C, the equivalent of 79 years of CO, emissions
(based on mean release rates by inhabitant in France in
2018; Global Carbon Atlas 2020), much more than all of
the cumulative emissions since the mid of 20" century.

At the scale of the Mediterranean basin, where the sur-
face area covered by P. oceanica is estimated at between
1.0 and 1.5 million hectares (Topouzelis et al. 2018, Tra-
ganos et al. 2018, Valette-Sansevin et al. 2019), the total
carbon stock present in P. oceanica matte is estimated as
711 to 1,067 million Mg C, the equivalent of 1 to 3 years
of CO, emission by all Mediterranean countries (Global
Carbon Atlas 2020). Even partial degradation of these
mattes, and the concomitant release of this carbon into the
environment, would have negative consequences for the
patterns of change in temperature in an already worrying
context of climate change.
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ABSTRACT. — Posidonia oceanica is an endemic Mediterranean seagrass that forms wide and
dense meadows from the surface up to about 40 m depth. This species can develop a biogenic
structure called matte, a typical terraced formation built up by itself, consisting of intertwined
rhizomes, roots and sediment, which may allow shoots to reach the sea surface forming reefs
(récif barriére), considered natural monuments. Posidonia oceanica reefs are particularly
exposed to the ongoing increase in temperature and in storm frequency and intensity due to cli-
mate change, with negative repercussions on their conservation. Much more attention must be
paid to the implementation of monitoring tools able to detect early signs of reef regression. In
this study, the distribution of P. oceanica reefs located along southern coasts of Sicily (ltaly,
Mediterranean Sea) was investigated. A remote sensing approach was used to assess reef exten-
sion, morphological features (e.g., atolls), upper limit and occurrence of dead matte. In particu-
lar, very high-resolution drone images (~ 2 cm pixel size), combined with GPS field data, were
used for 2D- and 3D-reconstruction of P. oceanica reefs. The 3D-model allowed to estimate
bathymetrical distribution of P. oceanica reef enabling to achieve a more detailed and complete

understanding of the P. oceanica reef architecture.

INTRODUCTION

The dominant and endemic Mediterranean seagrass
Posidonia oceanica (Linnaeus) Delile is a long-lived spe-
cies that forms extensive meadows and grows from nearly
the water surface to depths up to 40 m (Mazzella & Buia
1986). It constitutes a “climax” community and its pres-
ence attests to a relatively stable environment (Francour
et al. 1999, Montefalcone et al. 2008). Posidonia ocea-
nica meadows play a pivotal role in numerous ecologi-
cal and geomorphological key processes such as nutrient
recycling, provision of food for fauna, shelter and nursery
areas for many species, sequestration of carbon, stabili-
zation of sediment, attenuation of waves through their
canopy (Mazzella et al. 1992, Mateo et al. 1997, Buia et
al. 2000, Hemminga & Duarte 2000, Vizzini 2009). Posi-
donia oceanica can grow on different substrates includ-
ing sand, which is easily penetrable by the roots, rocks,
in which crevices host the very sturdy roots, and matte, a
unique terraced biogenic structure formed by the entan-
glement of roots, rhizomes and sediment (Jeudy de Gris-
sac & Boudouresque 1985). Posidonia oceanica can adapt
the direction of its growth (horizontally or vertically) to
the rate of sediment deposition. Under sedimentation,
rhizomes grow vertically (orthotropic growth) to avoid
burying (Molinier & Picard 1952, Caye 1980, 1982, Bou-

douresque & Meinesz 1982) resulting in matte edifica-
tion. In sheltered and shallow water this process can lead
to the matte rise up, with the leaf tips over, close to the sea
surface and subsequent formation of a reef-made barrier
(récif barriere sensu Boudouresque & Meinesz 1982).
Reefs can persist for century or millennia and are increas-
ingly considered as “natural monuments” (Calvo 1987,
Pergent et al. 2007, 2014, Bonacorsi et al. 2013, Boussard
et al. 2019) and their census is still in progress (Rouanet
et al. 2019). Both natural and anthropogenic disturbanc-
es may endanger P. oceanica reefs. These structures are
particularly threatened by temperature rise (Tomasello
et al. 2009, Pergent et al. 2014) and erosion caused by
sea storms (Short & Neckles 1999, Boudouresque et al.
2012), which are expected to increase in intensity due to
climate change (IPPC 2019). Furthermore, erosion leads
to the exposure and then oxidation of the carbon accu-
mulated within the matte, causing the shift of the reefs
from sinks to sources of carbon (Boudouresque et al.
2016). The stability of these structures along the Medi-
terranean coasts has been evaluated showing different
results, since they have been observed in regression (Bou-
douresque et al. 1975, Tomasello et al. 2009, Pergent et
al. 2014), or in progression (Bonacorsi et al. 2013). To
gain a better understanding of the actual state of P. oce-
anica reefs, much more attention should be paid to the
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implementation of monitoring tools able to detect the first
signs of reef regression (Pergent et al. 2014). Improving
our knowledge of these particular biogenic structures is
of pivotal importance to check their status, given that the
available maps used to estimate their changes do not con-
stitute a reliable baseline because of their low accuracy
(Bonacorsi et al. 2013). Recently, the use of very high-
resolution images acquired by Unmanned Aerial Vehicles
(UAVs) has increased markedly in the field of remote
sensing of the environment, due to their advantages in
terms of lightweight and low cost required allowing to
work at an appropriate spatial and temporal scale needed
to study ecologically relevant variables (Anderson & Gas-
ton 2013). Over the past decade, UAVs have been widely
used for terrestrial studies, consequently enhancing, as
technological developments rapidly advance, their versa-
tility and functionality so much that their use has opened
new opportunities such as monitoring of sensitive marine
habitats (Ventura et al. 2018). Currently, UAVs are able
to define also the 3D-reconstruction of an object or scene
through a high number of photographs taken from differ-
ent points of view (Figueira et al. 2015). Very recently,
they have also been tested for seabed mapping with par-
ticular reference to marine vegetation (Duffy et al. 2018,
Ventura et al. 2018), showing a very promising potential.
The aim of this study was to test the use of UAVs (drone)
images for evaluating the distribution of P. oceanica reefs
located along the Southern coast of Sicily (Italy, Medi-
terranean Sea). In this framework, we used photogram-

Fig. 1. — Study area with indication of the Maragani’s reef.

metry obtained by UAVs to analyze reef features and their
bathymetrical distribution.

MATERIALS AND METHODS

Study area: The study was carried out in June 2019 along
the Southern coast of Sicily (Italy), within the site of European
community importance “Fondali Di Capo San Marco-Sciacca”
(cod. ITA040012) (Fig. 1). Straight beaches, with medium fine
sands mostly quartzy, interspersed with cliffs that subtend,
rather irregularly, several small pocket beaches, characterize the
geomorphology of the site. The cliff behind, about 5 m high, is
mainly composed of sandy clay deposits from the Upper Plio-
cene - Middle Pleistocene, and is dominated by a terrace of the
Tyrrhenian Sea. At the foot of the cliff there are sand — grav-
elly deposits, very irregular, protected by little protruding prom-
ontories, but above all by cobbles (64-256 mm) and boulders
(> 256 mm) widely present in the coastal area immediately in
front; these deposits are to be linked to the erosion of the cliff,
being different from those present in the neighboring areas in
terms of granulometry, composition and color. Within the site,
P. oceanica forms several reefs along the coast (Fig. 1). In par-
ticular, six main reefs are present almost continuously distrib-
uted along about 2 km, forming a lagoon-like environment with
the co-occurrence of other two seagrasses, Cymodocea nodosa
(Ucria) Ascherson and Zostera noltei Hornemann (Perzia et
al. 2011). Rarely, P. oceanica grows at few meters far from the
shoreline (about 3 m), forming a récif frangeant (Boudouresque
& Meinesz 1982). In this study, the reef located in front of the

& W
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location “Maragani”, was investigated (Fig. 1). The reef is set-
tled mainly on rock resulting in processes of collapse and retreat
due to causes connected to the same intrinsic instability of the
cliff system (lithological and geomorphological) and to the sub-
surface hydraulic circulation typical of the coastal stretch. The
material crushed by the cliff remained on site incorporated with-
in the interior of the meadow. The reef attenuates wave energy
(Fig. 2), determining the formation of a small lagoon-like area
characterized by a very shallow depth (< 1 m), low hydrodyna-
mism, seabed with dead matte, muddy sediment and rare and
very scattered rock blocks. Within the lagoon, water exchange
is guaranteed by tidal oscillations and / or breaking waves that
pump water inside the lagoon from which they come out through
small lateral channels within the reef (AT personal observation).

Data acquisition: Two types of aerial images acquisition
were performed in the area: one flight was carried out at a height
allowing a resolution enough to avoid photo-interpretation
errors, while the other one was carried out at a higher resolution
to estimate bathymetry.

In particular, the first type of acquisition was performed by
using a DJI Mavic Pro UAV (743 g take-off weight) for assess-

ing seagrass distribution. The drone was equipped with a 12
Mpx camera (CMOS sensor) with a focal length of 4.73 mm
to collect 98 calibrated photos each covering an area about
40 x 30 m. The flight height was 30 m, which, as demonstrated
by Casella et al. (2017), is suitable to depict shallow water char-
acteristics, reaching a ground sample distance (GSD) of ~ 1 cm/
pixel according to the following formula:
GSDcmlpix = [(SWmm x Fhm) / (Flmm X IWpix)] %100

where GSD is the photo resolution on the ground, Sw is the sen-
sor width, Fh is the flight height, FI is the focal length of the
camera, and Iw is the image width (Ventura et al. 2018). The
flight time was 11 minutes. In this case, the overlap of the imag-
es was 60 %, while sidelap was ~ 30 % for a total ~ 1.6 ha of sea
recorded.

For the second flight a DJI Mavic 2 UAV (~ 907 g take-off
weight) was used for image acquisition to estimate bathymetry.
The drone was equipped with a 20 Mpx camera (CMOS sensor)
with a focal length of 10 mm to collect 102 calibrated images
covering the same area as the former flight (1.6 ha) where a sin-
gle photo covers an area of about 80 x 50 m. The flight height
was 65 m (GSD = 1.52 cm/pix) and a flight time of 7 minutes.
The overlap and sidelap of the images for the bathymetry esti-

Fig. 2. — The waves break on the
reef (white arrow). The black
arrow points the small lagoon
behind.

Fig. 3. — The flight plan with the
sequence of image shot.
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Fig. 4. — Target positioning with Topcon HiPer HR.

mation were ~ 75 % (Fig. 3). In both cases the angle of the
camera was set at 90° (to collect nadiral images). Take-off and
landing were controlled manually by an operator on the field
through a remote control. A Global Navigation Satellite System
(GNSS) Topcon HiPer HR (horizontal and vertical error 5 mm
+ 0.5 ppm and 10 mm + 0.8 ppm, respectively) was also used
to detect 11 landmarks on the field (five underwater and six on
land) as control points using quadrangular targets 50 x 50 cm
size (Fig. 4). One control point acquired on the beach/sea inter-
face was used to rescale all elevation of the other points. Further
16 control points, set as 0 hydrometric, were also chosen directly
in the images in correspondence of Posidonia leaves that clearly
emerged at different points at the time of flight. Both surveys
were carried out on same morning characterized by calm sea
conditions and clear sky.

Data processing:
2D mosaic

The realization of the 2D mosaic of the P. oceanica reef along
Maragani coast involved the use of Image Composite Software
(ICE 2.0), an advanced panoramic image stitcher (https://www.
microsoft.com/en-us/research/product/computational-photog-
raphy-applications/image-composite-editor/), which allowed to
create 2D high-resolution scenarios from a set of overlapping
photographs. More specifically, the images of the 30 m flight
were imported into the software and a structured serpentine pan-
orama was set, selecting the initial photo and the direction to
follow, emulating the programmed flight plan.

Bathymetry

The aerial photographs were analyzed with an appropri-
ate software (Pix4D — https://support.pix4d.com/hc/en-us) that
uses advanced SfM (Structure for Motion) and multi-view ste-

= s

Fig. 5. — Aerial images of matte wall detected on the outer (A)
and inner (B) side of the reef in a close-up perspective view
obtained by drone flying at few meters above the sea.

reo (MVS) algorithms to construct an ortho-photomosaic and a
3D point cloud from overlapping photographs. The software is
capable of automatic identification of key points on all photos,
bundle adjustment, point cloud densification, mesh building and
texturing (Casella et al. 2017, Marre et al. 2019). In a first step,
the photographs were aligned by means of SfM algorithms iden-
tifying image feature points and then the movement of those
points throughout the image data set was monitored (~ 180,000
points). The software also calculated the relative camera posi-
tions at the moment of image acquisition and internal calibra-
tion parameters. Secondly, a dense point cloud was built obtain-
ing ~ 40,000,000 points. Thirdly, the geometric details were
built through the analysis of the pixel values operated by the
algorithms. It is a sophisticated procedure based on an advanced
computer vision solution that enables the creation of high-
quality 3D-content from a series of overlapping images. Then,
the mesh was textured with photographs. The SfM approach
requires a set of points of known coordinates (ground control
points) that measures the difference between true coordinates
and its coordinates calculated from all photos, to compute pix-
el-to-earth transformations and to georeference the data point
cloud. From the point cloud, the software generated an ortho-
rectified photomosaic with a resolution of 1.49 cm/pix and a
DEM with a resolution of 5.95 cm/pix. Finally, the orthophotos
and DEMs were exported from Pix4D and imported into a GIS
software (Quantum GIS). The distortion resulting from the air-
water interaction in the final DEM was corrected through the
Snell’s law by multiplying the cells in the submerged areas by
the refractive index of water (1.34), assuming a planar water
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surface unaffected by waves or surface rippling, and integrat-
ing these values into the original DEM (Woodget et al. 2015,
Agrafiotis et al. 2020). A sub sample of DEM points was then
regressed vs the control points set acquired in field by GPS.

3D Model

The last step was to construct a 3D model of the reef. In par-
ticular, the 2D photomosaic obtained with the 30 m flight was
georeferenced using, as a base, the orthophoto derived from the
flight performed at 65 m. The high-resolution georeferenced
image was then re-projected directly on the 3D-surface (Rende
et al. 2015). In this way, an excellent level of detail was reached
still maintaining the ability to identify unequivocally P. oce-
anica meadow in a 3D vision. Then some meadow morpholo-
gies were digitalized in order to record upper limit bathymetri-
cal position and matte elevation. The upper limit was traced on
patches longer than 5 m and facing toward the lagoon, maintain-
ing always a distance of 5 cm from the leaves, in order to mea-
sure the bathymetrical position of the seabed on which shoots
were settled thus avoiding to erroneously record the top level of
canopy. Moreover, other morphologies were also analyzed. In
particular, dead matte walls previously noted during field activi-
ties (Fig. 5) were recognized on the photomosaic first and then
their thickness was measured on the corresponding 3D model.

4155450

4155400

4155350

1050 10/ 20 30
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These measures were finally compared with those recorded in
situ.

RESULTS
Meadow distribution

Generated photomosaic of the reef, obtained by the
flight at 30 m, showed very clearly the distribution of
P. oceanica meadow (Fig. 6), since it was possible to
recognize the leaves of the seagrass in the whole image
(Fig. 7). The high level of transparency combined with
shallow water allowed to detect important features of
the sea bottom. In particular, on the right side of the area,
proceeding from North to South, P. oceanica meadow is
interspersed with an extensive sandy glade, among them
it shows a wide band with an almost continuous coverage.
Southernmost, the meadow deviates to east until reach-
ing the coast. Inside the meadow several rocky blocks
mainly in the southernmost part are present (Fig. 8). Pro-
ceeding towards the coast, the meadow becomes progres-
sively more fragmented near its upper limit where the
reef emerges with leaves up to the surface also forming

323180 3zaz00

4155450

4155400

4155350

323180 323200

Fig. 6. — Reef photomosaic with P. oceanica upper limit over-imposed.
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atoll-like patches more or less arched and surrounded by
dead matte (Fig. 9). The atoll structures have an aver-
age diameter that oscillates between 1.27 m and 5.26 m,
showing an irregular shape sometimes elongated with the
presence of multiple arches on the perimeter. The inner

Fig. 7. — Continuous P. oceanica meadow. The leaves, more or
less covered by epiphytes (lighter), can be distinguished.

Fig. 8. — Several emerging rocky blocks can be identified within
or outside the meadow.
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dead matte showed variable sizes, resulting in an aver-
age thickness of the live atoll ring ranging from 0.24 m
to 3.85 m. Patches composed predominantly by living
shoots occurred densely grouped in the South-Eastern
sector of the reef, very close to the coast (Fig. 10). Inside
the reef small rocky blocks, grouped or alone mixed with
sporadic patches of P. oceanica are also found.

Bathymetric map

The DEM generated through the images acquired with
flight height of 65 m allowed to obtain the bathymetric
map of the area. Regression between control and esti-
mated bathymetrical points extracted from DEM showed
a linear agreement on average (Fig. 11). The map shows
bathymetry ranging from 0 to 2.31 m (Fig. 13).

Avrising seabed coincides with the reef platform, which
has an average depth of —0.13 £ 1x10-°* m. Two depres-
sions in the area behind the reef were detected. Particu-
larly in the North, the depression has an average depth of
—0.42 m, is wider and expands deeper towards the open
sea, passing the reef through a channel 4 m wide and with
a max depth of —0.75 m. In the South, the depression
shows a very elongated shape following the inner side of
the reef until it becomes parallel to the coast and then goes
out from the lagoon through a small channel, 2 m wide
and —0.45 m deep (Fig. 12). The depth distribution of the
P. oceanica upper limit calculated by bathymetry via GIS
showed an average value of —0.27 m.

3D reconstruction

By 3D reconstruction, performed matching DEM with
photomosaic on the whole area, we could appreciate the
3D image of reef structure and the morphometric informa-
tion associated (Fig. 13). 3D representation of reef plat-
form showed further details concerning their morphology
allowing better understanding of the extension of the reef,
from leaf canopy up to landscape scale. This picture gives
a real and immersive perception of reef architecture from
sea surface to greater depth. For example, particular mor-

Fig. 9. — Examples of atolls with a multiple arched perimeter. Note how the empty central zone varies in size and shape.

Vie Milieu, 2020, 70 (3-4)



HIGH RESOLUTION IMAGES TO STUDY POSIDONIA OCEANICA REEFS 31
phologies at the boundaries of the reef coincide with the 3D model allowed to estimate matte wall thickness
wider channel entering inside the small lagoon reported ranging from 0.21 to 0.82 m and average value equal to
before (cf. bathymetric map). Some of these boundaries 0.59 m +0.20 S.D. (n = 10), while matte wall thickness
corresponded to dead matte wall. Spatial profile from at same point in situ ranged from 0.35 m to 1.00 m and
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Fig. 10. — Patches of Posidonia composed mainly of living Fig. 11. — Regression between bathymetry recorded in situ and
shoots. estimated through the model.
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Fig. 12. - Digital elevation model of the area. Red lines and black arrows indicate P. oceanica upper limit and the two channels, respec-
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Fig. 13. — 3D-model of the P. oceanica reef; the arrow indicates the northern channel.
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Fig. 14. — Regression between dead matte thickness recorded in
situ and estimated via the 3D-model.

average value equal to 0.70 m £ 0.22 SD (Fig. 14). On the
basis of these results the error of mean matte wall thick-
ness estimate was —-15.9 %.

DISCUSSION AND CONCLUSION

Our study showed that it is possible to analyze Posido-
nia oceanica reefs by using very high-resolution images
acquired from drones. The approach used has also high-
lighted the potential of this method to obtain 3D repre-
sentation of reefs. This was allowed because seabed was
clearly visible through the water surface, and with further
processing it was possible to quantify bathymetry via
digital terrain models (DTMs) (Ventura et al. 2018). Tra-
ditionally, high-resolution bathymetry maps have been
successfully obtained by gathering high-resolution sea-
bed MBS data in shallow and deep waters (Di Maida et
al. 2011). However, such device cannot be used in very
shallow water (less than 50 cm) due to multiple acoustic
reflections between the sea surface and the seabed result-
ing in a significant noise, heavily affecting the beam sig-
nal. Our results provide evidence that UAVs are a very

simple and, at the same time, cheap solution able to rep-
resent not only seagrass 2D distribution, but also its 3D
architecture at a small spatial scale in a very high hetero-
geneous environment, similarly to what has already been
achieved in meadows at greater depths through passive
(Rende et al. 2015, Ventura et al. 2018), or active remote
sensing methodologies (Komatsu et al. 2003, Di Maida
et al. 2011). The 2D seagrass distribution combined with
DEM model gave, indeed, a very accurate bathymetrical
distribution of Posidonia reefs, which in this specific case
represent the upper limit of the species in the area. The
natural upper limit of P. oceanica settled on sand or other
soft bottoms and on matte can be predicted on the basis
of physical parameters, which, in a large-scale study car-
ried out along the Mediterranean coasts, was estimated to
occur at depths greater than 3.2 m (Montefalcone et al.
2019). Only in presence of rocky substrates, the upper
limit can be considerably shallower due to the ability of
rhizomes to anchor tenaciously, thus allowing the plant
to endure the hydrodynamic forces (Montefalcone et al.
2016). This is our case, since shoots are settled directly,
or through a thin matte layer, on rocky outcrops or stones
corroborating the statement emphasized by Calvo et al.
(1995) and Badalamenti et al. (2015), that the distribu-
tion, settlement and development of P. oceanica mead-
ows often coincide with the occurrence of this kind of
substrate, because of the peculiar traits of the root system,
which enhances the mechanical properties of the plants
(Badalamenti et al. 2015, Balestri et al. 2015, Tomasello
et al. 2018, Zenone et al. 2020).

The resolution of drone acquisition was so high that
allowed the estimation of other features of the reef,
such as the distribution of surrounding dead matte and
its thickness, which in some points reached 1 m. To our
knowledge, this is the first time that such data have been
obtained through aerial images, giving the opportunity
to estimate not only the distribution of the foliar canopy,
but also of the dead hypogeal component represented
by dead matte. Although these estimates were possible
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for only the emerging and visible portions of the matte,
which sometimes can be much extended vertically below
the bottom (Lo lacono et al. 2008, Tomasello et al. 2009,
Monnier et al. 2019), the typology of data obtained may
have relevant implications on the implementation of the
methodology required for better estimating these bio-
genic structures and consequently the ecosystem services
they provide. Indeed, one of the most important values of
the P. oceanica ecosystem is represented by the vast long-
term carbon stock accumulated over millennia within the
matte (Mateo et al. 2006). In reef areas where P. oceani-
ca meadows regressed and the leaf canopy disappeared,
the underlying matte is no longer protected against ero-
sion by high-energy waves (Boudouresque et al. 2012).
Surveys carried out with the same methodology as that
adopted in the present study will therefore allow repeated
matte thickness measurements in order to improve global
estimates of Mediterranean seagrass Blue Carbon sinks
and to highlight eventual erosion phenomena, as urgently
recommended by the scientific community (Pergent et al.
2014).

The use of very high-resolution images made it also
possible to identify atoll-like formations. These struc-
tures have been observed in small areas of the Mediter-
ranean Sea, along the Tunisian, Turkish and Corsican
coasts (Blanpied et al. 1979, Boudouresque et al. 1990,
Pasqualini et al. 1995), and in Sicily, so far, exclusively
at the Stagnone di Marsala, a lagoon-like coastal basin
on the Eastern coast (Calvo & Frada Orestano 1984). The
results of the present study indicate that atoll formations
may be more frequent than previously thought. Increasing
evidences suggest that Posidonia atolls are the result of
particular dynamics occurred in very shallow meadows,
often subjected to stressful conditions where seagrass
meadows can live at the extreme of their environmental
tolerance (La Loggia et al. 2004, Tomasello et al. 2009).
Pergent & Pergent-Martini (1995) and Boudouresque et
al. (2012) hypothesized that atolls origin from nearly cir-
cular patches of P. oceanica, where plagiotropic (horizon-
tal) shoots only grow outwards, whereas the shoots on the
central portion of the patch die. Notoriously, P. oceanica
is considered as an ‘ecosystem engineer’ species, given
its ability to affect significantly physical, chemical and
biological features of their environment up to determine
inhospitable conditions for itself (Boudouresque et al.
1975). During matte elevation, shoots and leaves can rise
up to the sea surface forming small lagoon-like environ-
ments, within which the hydrodynamic regime reduces
abruptly inducing the increase in temperature and salin-
ity variability in comparison with the adjacent open sea.
The atolls detected in this study lie right at the inner edge
of the reef and in very shallow waters where water cir-
culation is even more affected by seagrasses, especially
at low tide when the canopy can occupy the entire water
column (Koch et al. 2006). Under this circumstance one
important consequence is that hydrodynamic regime (and

covariates), considered a prominent factor in shaping sea-
grass landscape (Bell et al. 2006), within seagrass patch-
es located at the inner edge of reefs, falls further down
greatly affecting shoot vitality. Continuous measurements
of environmental variables (especially temperature and
salinity) are clearly necessary to characterize the envi-
ronment inside the atolls. Another important finding that
arose from our analysis is that atolls appear very irregu-
larly shaped. Although spatially explicit models have not
yet been developed in a way that would explain such com-
plex patterns (Duarte et al. 2006), a new hypothesis can
explain the phenomenon underlying atoll formations. In
a diachronic study, Bonacorsi et al. (2013) observed that
atolls origin and develop from a single self-maintaining
patch, more or less regularly shaped across time. How-
ever, this model does not support the complexity of atolls
recorded in the present study, where, indeed, atolls appear
to be rather elongated in shape or with multiple arcs of dif-
ferent amplitude delimiting their contours. According to
Bonacorsi et al. (2013), such morphological complexity
may be explained only assuming a very variable speed of
horizontal growth of the rhizomes placed at the periphery
of the patches. Alternatively, a new hypothesis on atolls
formation can be formulated, by considering such struc-
tures as the results of the union of several patches that
came into contact during clonal expansion, still maintain-
ing the geometric memory of their union for a certain time
interval. Previous studies carried out along Sicilian coasts
seem to support the multi-patch origin here hypothesized,
since the genetic structure of atolls was demonstrated to
be composed by multiple clones (Tomasello et al. 2009).
The P. oceanica reef model here presented, obtained
by integrating a large amount of extremely accurate pho-
tographic data and derived bathymetry, allowed to real-
ize a 3D reconstruction with great realism. The results
obtained made it possible to graphically reproduce a spa-
tially heterogeneous mosaic with accuracy unthinkable a
few years ago. The devices here employed are being con-
tinuously implemented in terms of miniaturization and
lightening of vehicles, sensor resolution and powerful
softwares. Surely the advent of these technologies repre-
sents the beginning of a new era in the study and moni-
toring of these important natural monuments, since many
of the limitations of classical methods applied at seagrass
landscape level such as incorrect positioning, low reso-
lution and consequent misleading interpretation of data
(Bell et al. 2006), may now be considered overcome.
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