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Abstract :

Mediterranean coastal lagoons provide important ecological functions and nature’s contribution to people,
but they are particularly vulnerable to multiple pressures due to their location at the land-sea interface and
the many activities they host. Numerous research and monitoring programs have been conducted to study
the functioning of Mediterranean coastal lagoons and to improve their ecological and chemical status,
especially since the 2000s with the EU Water Framework Directive. However, many coastal lagoons still
had not achieved a good ecological status by 2018. The soft-bottom benthic ecosystem plays a crucial
role in the functioning of shallow coastal lagoons, regulating among others nutrient and oxygen fluxes,
and hosting a high biodiversity. The alteration of this compartment by anthropogenic pressures is
therefore a major problem. Through a literature review, this paper aims to summarize information available
on the impacts of the five main human-induced pressures — i.e. exploitation of natural resources, habitat
destruction, climate change, pollution and alien invasive species — on the soft-bottom benthic ecosystem
in Mediterranean coastal lagoons (period 2000—2022), and to identify perspectives for future research
that can contribute to the improvement of monitoring programs. Our review shows that resource
exploitation and nutrient pollution have been the two most studied pressures whereas research is still
underdeveloped on the impacts of climate change, invasive alien species, and contaminants of emerging
concern. We also found that the recording and quantification of pressures is still poor, and that their
cumulative effect is poorly understood. In terms of indicators, the microbial and microphytobenthic
compartments are being overlooked and functional approaches could be strengthened. This review could
help scientists realign research on pressures of priority interest and thus better assist stakeholders in
managing coastal lagoons in times of global change
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1. Introduction

There are about 400 coastal lagoons in the Mediterranean, mainly distributed in Italy, Greece,
Turkey and France (Cataudella et al. 2015). These highly productive ecosystems ensure major
ecological functions (e.g. regulation of matter cycles, biodiversity maintenance), provide
valuable nature’s contribution to people (Newton et al. 2018; Pérez-Ruzafa et al. 2019) and in
many regions, are the focus of socio-economic interests and support regional economies
(Newton et al. 2018). However, the high residence time of lagoon waters, fluctuating
environmental conditions, and the multiple activities taking place in and near coastal lagoons
make them particularly exposed and vulnerable to anthropogenic pressures (Viaroli et al. 2008;
Zaldivar et al. 2008; Pérez-Ruzafa et al. 2019), with eutrophication considered for a long time
as the main threat (de Jonge and Elliott 2001; Newton et al. 2014). Eutrophication is a naturally
occurring process in most lagoons because they function as a sink for nutrient inputs from the
sea and the land. However, excessive nutrient loads in catchment areas since the 1960s has
resulted in rates of primary production exceeding rates of mineralization, leading to organic
matter accumulation and recurrent and persistent periods of oxygen deficiency (Cloern 2001).
These “dystrophic crises” promote nutrient fluxes from the sediment to the water column
(Rysgaard et al. 1996; Souchu et al. 1998), which can be associated with the release of toxic
compounds such as sulfide (Caumette and Baleux 1980; Castel et al. 1996), and result in mass
mortality of benthic macrofauna and fish (Stachowitsch 1992). This issue has been the subject
of several research programs in the 1980s and 1990s both at the European scale (e.g. CLEAN:
Coastal lagoons and anaerobic processes (Caumette et al. 1996), ROBUST: The ROle of
BUffering capacities in STabilising coastal lagoon ecosystems (de Wit et al. 2001), EUMAC:
Eutrophication and benthic Macrophytes (Schramm 1999)) and at the regional scale (e.g.
Trousselier and Deslous-Paoli 2001), which have laid the foundation for understanding, among

others, the prominent role of the benthic ecosystem in the trophic functioning of coastal



lagoons. These studies have also served as a reference for the establishment of various
monitoring programs such as the European Water Framework Directive (WFD). This
management plan was implemented in the 2000s in Europe to achieve the good ecological and
chemical status of water bodies, mainly degraded by pollution from urban waste water and
agriculture causing eutrophication. This has led to significant efforts to reduce nutrient inputs
into water bodies categorized as “transitional waters” by the WFD, allowing the progressive
restoration of several coastal lagoons (Le Fur 2018; Derolez et al. 2020). Nonetheless, 60% of
transitional waters had still not achieved a good or high ecological status by 2018, especially in
Italy (Kristensen et al. 2018).

In addition to eutrophication, multiple anthropogenic pressures have emerged, including those
associated with climate change such as warming, acidification or hypersalinization. The
Millennium Ecosystem Assessment (MEA 2005), and more recently the Intergovernmental
Science Policy Platform on Biodiversity and Ecosystem Services (IPBES 2019), defined five
main human-induced drivers — also referred to as pressures — that directly and unequivocally
influence ecosystem biodiversity and associated nature’s contribution to people:
overexploitation of natural resources, habitat destruction, human-driven climate change,
pollution (i.e. macropollutants related to eutrophication and micropollutants related to chemical
contaminants) and invasive alien species. These pressures have been identified as the main
threats in the Mediterranean Sea (Coll et al. 2010) and for semi-enclosed coastal systems in
Europe (Newton et al. 2014), and their importance is increasingly recognized in the WFD
(Cardoso and Free 2008; von der Ohe et al. 2011; Quevauviller 2011). In Europe, although
many assessment methods have been developed and intercalibrated, not all pressures have been
addressed and indicators cannot, in most cases, diagnose the cause(s) of coastal lagoon
ecological degradation (Poikane et al. 2020). The same observation applies to North Africa for

which information is diffuse and heterogeneous (ElI Mahrad et al. 2020). Consequently, better



understanding the underlying drivers of Mediterranean coastal lagoons degradation is crucial if
we are to manage these ecosystems more effectively.

In this review, we start by summarizing information available in the scientific literature (period
2000-2022) on the impacts of the five aforementioned anthropogenic pressures on the soft-
bottom benthic compartment (Fig. 1). We chose this compartment because it is an excellent
model for understanding changes in community structure and functioning (e.g. Pearson and
Rosenberg 1978; Rhoads et al. 1978), and it plays a crucial role in the restoration trajectories
of coastal lagoons (Ouisse et al. 2013, 2014). The literature was retrieved from two search
platforms: Web of Science and Google Scholar. The search was first restricted by the topic
“Mediterranean lagoon* AND benth* AND impact*”, enriched by forward and backward
citation tracking. The search was then enriched by looking for studies that addressed each of
the five pressures listed above (e.g. “Mediterranean lagoon* AND benth* AND climate
change”). We identified papers in which the intent was to analyze the direct impact on the state
and/or functioning of any element of the benthic compartment (excluding ichthyofauna). A total
of 93 studies were finally retained to build our narrative review (Table 1 and Table S1). On this
basis, we then discuss research gaps and how management should realign with multiple

pressures in times of global change.

2. Literature review on the impacts of five anthropogenic pressures on the soft-bottom

ecosystem of Mediterranean Coastal lagoons

2.1. Habitat destruction
Mediterranean coastal lagoons are threatened by engineering works that mainly involve land
claim and sand filling for coastal uses (e.g. ports, marinas, urbanizations), bottom dredging for

sand extraction, channel creation or beach conditioning, and inlet enlargement or closure to



control lagoon-sea exchanges (Pérez-Ruzafa et al. 2019). These engineering works can alter
geomorphology, sediment transport, seafloor integrity and hydrodynamics and lead to habitat
loss (Newton et al. 2014). Specifically, dredging may cause many negative effects on the
benthic compartment, according to Quigley and Hall (1999) and Miller et al. (2002), mainly by
1/ changing sediment property, 2/ re-suspending fine sediment and releasing porewater, which
can lead to nutrient and/or contaminant pollution and to hypoxic events, 3/ reducing benthic
macrofauna richness and abundance, including sometimes complete community loss.

Among the publications retrieved concerning habitat destruction and its impacts on the soft-
bottom benthic compartment of Mediterranean coastal lagoons (Table 1), most of the pressures
corresponded to dredging and took place in Italian or Tunisian lagoons (Ponti et al. 2009;
Khedhri et al. 2015, 2016, 2017). Two publications focused on dredged sediment disposal
(Munari and Mistri 2014; Bettoso et al. 2020) and one on lagoon-sea water exchange reduction
(Como et al. 2007). The impacts of dredging on soft-bottom macrofauna community were
limited in space, showing a decrease in species diversity along with an increase of the
abundance of some species (Streblospio shrubsolii and Corophium insidiosum) (Ponti et al.
2009), or changes in the trophic structure (Khedri et al. 2015).

Three publications used the BACI approach (Before/After Control/impact), authorizing a
robust comparison of sampling sites (Bettoso et al. 2020; Munari and Mistri 2014; Ponti et al.
2009). Five publications used benthic descriptors to assess the impact of habitat destruction on
macrofauna (Table S1), based on trophic groups and on indices calculated for WFD diagnoses
(AMBI, BENTIX, M-AMBI, TUBI, BITS) (Munari and Mistri 2014; Khedhri et al. 2015, 2016,
2017; Bettoso et al. 2020). Out of these five publications, only two included yearly monitoring
(Table S1), and showed significant negative impacts of habitat modifications on macrofauna
taxonomic diversity and ecological indices, which had recovered in a year or less (3-6 months

(Bettoso et al. 2020) and 1 year (Munari and Mistri 2014)).



All the articles focused on sediment properties or on macrofauna communities, but never
investigated other biotic compartments like macrophytes, or considered more functional
approaches like food web structure or carbon, nutrient and oxygen fluxes. Finally, we did not
find studies illustrating the impacts of port or marina construction on the benthic compartment
although it was highlighted as an important pressure on Mediterranean coastal lagoons (Newton

et al. 2014; Pérez-Ruzafa et al. 2019; El Mahrad et al. 2020).

2.2. Pollution

Eutrophication remains a major environmental issue, aggravated by the current trend of rising
temperatures and more frequent torrential rains due to climate change. In the past few years,
several studies have described drastic changes of the benthic compartment linked to
eutrophication, such as changes in the distribution patterns of macrophytes (Le Fur et al. 2018)
or reduction in macrofauna richness and diversity (Jones et al. 2022 PREPRINT) at the scale
of French Mediterranean lagoons. Other studies focused on the effects associated, in particular
recurrent and persistent periods of hypoxia and anoxia - known as dystrophic crises - which
include the modification of oxygen and nutrient fluxes at the sediment-water interface (Zilius
et al. 2015; Rigaud et al. 2021), seagrass mortality (Viaroli et al. 2008), and changes in
macrofauna community structure (Dolbeth et al. 2003) with death of organisms like Polydora
ciliata (Como and Magni 2009) or Ruditapes philippinarum (Mahé et al. 2021). Eutrophication
may also modify food web structure and functioning as shown by Carlier et al. (2009a) who
observed marked differences in §°C and §°N of food sources and consumers between the
lagoons of Canet and La Palme in France. Following the implementation of the WFD and the
reduction of urban nutrient inputs, several studies described the restoration trajectories taking
place in coastal lagoons, also referred to as oligotrophication, with an apparently strong
hysteresis (Pasqualini et al. 2017; Le Fur 2018; De Wit et al. 2020). Recovery trajectory of the

macrophyte community in 21 French Mediterranean coastal lagoons occurred with regime



shifts, and a full recovery from highly eutrophic to oligotrophic conditions may require more
than a decade (Le Fur et al. 2019). More generally, the full recovery of coastal and estuarine
benthic ecosystems from long-term degradation can take a minimum of 15-25 years (Borja et
al. 2010).

Other common pollutions (i.e. micropollutions) reported for Mediterranean coastal lagoons are
trace metals from mining and industrial activities (e.g. Marin-Guirao et al. 2005; Ruiz et al.
2012; Martins et al. 2016), and historical contaminants such as polycyclic aromatic
hydrocarbons (PAHS), polychlorinated biphenyls (PCBs), and organochlorinated pesticides
(OCPs) from industrial and agricultural effluents (e.g. Cibic et al. 2012; Leon et al. 2017; Ben
Salem et al. 2019). All these pollutants are mainly brought by rivers, meaning that flash flood
events may have a significant impact on sediment contamination (Leén et al. 2017; Moreno-
Gonzéalez and Ledn 2017). These pollutions have a significant impact on benthic species such
as the mussel Mytilus galloprovincialis (Barhoumi et al. 2014) or the clam R. philippinarum
(Carafa et al. 2007) which both show high bioaccumulation rates. The seagrass Cymodocea
nodosa and the seaweed Ulva rigida have also been shown to accumulate trace metals and
herbicides (Marin-Guirao et al. 2005; Carafa et al. 2007), and the occurrence of abnormalities
in foraminiferal tests has been correlated to trace metal pollution (Coccioni et al. 2009). At a
higher level of biological organization, pollution affects the composition and distribution of
benthic communities. The abundance of tolerant species such as the foraminifera
Quinqueloculina bicostata has been shown to increase in association with metal pollution
(Foster et al. 2012), and the bacterial community composition has been linked with PAHs
concentration in the Bizerte lagoon (Ben Salem et al. 2019). Macrofauna, characterized by
univariate diversity indices (e.g. species richness, Shannon) or by the biotic indices AMBI and
M-AMBI, showed a weak response to chemical contamination (Marin-Guirao et al. 2005;

Pitacco et al. 2020) while herbicides and trace metals may have played a role in the decline of



seagrass beds observed in a French lagoon (Espel et al. 2019). Finally, our review reveals the
lack of studies on the ecosystem level effect of pollution (both macro- and micro-pollution).
We found only 3 studies that investigated the effect of micropollution on functional processes.
In an integrated study, no taxonomic but functional differences of microbial communities was
shown along a gradient of hydrocarbon pollution in a riverine lagoonal system where
contaminated sediment hosted an extremely active microbial community compared with
unpolluted sites (Cibic et al. 2012). Conversely, an inhibition of microbial processes (as a proxy
of ecosystem functioning) was observed along a gradient of contamination in the Mar Piccolo
of Taranto (Franzo et al. 2016). Another study took a first step in studying ecosystem
functionality through biological trait analysis of polychaetes associated with contamination
(Nasi et al. 2018). This finding of a lack of functional approach is in line with a recent French
national expert report that highlights the lack of studies on the effects of pesticides in the marine

environment at the ecosystem level (Leenhardt et al. 2022).

2.3. Exploitation

Over the last 20 years (28 reviewed papers, Table 1), the effects of aquaculture on benthic
ecosystems were studied in different Mediterranean coastal lagoons in Italy (Venice, Marinetta
and Sacca di Goro), in France (Thau and Salses Leucate) or in Tunisia (Bizerte). Among these
lagoons, some are particularly exploited, such as Thau with 20% of the surface dedicated to
oyster and mussel production (Magallana gigas, 6 110 T/year ; Mytilus galloprovincialis, 2 385
T/ year in 2019), and Sacca di Goro with 35% of the surface exploited for clam production
(Ruditapes philipinarum, 6 000 T/year). Shellfish farming may affect lagoon benthic
ecosystems through different processes that have been extensively reviewed worldwide
(Gallardi 2014; Lacoste and Gaertner-Mazouni 2015; Lacoste et al. 2020; Boudouresque et al.

2020).



In Mediterranean coastal lagoons, several studies showed impacts of aquaculture on physical
processes (e.g., sedimentation, erosion) and sediment composition. This has been particularly
studied in the Venice lagoon, where intensive harvesting of the non-native bivalve Manila clam
R. philippinarum has resulted in the loss of fine sediment through resuspension (Pranovi et al.
1998, 2004).The increase in resuspension of the top layer of sediment caused by the mechanical
harvesting of clam (locally known as the “rusca” method) has been shown to bring the anoxic
layer close to the bottom, with potential impacts on biogeochemical cycles and on the short-
term recolonization by benthic organisms (Badino et al. 2004). Sfriso et al. (2005) confirmed
that clam harvesting has significantly contributed to increase sediment resuspension and
homogenize surface sediment granulometry and dry density.

A second group of studies showed impacts of aquaculture on benthic organisms at the
individual level (e.g. physiological performance of R. philippinarum, Moschino et al. 2011),
but the majority revealed contrasting results regarding the effects at the community level,
focusing either on meiofauna (Mahmoudi et al. 2008; Lacoste et al. 2020), macrofauna
(Castaldelli et al. 2003; Mantovani et al. 2006; Duport et al. 2007; Lacoste et al. 2020, 2022)
or macrophytes such as seagrass meadows (Cymodocea nodosa, Zostera spp., Boudouresque et
al. 2020). In Bizerta lagoon, mussel biodeposition led to modifications of the abundance and
diversity of free-living nematodes that could lead to food limitation for their predators and
ultimately alter the entire benthic community and ecosystem (Mahmoudi et al. 2008).
Conversely, little or no effect of clam harvesting has been detected on macrofauna taxonomic
and functional composition (Castaldelli et al. 2003; Mantovani et al. 2006). No impact of
shellfish farming has been shown on isotopic values of macrofauna (Carlier et al. 2009b).
Finally, many studies looked at the effect of shellfish farming on ecosystem functioning. A
majority of studies determined spatial and/or temporal variations of biogeochemical fluxes at

the sediment water interface, including measures of the vertical distribution of oxygen and of



oxygen fluxes (e.g. Viaroli et al. 2003; Nizzoli et al. 2005; Dedieu et al. 2007), CO2 fluxes
(Bartoli et al. 2001), CaCO3z and CO> production/sequestration (Mistri and Munari 2012),
nitrogen and phosphorus fluxes (e.g. Bartoli et al. 2001; Nizzoli et al. 2005; Lacoste et al. 2022),
phosphorus diagenesis (Anschutz et al. 2007), vertical distributions of dissolved sodium,
potassium, magnesium, calcium (Metzger et al. 2007), acid volatile sulphide, chromium
reducible sulphur and labile amorphous iron (Viaroli et al. 2003). Mussel farming and bottom
clam culture may create “hotspots” of nutrient fluxes with annual N and P regeneration rates
being 4.9 and 13.5 (mussel) and 4.5 and 14.9 (clams) fold greater than those of unfarmed control
sediments (Nizzoli et al. 2011). Finally, Schmidt et al. (2007) showed the importance of oysters

biodeposition on bioturbation in the Thau lagoon.

2.4. Invasive alien species

Coastal lagoons are considered to be key entry points for the arrival of new alien species in the
Mediterranean Sea, with the Venice and Thau lagoons as prime examples (Boudouresque et al.
2010; Marchini et al. 2015). Indeed, coastal lagoons are often home to important cultures of
non-native shellfish species (e.g. M. gigas, R. philippinarum). For example, the import of non-
native oysters (seed and older individuals) has in many cases served as a vector for other alien
species, mainly their epibiota and parasites, such as macroalgae (e.g. Undaria pinnatifida) and
invertebrates (e.g. Myicola ostreae), which in turn have the potential of becoming invasive
(Marchini et al. 2015). Furthermore, shipping traffic of commercial ships and recreational
boats, another potential vector for alien species invasion, is intense close to and inside coastal
lagoons.

Despite the numerous alien species recorded in Mediterranean coastal lagoons (55 established
alien species in Venice lagoon by 2014 (Marchini et al. 2015) and 50 alien macrophyte species

by 2009 in the Thau lagoon (Boudouresque et al. 2010), their effect on the benthic compartment



seems to have been neglected. Indeed, our literature survey identified only 14 articles, for the
considered period, that investigated the effect of alien species on soft-bottom benthic organisms
and/or benthic ecosystem functioning, or that summarized older literature on the subject (Sfriso
et al. 2020; Streftaris and Zenetos 2006). Only one study investigated the effect of invasive
alien species on the sediment structure of lagoons and recorded no significant effect of the
mussel Arcuatula senhousia on sediment features in the Oristano lagoon-gulf system (Western
Sardinia) (Como et al. 2018). As far as benthic assemblage structure and composition was
concerned, other studies focused on the effect of invasive alien macroinvertebrate on
macrofauna diversity, or of invasive alien macrophyte on macrophyte diversity with just one
investigating the effect of an invasive alien macrophyte on macrofauna (Nonnis Marzano et al.
2003). Sampling designs employed were largely spatial comparisons (control vs impact) and
only a few took into account time (pre-invasion vs post-invasion) (Table S1). Overall, all except
one reported significant changes in community composition with four also reporting changes
in community structure (taxonomic distinctiveness, richness, and evenness) (Pranovi et al.
2006; Streftaris and Zenetos 2006; Munari 2008; Sfriso et al. 2012). Most studies were
conducted in Italian lagoons and dealt with the following invasive alien species: the tube-
building worm Ficopomatus enigmaticus (Lesina lagoon, Italy, Nonnis Marzano et al. 2003),
the bivalve Anadara inaequivalvis (Venice lagoon, Ambrogi 2000), the Asian mussel A.
senhousia (Sacca di Goro lagoon, Mistri 2003; Munari 2008), the pearl oyster Pinctada radiata
(Bizerte lagoon, Tlig-Zouari et al. 2011), the Manila clam R. philippinarum (Venice lagoon,
Pranovi et al. 2006), the macroalgae Agarophyton vermiculophyllum (lagoons of Sacca di Goro
and Pialassa della Baiona, Sfriso et al. 2012) and Valonia aegagropila (Lesina lagoon, Nonnis
Marzano et al. 2003).

In terms of functional approaches, few studies investigated the effect of invasive alien species

on trophic interactions and only three species have been considered: the mussel A. senhousia
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(Como et al. 2018), the blue crab Callinectes sapidus (Mancinelli et al. 2013; Carrozzo et al.
2014; Mancinelli et al. 2017) and the ctenophore Mnemiopsis leidyi (Marchessaux et al.
2021a,b). Five out of six studies revealed significant effects of invasive alien species on benthic
communities through trophic competition and predation by using bulk carbon and nitrogen
stable isotopes and gut content analyses (Mancinelli et al. 2013; Carrozzo et al. 2014;
Mancinelli et al. 2017; Marchessaux et al. 2021a,b). On the level of ecosystem functioning, six
studies found effects of invasive species on benthic-pelagic coupling and anoxia or suspected
such effects. Between 1990 and 1999, the spread of the benthic Manila clam R. philippinarum
changed the functioning of the Venice lagoon due to its relatively high clearance rate which
greatly increased the macrobenthic filtration capacity (Pranovi et al. 2006). In the Berre lagoon
(South of France), the pelagic ctenophore M. leidyi, which preys on benthic organisms probably
plays an underestimated role in the transfer of benthic organic matter into the pelagic food web
(Marchessaux et al. 2021a,b). Lastly, the invasive macrophyte species Laminaria japonica in
the Thau lagoon (Streftaris and Zenetos 2006) and V. aegagropila in the Lesina lagoon (Nonnis
Marzano et al. 2003) were both reported to cause local anoxia whereas A. vermiculophyllum

decreased the risk of summer anoxia in the Venice lagoon (Sfriso et al. 2020).

2.5. Climate change

The scientific literature dealing with the effect of climate change on the soft-bottom benthic
compartment in Mediterranean coastal lagoons is poor (9 studies found, Table 1), despite these
ecosystems being considered to be particularly vulnerable to such change and its effects (Lloret
et al. 2008). Among the expected hydroclimatic changes, high summer temperatures associated
with rainfall — that influence salinity and nutrient level through river discharge — appear to be
the main driving force behind anoxia processes. In the Thau lagoon, anoxic crises in the last 50

years have been shown to be mainly triggered by eutrophic status and higher summer
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temperatures, and to a lesser extent by lower wind speeds and higher precipitations in summer
(Derolez et al. 2020), a phenomenon which is amplified during high North Atlantic Oscillation
index and warm positive phase of El Nifio Southern Oscillation (Harzallah and Chapelle 2002).
Prolonged dry periods associated with high temperature and low oxygen solubility deeply alter
benthic nutrient recycling in coastal lagoons, favoring nitrogen regeneration and algal blooms
(Magri et al. 2020). During these periods, increasing salinity due to evaporation and reduced
freshwater inputs can exacerbate the effects of anoxia, by reducing oxygen saturation and
stimulating sulphide formation.

The increasing frequency and intensity of summer thermal anomalies associated with
hypersalinity, and the potentially associated anoxic crises are likely to become a major threat
to macrobenthic communities in transitional environments (Pitacco et al. 2018; Mercurio et al.
2021). For example, the 2003 summer heatwave in the Comacchio saltworks (Italy) reduced
the species richness of the macrofauna community which shifted from mollusc- to annelida-
dominated (Munari 2011; Pitacco et al. 2018). Exploited natural resources such as the Manila
clam R. philippinarum could also be impacted by climate change with consequences for the
sustainability of aquaculture (Canu et al. 2010; Ghezzo et al. 2018).

Finally, climate change might also play a role in the coastal eutrophication process as illustrated
by the study of Lloret et al. (2008). In the Mar Menor lagoon that they studied, the enormous
biomass of Caulerpa prolifera maintains water clarity and enhances lagoon resistance to
phytoplankton blooms. Through an experimental study, they highlighted that the expected
decrease in the amount of light reaching the bottom — due to increased sea-level rise, nutrient
inputs and suspended solid runoffs — could lead to a progressive disappearance of macrophytes

and thus an alteration of the trophic status of the system.

2.6. Cumulative pressures

12



While pressures may occur in isolation, 97.7% of the ocean is currently affected by more than
one pressure (Halpern et al. 2015), and coastal regions have been shown to be the most
threatened by cumulative pressures in the Mediterranean (Coll et al. 2010; Micheli et al. 2013;
Korpinen et al. 2021). In many studies however, only the presence or absence of a unique driver
is considered whereas cumulative impacts are increasingly obvious, as it is the case for
eutrophication and climatic extreme events. In a lab experiment simulating the Mar Menor
lagoon conditions, warming and nitrogen:phosporus ratio (whose level depends on inputs from
the watershed and internal regeneration) have been shown to modify the population of an
epiphytic diatom (Belando et al. 2019). Still in the Mar Menor, the progressive increase in
nutrient loads and resulting algal blooms, combined with an extreme rainfall event, led to the
complete extinction of the bivalve Pina nobilis in the deeper part of the lagoon (Nebot-Colomer
et al. 2021). Changes in the local environmental conditions may also have favored the intrusion
of a new pathogen, adding extra pressure on the already weakened population of P. nobilis
(Nebot-Colomer et al. 2021). In the Lesina lagoon, an artificial change in the hydrological
regime (temporary closure of a tidal channel) combined with unusual meteorological
parameters has been shown to cause a dystrophic crisis, accompanied by a shift from a
macrophyte-based system to a phytoplankton-based system in the isolated area (Vignes et al.
2009). Finally, in conjunction with new pathogens and/or chemicals, the increasing frequency
of extreme meteorological events in the Mediterranean region (Kysely et al. 2012; Cramer et
al. 2018) could also cause climate-induced toxicant sensitivity responses in some species, as
shown for the bivalves R. philippinarum and Mytilus galloprovincialis exposed to caffeine and
heatwaves (De Marchi et al. 2022).

Overall, with only a few studies to date focusing on cumulative impacts in the marine realm,

which showed idiosyncratic responses (Gissi et al. 2021), it appears that the nature of the
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interactions between pressures is largely unpredictable (C6té et al. 2016; Carrier-Belleau et al.

2021), and that further work should be encouraged to enable general conclusions to be drawn.

3. Perspectives for future research and monitoring programs on soft-bottom benthic

ecosystem in Mediterranean coastal lagoons

3.1. Realign research with pressures of emerging concern

Among the studies reviewed, exploitation and pollution have been the two most studied human-
induced pressures in Mediterranean coastal lagoons so far (Table 1, Fig. 2). Eutrophication has
been the focus of much research since the 1980s, complemented in the 2000s by regulatory
monitoring of European ecosystems through the WFD. Compared to this, the emerging
pressures formalized in the 2000s by the MEA suffer from a lack of research as illustrated by
the small number of studies identified in our review concerning climate change (Table 1).
Worldwide, the impact of extreme events on benthic communities in coastal lagoons has been
the focus of less than 40 studies (Durreau et al. 2021). Ecosystem monitoring and management
is therefore focused on the provision of ecosystem functions and services under current
environmental conditions, yet this could rapidly lead to inappropriate management guidance
and undervaluation of the importance of human impacts on biodiversity. Research on
biodiversity loss must therefore realign with emerging issues to match predicted impact severity
and better guide management actions (Mazor et al. 2018). In addition to climate change, we
call for further research on the issues of invasive alien species and contaminants of emerging
concern. Our review emphasizes that although a lot of research has inventoried the presence of
invasive alien species in Mediterranean coastal lagoons, the quantification of the role of these
species on benthic biodiversity and ecosystem functioning is in its infancy. Functional impacts

of invasive alien species on the environment they colonize are hard to qualify and quantify but
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efforts should be made in this domain to anticipate negative and cascading impacts at the
ecosystem level (Dethier and Hacker 2004). As an example, the invasive benthic suspension
feeder Crepidula fornicata has been shown to strongly influence important ecological processes
such as the coastal ‘silicate pump’ or carbon cycling in the Bay of Brest (Ragueneau et al. 2005;
Martin et al. 2007). As another priority, we identified the need to monitor the distribution and
fate of newly-detected contaminants in sediments, as this compartment represents a major
reservoir of pollution, and to better evaluate their impact at the community and ecosystem level.
Contaminants of emerging concern such as antibiotics, sun creams and nano/microplastics are
still overlooked at the moment despite being a particular issue in marine and transitional waters
(e.g. Anbumani and Kakkar 2018; Fastelli and Renzi 2019; Renzi et al. 2020) where they are
likely to be brought in significant amounts by aquaculture, shipping/sailing or other recreational
activities. Although the research collected in our review shows that contaminants from diverse
origins may have a significant impact on all the biological components of the sediment, most
of them are still unregulated and the effects they can produce may be missed or overlooked in
many monitoring and surveillance programs such as the WFD (Fig. 2).

For a comprehensive understanding of ecosystem modifications linked to anthropogenic
pressures in Mediterranean coastal lagoons, a necessary step is to quantify the exposure of
lagoons to the identified pressures more precisely and on a regular basis. A common framework
for the description and quantification of the multiple anthropogenic pressures in Mediterranean
coastal lagoons is lacking, and efforts remain fragmented, relying mainly on semi-quantitative
assessments or expert judgments (Borja et al. 2011; Orfanidis et al. 2014). In the French
Mediterranean, the quantification of multiple pressures for 25 coastal lagoons dates back to
2013 (Derolez et al. 2014). In Greece and North Africa, pressure quantification is only recently
available for a few study sites (Maneas et al. 2019; Bray et al. 2022; El Kateb et al. 2018; El

Mahrad 2020). Recent studies based on Geographic Information System analyses (Morant et
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al. 2021) assessing pollution and hydro-morphological pressures in coastal lagoons are
promising and should be updated regularly and made available to stakeholders. Some initiatives
could serve as a basis to facilitate data gathering by assembling, organizing and sharing
environmental knowledge among the Mediterranean, like the open-data platform MEDTRIX

(https://medtrix.fr/), which makes available results from the WFD monitoring and the

contamination of French coastal waters.

3.2. Finding suitable indicators for monitoring to detect anthropogenic pressures

Today, when most assessment methods (i.e. indicators) in European transitional waters are
reported to be responding to eutrophication or organic pollution, other pressures such as toxic
pollution, hydro-morphological modifications or acidification received significantly less efforts
(Poikane et al. 2020). More general concerns have been raised that not all pressures are
addressed adequately by the assessment methods currently in use (Reyjol et al. 2014). Although
Borja et al. (2011, 2015) have shown that several marine and estuarine benthic quality
assessment indices, such as the M-AMBI for macrofauna, have significant correlations with
human pressures (e.g. eutrophication, organic enrichment, harbours), other studies showed that
these indices used in the WFD context have difficulties detecting pressures when applied in a
generalized way across coastal lagoons (Munari and Mistri 2008; Simboura and Reizopoulou
2008; Garcia-Sanchez et al. 2012; Jones et al. 2022 preprint). Basic scientific research is
continuously needed to propose the use of new descriptors and develop smart and easy-to-use
indicators that do not require high sampling and analytical efforts (Bonometto et al. 2022).

It also appears that the WFD is missing key components in the assessment of soft-bottom
benthic ecosystems such as microbes, microphytobenthos and meiofauna (Fig. 2), whereas
several studies showed their usefulness in detecting changes associated with human pressures.

Although there are still some limitations in their routine use, nematodes (main group of
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meiofauna) provide elements to assess the ecological quality status of Mediterranean coastal
ecosystems through specific indicators (Moreno et al. 2011; Semprucci et al. 2015).
Collaborative work between African and European researchers to enrich sequence databases
(DNA barcoding, NGS), in conjunction with morphotaxonomy (Boufahja et al. 2015), could be
part of the solution to progress in the description of nematode diversity in the Mediterranean
region and use them as models to evaluate lagoon ecosystem status in the face of global
changes. Microbes (bacteria, archaea, and protists) are also seldom used as bioindicators in
routine assessments (Table 1, Fig. 2) although they have been recognized for their importance
in benthic diversity and functioning. Metagenomic and metatranscriptomic are promising tools
that could help to predict community functional changes under different environmental and
anthropogenic pressures. However, few works are currently available and further manipulative
studies targeting the effects of individual and multiple pressures on aquatic microbial
communities should be conducted to evaluate their possible integration in biomonitoring
programs.

Most recent research emphasizes the importance of maintaining not only a high diversity of
species, but also functional and evolutionary processes, for effective conservation and
maintenance of ecosystems at different scales (Meyer et al. 2015; Isbell et al. 2017). This has
recently motivated a lot of research on the relationships between macrobenthic biodiversity (or
loss of biodiversity) and ecosystem functioning (Solan et al. 2004; leno et al. 2006), with a clear
deficit in Mediterranean coastal waters (Lam-Gordillo et al. 2020). As shown by our literature
review, there is a real lack of studies concerning the impacts of various anthropogenic pressures
on the functional processes taking place in the soft sediments of coastal lagoons. Nonetheless,
pollution such as microplastic has been shown to impair the health and behavior of some
engineer species (the lugworm Arenicola marina), leading to a reduction of primary

productivity in coastal sandy sediments (Green et al. 2016). Numerous studies exploring the
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relationships between organic load and oxygen and nutrient fluxes at the benthic interface in a
context of aquaculture exploitation (Table 1) also showed significant impacts. Consequently,
we can only encourage the use of biological trait analysis and functional diversity which are
recognized as being more effective than species richness per se to describe links between
biodiversity and metrics of ecosystem functioning (e.g. decomposition rates, nutrient uptake)
(Gagic et al. 2015; Strong et al. 2015; Cernansky 2017). Such research efforts will allow a
generalization of the use of functional indices (stricto sensu, Mason et al. 2005) in the

evaluation of the benthic ecosystem response to pressures in coastal lagoon ecosystems.

3.3. Improve and harmonize sampling design in research and monitoring

Comparison of research studies dealing with environmental impacts in coastal lagoons is
challenging due to the high spatio-temporal variability between lagoons and lack of
homogeneous approaches (Table S1). The studies show contrasting results and differ across the
lagoon studied, the identity and intensity of the pressures (e.g. contaminant levels, density of
the invasive species), and the sampling design employed (spatial replication, temporal
replication etc.). In most studies, and in particular for impact assessments, choosing appropriate
controls is of paramount importance (Underwood 1994). In order to disentangle the effects of
natural environmental change on benthic communities from the impacts of specific
anthropogenic pressures, it is thus essential to combine temporal and spatial replication in well-
designed experiments (e.g., Before-After Control-Impact (BACI)). To be able to draw general
conclusions, there is a strong need for comparable experimental designs, long-term and large
spatial scale (comparison of different lagoons) research efforts. The same applies to monitoring
objectives. Whereas regulatory monitoring of benthic ecosystems is still not deployed in North
African Mediterranean coastal lagoons (ElI Mahrad et al. 2020), in EU countries, WFD has led

to the development of standardized monitoring programs. For the soft-bottom compartment,
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only macrophytes and macrofauna are regularly monitored through indicators (respectively
EXCLAME and M-AMBI (EU, 2018)) to evaluate their ecological status, and sediment
characteristics (granulometry and percentage of organic matter, carbon, and nitrogen) are
surveyed as explanatory parameters (Fig. 2). Despite Ferreira et al. (2007) recommending
seasonal to bi-annual sampling for the WFD monitoring of macrophytes and
macroinvertebrates in transitional waters, these monitoring surveys are less frequent (twice a
year to every 3-6 years) in European Mediterranean coastal lagoons (see Sfriso et al. 2009 and
Le Fur et al. 2018 for macrophytes and Cabana et al. 2013 and Jones et al. 2022 preprint for
macrofauna). The high natural variability and heterogeneity of transitional water systems are
therefore not likely captured with these minimum sampling frequencies, even if the long-term
datasets provided by these monitoring programs are highly valuable. Many river basin
managers agree that change is needed in WFD monitoring to provide sufficient spatial and
temporal resolution and in some cases to make it more cost-effective (Carvalho et al. 2019). In
line with Carvalho et al. (2019), we thus recommend further WFD implementation guidance on
strategic design of monitoring networks, to harmonize best practice in addressing these different

issues.

Conclusion

The soft-bottom benthic compartment is crucial in the functioning of coastal lagoon ecosystems
which have been the focus of much research since the 1980s in the eutrophication context. We
reviewed the currently studied impacts of five major anthropogenic drivers of biodiversity loss
on soft-bottom benthic ecosystems of Mediterranean lagoons, and identified uneven efforts to
address them. Overall, the impacts of invasive alien species and emerging chemical
contaminants are particularly overlooked, as well as the effects of climate change which may
exacerbate the already existing pressures. The impacts in terms of ecosystem functioning were

also weakly addressed. The long-term monitoring of water bodies implemented in e.g., the EU
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WEFD, has provided valuable information on the ecological status trajectories of many coastal
lagoons. However, in the face of multiple and cumulative pressures, it is time to gain new
knowledge and to reinforce monitoring programs to be sure to capture the complexity of the
undergoing changes. Such effort is important because Mediterranean coastal lagoons are

ecologically valuable and provide many nature's contributions to people.
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Table 1. List of reviewed studies investigating the direct impacts of the five main anthropogenic pressures on the soft-bottom benthic compartment, published between 2000
and 2022. Studies that investigated ecological impacts and characterized sediment composition or toxicity at the same time are in bold (not rewritten in the sediment column).
Benthic processes include direct measurements of e.g. bioturbation, benthic fluxes. Studies providing information on the *toxicity of sediments and **contamination of

organisms.
Sediment composition Organism diversity or contamination** Ecosystem functions
or toxicity*
- studies that only focused Ecological groups or
on this issue- Microbes Meiofauna Macrofauna Macrophytes . S Benthic processes Food web
Pressures Functional diversity
Habitat Bettoso et al. 2020 Bettoso et al. 2020
destruction (7) Como et al. 2007 Khedhri et al. 2015
Khedhri et al. 2015 Khedhri et al. 2016
Khedhri et al. 2016 Khedhri et al. 2017
Khedhri et al. 2017 Munari & Mistri 2014
Munari & Mistri 2014
Ponti et al. 2009
Pollution (35) Accornero et al. 2008 Ben Salemetal.  Cibic et al. 2012 Bahroumi et al. 2014** Carafa et al. Jones et al. 2022 Cibic et al. 2012 Carlier et al. 2009a
(micro- and Arienzo et al. 2013 2019 Coccioni et al. 2009  Carafa et al. 2007** 2007** Nasi et al. 2018 Franzo et al. 2016

macropollution)

Bahroumi et al. 2016*
Belluci et al. 2002
Galgani et al. 2009*

Leon et al. 2017
Moreno-Gonzales & Leon
2017

Rigaud et al. 2012*
Zaaboub et al. 2015*

Cibic et al. 2012
Franzo et al.
2016

Said et al. 2010
Saidi et al. 2019

Foster et al. 2012
Franzo et al. 2016
Martins et al. 2016
Orabi et al. 2017
Ruiz et al. 2012
Saidi et al. 2019

Cibic et al. 2012
Como and Magni 2009

Espel et al. 2019
Le Fur et al. 2018,

Dolbeth et al. 2003

2019

Franzo et al. 2016
Jones et al. 2022
Mahé et al. 2021
Marin-Guirao et al.
2005

Pitacco et al. 2020
Rigaud et al. 2019**
Telahigue et al. 2022**

Marin-Guirao et
al. 2005**

Pasqualini et al.
2017

Rigaud et al. 2021
Zilius et al. 2015

Exploitation (28)

Badino et al. 2004
Sfriso et al. 2003, 2005

Lacoste et al. 2020
Mahmoudi et al.
2008

Castaldelli et al. 2003
Duport et al. 2007
Lacoste et al. 2020
Mantovani et al. 2006
Moschino et al. 2011
Thouzeau et al. 2007

Boudouresque et
al. 2020

Duport et al. 2007
Lacoste et al. 2020
Mantovani et al. 2006

Anschutz et al. Carlier et al. 2009b
2007

Bartoli et al. 2001
Castaldelli et al.
2003

Dedieu et al.
2007a,b

Duport et al. 2007
Lacoste et al. 2022
Metzger et al. 2007
Mistri & Munari
2012

Murphy et al. 2018
Nizzoli et al.2005,
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2006b, 2007, 2011
Nizzoli et al. 2006a
Schmidt et al. 2007
Thouzeau et al.
2007

Viaroli et al. 2003

Invasive alien
species (14)

Climate change

©)

Como et al. 2018

Nonnis Marzano

Munari 2008

Pranovi et al. 2006

Carrozo et al. 2014

Mistri 2003 et al. 2003 Tlig-Zouari et al. 2011 Sfriso et al. 2020 Como et al. 2018
Munari 2008 Sfriso et al. 2012 Streftaris & Zenetos  Mancinelli et al.
Nonnis Marzano etal.  Streftaris & 2006 2013, 2017

2003 Zenetos 2006 Marchessaux et al.
Pranovi et al. 2006 2021a,b
Tlig-Zouari et al. 2011

Mancinelli et al. 2013

Canu et al. 2010 Lloret et al. 2008 Munari 2011 Harzallah &

Ghezzo et al. 2018
Munari 2011
Mercurio et al. 2021

Derolez et al.2020  Pitacco et al. 2018

Chapelle 2002
Magri et al. 2020
Derolez et al. 2020
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