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Evaluation of photosynthetic
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the nineteenth century to
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The Venice Lagoon is the largest transitional environment within the
Mediterranean Sea (almost 550 km?). Being a transitional environment, it
contains many different ecological niches, hence the biodiversity in this
environment is very high. However, at the same time, this lagoon system is
under constant pressure from human activities, and it has been greatly modified
by humans during the centuries. Examples are the construction of the city of
Venice, the digging of the canals for commercial ships, and the modifications of
the three inlets to the lagoon. All these activities altered the circulation inside the
lagoon, modifying the equilibrium between river and sea inputs, also influencing
the sediment intake, fundamental for saltmarshes stability. During the centuries,
many authors monitored the photosynthetic taxa (seaweeds, halophytes, and
seagrasses) inhabiting the Venice Lagoon. In this study, we reviewed works from
the nineteenth century to the present time to obtain a complete and updated
view of the photosynthetic species that inhabit this environment, observing a
decrease in the presence of charophytes and heterokontophytes and an increase
in rhodophytes in the analyzed period. Moreover, we also considered the
ecological valence of the species reported in this environment through two
different ecological indexes (Macroalgae Quality Index — MaQl, Ecological
Evaluation Index — EEIl), observing a decrease in the relative contribution of the
species with high ecological valence along the centuries. We also reviewed the
presence of threatened and non-indigenous species, observing some differences
in the considered works. Finally, we also considered the molecular resources
available on online databases, finding only half macroalgal species with a
reference sequence, compared to almost 90% for higher plants.
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1 Introduction

1.1 The Venice Lagoon: historical
background and anthropogenic impact

The Venice Lagoon, situated in the north of the Adriatic Sea
(Figure 1), represents the largest transitional environment within
the Mediterranean Sea, covering an area of almost 550 km? (55000
ha) (Sfriso et al., 2009; Madricardo et al., 2019). Characterized by
salt marshes and muddy areas in the upper intertidal zone, it
undergoes regular tidal flooding. This microtidal environment
experiences a mean tidal range of 1 m and is categorized as a

10.3389/fmars.2024.1433680

restricted lagoon, where tidal movements and wind primarily drive
its circulation (Fogarin et al., 2019).

Its origin dates to 12’000 years ago deriving from the combined
effect of marine currents on river born sediments and sea-level
lowering during the Wiirm glaciation (Pavoni et al., 1992). At the
end of the glacial period, during the Flandrian transgression, sea
level rise flooded the Upper Adriatic Wiirmian paleoplain shaping
the coast to approximately the present condition (Brambati et al.,
2003). Similar to most lagoons, the Venice Lagoon is a complex and
dynamic system, greatly influenced by the Adriatic Sea, river inputs,
and by the atmospheric compartment (winds and air temperature)
due to its shallow depth (Ravera, 2000). This instability can lead the
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FIGURE 1
Description of the Venice Lagoon. (A) Representation of the bathymetric

licensed under CC BY 3.0). (B) Simulation of the vulnerability of various regions in the Venice Lagoon to Relative Sea Level Rise (RSLR) under
different scenarios (Reproduced from Tosi et al.,, 2020, licensed under CC BY 4.0). (C) Spatial distribution of various habitat types in the Venice
Lagoon. Details regarding the definition of these zones can be found in the source article (Reproduced from Rova et al., 2023, licensed under

CC BY-NC-ND 4.0).

profile of the Venice Lagoon (Reproduced from Ferrarin et al., 2013,
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lagoon system to either evolve towards a marine-bay system or
towards a dry-land system (Ravera, 2000). Moreover, this instability
shortens the life span of lagoons, considering a geological time scale
(Ravera, 2000). On the other hand, the establishment of the
Serenissima Republic of Venice slowed down the natural
succession by continuously preserving its integrity (Pavoni et al,
1992; Ravera, 2000). Before the nineteenth century, human
activities primarily focused on mitigating silting from tributaries.
Left unchecked, this silting process could gradually transform the
lagoon into dry land. Additionally, efforts were made to safeguard
the lagoon from erosion by the sea, which could otherwise lead to
the conversion of the area into a marine-bay system (Ravera, 2000).
These actions were implemented to ensure the maintenance of a
navigable waterway for commercial purposes and to safeguard
Venice from the erosive forces of the sea and potential threats
from enemies (Ravera, 2000). Hence, in response to the escalating
solid intake from tributaries caused by erosion resulting from
agricultural and husbandry activities, the Republic took measures
between the fifteenth and seventeenth centuries to redirect the
courses of the main tributaries (e.g., Bacchiglione, Brenta, Piave,
Sile) directly to the sea (Pavoni et al., 1992; Ravera, 2000; Solidoro
et al,, 2010; Madricardo et al., 2019). Currently, only small rivers
discharge waters directly in the lagoon (Day et al., 2019).

These actions led to a decrease in nutrients of lagoon waters
(mainly phosphorous), and a progressive increase in salinity.
Consequently, there was a flattening of the lagoon bottom and an
increase in mean depth, as natural subsidence was no longer offset
(Ravera, 2000). Figure 1A displays a recent bathymetry map of the
Venice Lagoon.

Conversely, various measures have been implemented since the
thirteenth century to prevent sandbar erosion. It is only in the 1740 that
murazzi (walls of Istrian rocks cemented together to form a barrier
against the violence of the sea) were built at Malamocco and Pellestrina
(Ravera, 2000; Solidoro et al., 2010; Madricardo et al., 2019).

It was during the nineteenth century that human intervention
became even more pronounced. Specifically, the construction of
outside dikes at the three inlets (Malamocco between 1838-1853,
Lido between 1881-1905 and Chioggia in 1934) (Figure 1) had a
profound impact on water circulation patterns (Ravera, 2000).
Notably, the velocity of tidal currents at the Malamocco inlet
increased, resulting in a deepening of the inlet, which is now the
deepest point of the North-Adriatic Sea (-50 m) (Sfriso et al., 2009).
Furthermore, the construction of dikes outside the inlets
diminished the influx of marine sediments into the lagoon
(Carniello et al., 2009; Day et al.,, 2019), leading to a net sediment
export from the Venice Lagoon (Sarretta et al., 2010).

Additionally, the excavation of the Vittorio Emanuele III Canal
(1920-1930) and the digging of Canale dei Petroli (1962-1969)
amplified the influence of tidal currents, leading to an increase in
deepening and land loss (with 50% reduction in salt marshes surface
area) (Madricardo et al., 2019) and further transformation of the
lagoon in a water-bay system (Fogarin et al., 2019). These activities,
combined with land reclamation for agriculture purposes and
construction of industrial areas, contributed to a reduction of
nearly 7°280 hectares of the lagoon area between 1924 and 1960
(Ravera, 2000). Additionally, from the 1900 to 2019, the coverage of
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saltmarshes decreased from 12°000 to 3’500 hectares respectively,
due to the same human activities (Day et al., 2019).

Anthropogenic activities have also impacted the subsidence rate
of the lagoon. With reduced sediment input from diverted rivers,
the balance between natural subsidence and the natural increase in
the lagoon bottom has been disrupted (Ravera, 2000; Day et al.,
2019). Furthermore, industrial activities involving groundwater and
natural gas extraction in the Venice Lagoon accelerated subsidence
in this area from 1930 to 1970 until management measures were
implemented (Ravera, 2000; Solidoro et al., 2010; Madricardo et al.,
2019). This further deteriorated the integrity of the Venice Lagoon
ecosystem, particularly affecting the integrity and persistence
of saltmarshes.

As a result, the reduction of sediment input from rivers (caused
by dikes preventing riverine sediments intake), and the increased
outflow of sediments from the inlets (due to increased impact of
tidal currents), reduced the availability of sediments for saltmarsh
accretion, shifting the balance towards their erosion (Carniello
et al., 2009; Day et al, 2019). Moreover, the presence of waves
induced by boat traffic, poses a continuous threat to the integrity of
salt marshes (Madricardo et al., 2019).

Since the 1980s, some actions have been made to preserve the
natural environment of the Venice Lagoon. The governance
initiated a restoration project using sediments dredged from
lagoon channels, resulting in the restoration of 1’300 hectares of
salt marshes by 2019 (Day et al., 2019).

On the contrary, the presence of the MOSE (MOdulo
Sperimentiale Elettromeccanico - Electromechanical experimental
module) infrastructure may undermine the restoration efforts. The
presence of this infrastructure has increased the dominance of the
ebb in lagoon circulation, favoring the phase of the tidal cycle where
water levels are decreasing (Ferrarin et al, 2015). Consequently,
there is a prevalence of currents flowing seaward. Moreover, the
closure of the MOSE during high tides prevents the inflow of
elevated water levels which would otherwise flood the marshes
and facilitate high rates of mineral sediment deposition, especially
during the Sirocco wind (Day et al., 2019).

Additionally, increasing intensity of weather phenomena
(attributed to the global climate change) and Sea Level Rise (SLR)
are two other factors to consider when assessing the survival of
saltmarshes in the coming years. The decline in sediments input
into the lagoon for natural saltmarsh accretion, combined with a
projected SLR ranging from 0.28-0.55 meters by 2100 (relative to
mean sea levels from 1995-2014, Calvin et al., 2023), also diminishes
the likelihood of these habitats surviving in the future due to
submersion (Day et al., 2019). Figure 1B illustrates a model of the
lagoon ecosystem’s vulnerability under three different rates of sea
level rise (SLR).

1.2 Ecosystem services and importance of
photosynthetic taxa

Coastal lagoons are important ecosystems for the different

habitats they host (Figure 1C), serving as a link between the
marine with freshwater and land ecosystems. Categorized as
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Transitional Water Systems (TWS), these environments are rich in
biodiversity, further enhancing the ecosystem services that a lagoon
can provide. Researchers are still debating on a common accepted
definition of ecosystem services. Nonetheless, they can be defined as
“the functions and products of ecosystem that benefit humans, or
yield welfare to society” (Newton et al., 2018). These services can be
categorized into provisioning, cultural, supporting and regulating
services. The latter two categories encompass carbon sequestration,
climate regulation, nursery, nutrient cycling, and more, which are
essential for the health and functioning of the ecosystem, not solely
for human benefit.

In the Venice Lagoon we can find three kinds of macroscopic
photosynthetic taxa: seaweeds, seagrasses, and halophytic
vegetation (which mainly colonize saltmarshes). As primary
producers, they sustain the whole trophic web of the Venice
Lagoon. These organisms serve as habitats and foraging areas for
numerous faunal species, thereby supporting substantial
populations of both commercial and recreational fish species
(Macreadie et al., 2017). Moreover, higher plants, like seagrasses
and halophytes, with their root system, compact and stabilize the
soil (Macreadie et al.,, 2017; Sfriso et al, 2017), also providing
oxygen and nutrients to the environment (Macreadie et al., 2017).
This aspect is particularly significant in the Venice Lagoon,
characterized by the prevalence of medium-fine sediments
(Taramelli et al., 2021) and high anthropogenic impact, which, as
previously mentioned, significantly enhance sediment resuspension
and erosion of saltmarshes. These natural structures are
characteristic of the Venice Lagoon and contribute to the
area’s heterogeneity.

Increased sediment resuspension also increases the turbidity of
the water. This can impact the survival of the phytobenthos,
particularly affecting sensitive species, such as seagrasses,
consequently further degrading the integrity of the benthic
compartments (Sfriso et al., 2017). Moreover, seagrass loss may
result in a decline in nursery habitats crucial for many species,
including commercially important fish species, potentially leading
to significant economic impacts on fisheries operating in these areas
(Solidoro et al., 2010).

1.3 Biological invasion

Transitional water ecosystems are also threated by invasive
species, posing a significant risk to their delicate balance. These
environments boast unique gradients of environmental conditions,
finely tuned to suit the needs of indigenous species. However, this
specificity renders them vulnerable to sudden and strong changes.
In the case of the Venice Lagoon, human activity has substantially
altered the environmental dynamics of this ecosystem, posing a
serious threat to the native flora and fauna. As indigenous species
weaken in the face of these changes, the Venice Lagoon becomes
increasingly vulnerable to biological invasions by non-native species
(Cuthbert et al., 2021). These invaders, often tolerant to a wide
range of conditions, can take advantage from less competitive
autochthonous species, exploiting vacant ecological niches with
less competition (Marchini et al., 2015).
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The Mediterranean Sea stands as a prominent global hotspot for
biological invasion (Katsanevakis et al., 2014; Petrocelli et al., 2019).
Within this context, the Venice Lagoon emerges as a significant
contributor, harboring at least 34.6% of the total non-indigenous
species (NIS) found in the Mediterranean basin (Manghisi et al.,
2011). This designation makes the Venice Lagoon a key
Mediterranean focal point for the introduction of alien species
(Sfriso, 2020), with documented occurrences including 33 seaweed
species (Sfriso et al., 2023) and 2 halophytic species (Sporobolus x
townsendii (H.Groves & J].Groves) P.M.Peterson & Saarela
and Sporobolus anglicus (C.E.-Hubb.) P.M.Peterson & Saarela)
(Wong et al., 2018).

The main vectors of introduction of alien species in the Venice
Lagoon are aquaculture (for example, imported shellfish
contamination by allochthonous macrophytes) and commercial
activities (hull fouling and ballast waters) (Manghisi et al., 2011;
Katsanevakis et al., 2014; Petrocelli et al., 2019; Sfriso et al., 2023).

Non-indigenous species (NIS) pose a dual threat: they can lead
to the extinction of native, vulnerable species, while also disrupting
entire ecosystems by altering biogeochemical cycles and trophic
chains, with consequential impacts on human well-being
(Katsanevakis et al., 2014; Gallardo et al., 2016; Cuthbert et al.,
2021; Sfriso et al.,, 2023). However, it is noteworthy that Sfriso et al.
(2023) have identified some positive aspects of invasive seaweed
species. For instance, Gracilariopsis vermiculophylla (Ohmi)
Papenfuss 1967, considered a pioneer species, thrives in turbid
environments with barren bottoms, effectively inhibiting the growth
of Ulva species and thereby reducing the risk of hypoxic crises
(Sfriso, 20205 Sfriso et al., 2023). Nevertheless, assessing the impact
of NIS is a highly intricate task that cannot be reduced to a singular
dimension (Flood et al., 2020). The consequences of NIS presence
extend beyond direct ecosystem effects to include indirect impacts,
such as trophic cascade (Gallardo et al., 2016), resulting in profound
alterations to ecosystems functions (Flood et al., 2020).

2 Photosynthetic taxa in the
Venice Lagoon

2.1 Examined literature and
temporal trends

In order to obtain a comprehensive view of the photosynthetic
taxa in the Venice Lagoon, we examined the literature reported in
Table 1, dating back to the early nineteenth century.

The oldest records analyzed were available only in the libraries
of the University of Padua, and accessing every old record was not
always easy. Additionally, analyzing these catalogues proved
challenging, as many entries lacked clear geographical indications
and were therefore not included in the final list. Lastly, we faced
difficulties during the reclassification of old species lists. Most
entries have been updated according to contemporary databases
(Guiry and Guiry, 2024; POWO, 2024). However, a minority could
not be found in those databases and were excluded from the list
presented in this work.
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TABLE 1 List of the analyzed literature.

1800-1900

10.3389/fmars.2024.1433680

Temporal collocation

1901-2000

2001-2023

Ruchinger, 1818; Agardh, 1824; Naccari,
1828; Zanardini, 1841; Agardh, 1842;
Meneghini, 1842a, b, ¢, 1843; Zanardini,
1843; Meneghini, 1846; Zanardini, 1847;
Kiitzing, 1849; Zanardini, 1860;
Bertoloni, 1862a, b; Zanardini, 1863,
1865; Bertoloni, 1867; Ardissone, 1871;
Zanardini, 1871, 1874, 1876; Ardissone,
1883; De Toni and Levi, 1885;
Ardissone, 1886; De Toni and Levi,
1886, 1888a, 1888b; De Toni, 1889,
1895, 1897, 1900, 1903, 1905, 1924

Béguinot, 1907; De Toni, 1923; Schiffner

and Vatova, 1937; Béguinot, 1938;
Benacchio, 1938; Brunelli et al., 1938;
Pignatti, 1962, 1966; La Rocca, 1976;
Sfriso, 1987; Solazzi et al., 1991-1994;

Tolomio, 1993; Curiel et al., 1994, 1995,
19963, b, ¢, 1997a, 1997b, 1998a, 1998b;
Bellemo et al., 1999; Furnari et al., 1999;
Curiel et al., 2000; Gagriulo et al., 2000;
Bellemo et al., 2001; Curiel et al., 2001,
2002; Marzocchi et al., 2003; Curiel
et al., 2003a, 2003b, 2004, 2005; Silvestri
et al., 2005; Curiel et al., 2006;

Curiel, 2008-2009

The works are classified based on the time series in which they report the species.

The most recent comprehensive catalogues of seaweeds and
seagrasses species in the Venice Lagoon were compiled by Sfriso
and Curiel (2007) and Sfriso et al. (2009), covering data from the
1983 up to the early 21° century. Conversely, for halophytes, the
most recent comprehensive catalogue available is the work of
Pignatti (1966). Subsequent studies have been more focused on
specific areas and species. Additionally, the literature concerning
halophytes in the Venice Lagoon is comparatively scarce compared
to macroalgae; we identified only 7 works that reported halophytes
species out of a total of 86 works analyzed.

In total, we identified 902 species, belonging to the Charophyta,
Chlorophyta, Heterokontophyta, Rhodophyta and Tracheophyta
phyla. Among these, 460 species were documented in the 1800s,
589 in the 1900s and 375 species in the first two decades of the
twenty-first century. The complete list of the species is reported in
the Supplementary Table S1 of Supplementary Material, where the
nomenclature has been meticulously revised and updated in
accordance with Guiry and Guiry (2024) for seaweeds and
POWO (2024) for higher plants, including seagrasses.

In Figure 2A, a heatmap-tree illustrates the distribution of
families among higher plants and macroalgae documented over
centuries. The data reveal that red algae (Rhodophyta) dominate
with 394 species, followed by green algae (Chlorophyta) with 224
species and Heterokontophyta with 167 species. Tracheophyta
(higher plants) are represented by 100 species, while Charophyta
are the least represented with only 17 species.

Moreover, certain families exhibit higher biodiversity within
their respective orders (e.g., the Cladophoraceae in Cladophorales
and Sargassaceae in Fucales), indicating variability in species
distribution among families. Despite the diversity of families,
some are represented by a limited number of species, such as
Charophyta overall and Malvaceae within the order Malvales for
the class Magnoliposida.

In addition, considering the variation over time of the four
phyla in the Venice Lagoon (Figure 2B), it is possible to notice that
Charophyta and Heterokontophyta declined from the 1800s until
the first two decades of this century, whereas Rhodophyta increased
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Unassigned

Sfriso et al., 2002; Miotti et al., 2005;
Sfriso and La Rocca, 2005; Curiel et al.,
2008; ARPAYV, 2011, 2014, 2018; Wong

et al., 2018; Sfriso, 2020; Wolf et al.,
2020; ARPAYV, 2021; Sfriso et al., 2023

Sfriso and Curiel, 2007;
Sfriso et al., 2009

during the same period (in percentage terms). Supplementary
Table SI provides additional details on the temporal distribution
of individual species.

2.2 Ecological status

The ecological status of an environment is not strictly correlated
to the number of species, since a low number of species is not always
an index of poor environmental quality, especially in oligo-
mesohaline or chocked basins (Sfriso et al., 2017). The ecological
value of species holds greater importance in assessing ecological
status (Sfriso et al., 2017). Consequently, we focused on the
ecological significance associated with various species and genera
using two distinct indices: the Macroalgae Quality Index (MaQI)
(Sfriso et al,, 2014) and the Ecological Evaluation Index (EEI)
(Orfanidis et al., 2001; Orfanidis et al., 2003; Orfanidis et al.,
2011; Bermejo et al., 2012; Neto et al., 2012).

The MaQI categorizes species into three groups: (1)opportunistic
species with a score of 0; (2) indifferent species with a score of 1;
(3) sensitive species with a score of 2 (Sfriso et al., 2014). Meanwhile,
the Ecological Evaluation Index distinguishes between two categories:
(1) slow growing, late successional or perennial taxa classified under
Ecological State Group I (ESG I); (2) fast-growing, opportunistic, or
annual taxa classified under Ecological State Group II (ESG II)
(Orfanidis et al., 2011; Neto et al., 2012).

Figures 3A, B depicts the correlation results between the
ecological score and temporal changes. A noticeable trend is the
decline in the proportion of species classified as sensitive (Score 2)
and slow growing, late successional species (ESG I) from the 19t
century through the first two decades of this century.

In addition, focusing solely on the Rhodophyta (red algae) and
Phaeophyceae (brown algae), Figure 2B clearly shows a decline in
Phaeophyceae compared to Rhodophyta. Between 1800 and 1900,
the Rhodophyta/Phaeophyta ratio was 2.19; between 1900 and
2000, it rose to 2.48; and in the first two decades of the 21st
century, it increased further to 3.34. Since brown algae are often
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FIGURE 2

Description of photosynthetic taxa in the Venice Lagoon. (A) Heatmap-tree created using the R package metacoder (Foster et al., 2017) with all the
species ever documented in the Venice Lagoon. The size and the color of the lines and nodes reflect the number of species reported for each
taxon. (B) The temporal dynamics of photosynthetic taxa in the Venice Lagoon. The x-axis delineates the major taxonomic divisions of species found
in these environments, while the y-axis represents the percentage of different taxa relative to the total across different time intervals (457 in the
1800-1900 series, 586 in the 1900-2000 series, and 375 in the 2000-2023 series).

indicators of higher water quality, a consistent decline in this group
compared to red algae may serve as a proxy for declining ecological
conditions (Marzocchi et al., 2001).”

2.3 Threatened and non-
indigenous species

As previously mentioned, the Venice Lagoon is a hotspot of
biological invasion, underscoring the need for a comprehensive
catalogue of both threatened and non-indigenous species for a
correct management of this complex environment.

Frontiers in Marine Science

Although the IUCN - Red List stands as a global reference for
threatened species, it predominantly features terrestrial organisms,
with limited occurrence of macroalgae and halophytes, leaving
many categorized as non-evaluated (NE) (IUCN, 2024).
Considering species documented in the Venice Lagoon, only
some halophytes and all seagrasses are included in the list, with
many designated as Low-Concern (LC) (Table 2).

For the Mediterranean Sea, the SPA/BD Protocol Annex II
(UNEP, 2018) provides a listing of threatened and endangered
species, extensively reviewed by Verlaque et al. (2019). These
authors assigned TUCN-like categories to species listed in the
Barcelona Convention (as reported in Table 2) and raised queries
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TABLE 2 List of the species included in the IUCN - Red List, the Barcelona Convention, and the threats and IUCN-like categories reported by Verlaque

et al. (2019) for each species.

Species

Convention®

Cystoseira foeniculacea f. tenuiramosa (Ercegovic)
A.Gomez Garreta, M.C.Barcelo, M.A.Ribera & J.Rull
Lluch 2001

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Cystoseira compressa (Esper) Gerloff &
Nizamuddin 1975

Cystoseira foeniculacea (Linnaeus) Greville 1830

Cystoseira ericoides var. corniculata (Wulfen) Meneghini

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Cystoseira discors var. paniculata C. Agardh

Gongolaria barbata f. aurantia (Kiitzing) Falace, Alongi
& Kaleb 2024

Cystoseira selaginoides Naccari, 1828

Cystoseira barbata f. macrocarpa Schiffner

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Cystoseira barbata f. stenocarpa Schiffner

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Cystoseira micheleae Verlaque, Blanfuné, Boudouresque,
Thibaut & Sellam 2017

Ericaria zosteroides (C.Agardh) Molinari & Guiry 2020

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Threats: Ovg; Sed; Tur; D.
TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Ericaria amentacea (C. Agardh) Molinari & Guiry 2020

Ericaria crinita (Duby) Molinari & Guiry 2020

Threats: Pol; D.
TUCN-like categories: LC; RA; CR depending on the
species of the genus.

TUCN-like categories: LC; RA; CR depending on the
species of the genus.

Ericaria selaginoides (Linnaeus) Molinari & Guiry 2020

TUCN-like categories: LC; RA; CR depending on the
species of the genus.
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TABLE 2 Continued

10.3389/fmars.2024.1433680

Species Barcelona
P Convention®
TUCN-like ies: LC; 5 i h
Ericaria corniculata (Turner) Neiva & Serrdo 2022 + UCN-like categorles‘ C; RA; CR depending on the
species of the genus.
Threats: Pol.
F irsoides J.Agardh 1868 +
ucus virsoides J.Agar TUCN-like categories: VU.
Threats: Ovg; Pol; D; Tra.
Gongolaria montagnei (J.Agardh) Kuntze 1891 + TUCN-like categories: LC; RA; CR depending on the
species of the genus.
TUCN-like categories: LC; RA; CR dependi thy
Gongolaria usneoides (Linnaeus) Molinari & Guiry 2020 + e egorle§ epencinig on the
species of the genus.
TUCN-like cat ies: LC; RA; CR d di th
Gongolaria abies-marina (S.G.Gmelin) Kuntze 1891 + ¢ egor1e§ epending on the
species of the genus.
TUCN-like categories: LC; RA; CR dependi th
Gongolaria barbata (Stackhouse) Kuntze 1891 + te ca egorles. epending on the
species of the genus.
Sargassum acinarium (Linnaeus) Setchell 1933 + TUCN-like categories: EN.
Sargassum hornschuchii C.Agardh 1820 + TUCN-like categories: EN (in the Mediterranean).
Chondrymenia lobata (Meneghini) Zanardini, 1860 - Threats: R.
Halarachnion ligulatum (Woodward) Kiitzing 1843 - Threats: Pol.
Nemastoma dichotomum J.Agardh, 1842 - Threats: R.
Spyridia hypnoides (Bory) Papenfuss 1968 - Threats: CD; Pol; R.
Cymodocea nodosa (Ucria) Ascherson 1870 LC +
Ruppia cirrhosa Linnaeus 1752 LC -
Ruppia maritima Linnaeus 1753 LC -
Zostera noltii (Hornemann) Tomlinson & LC .
Poslouszny 2001
Zostera marina Linnaeus 1753 LC +
Salicornia procumbens subsp. procumbens Sm. 1812 vU -

*TUCN, 2024.

bUNEP, 2018. +/-: inserted or not in the Barcelona Convention; CD, coastal development; CR, critically endangered; D, concerning decline; EN, endangered; LC, low concern; NIS, Non-
indigenous species; Ovg, overgrazing; Pol, pollution; RA, rare; Sed, over-sedimentation; Tra, trawling; Tur, turbidity; VU, vulnerable.

regarding the inclusion of some species, such as Caulerpa ollivieri
Dostal which pose threats to indigenous species like Posidonia
oceanica (L.) Delile.

Nevertheless, the SPA/BD Protocol — Annex II and the work of
Verlaque et al. (2019) encompass only a limited number of
macroalgal species, leaving many species found in the Venice
Lagoon without a conservation status classification (Table 2).
Concerning non-indigenous species (NIS) in the Venice Lagoon,
recent studies by Sfriso et al. (2020; 2023) have documented 33 NIS
macroalgal species. For halophytes, reports are limited, with
observations primarily focused on Sporobolus anglicus and
Sporobolus x townsendii, even though the latter’s presence remains
uncertain (Scarton et al., 2003; Cazzin et al., 2009; Wong et al., 2018).

Additional research and databases report NIS macroalgal
species at various geographic levels, including European (EASIN
Catalogue; Roy et al, 2020), Mediterranean (Galil et al., 2018;
Zenetos et al., 2017; Zenetos and Galanidi, 2020), and Italian
areas (Pederson et al.,, 2017). Table 3 shows the list of NIS species
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reported by the different authors and databases. Notably,
discrepancies exist, while 26 species are identified as NIS at the
Mediterranean or European level, they are not documented in the
Venice Lagoon. Zenetos et al. (2017) advise removing three species
from the non-indigenous species lists: Fucus spiralis (known only
from original records), Antithamnionella elegans and A.
spirographidis (now considered as cryptogenic). Among the other
23 species, three (Codium vermilara, Ulva lacinulata and Cutleria
multifida) were reported in the Venice Lagoon only in the 19
century, while Hypnea spinella was reported only in the
20" century.

The status of all other species should be monitored to ascertain
their presence and impact in this environment.

Considering higher plants, Table 3 presents species listed as
non-indigenous (Roy et al., 2020; EASIN Catalogue), totaling 30
species, although disparities exist in the two catalogues (e.g.,
Odontites vulgaris is considered invasive by Roy et al. (2020), but
questionable according to EASIN Catalogue). Moreover, two of
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TABLE 3 List of non-indigenous species reported in various articles and databases: Venice Lagoon level (Wong et al., 2018; Sfriso, 2020; Sfriso et al., 2023), Italian level (Pederson et al.,, 2017), Mediterranean
level (Galil et al., 2018; Zenetos et al.,, 2017; Verlaque et al., 2019; Zenetos and Galanidi, 2020), European level (EASIN; Roy et al., 2020).

Species

Venice Lagoon ltalian

Mediterranean

European

Uronema marinum Womersley 1984 NIS NIS
Codium vermilara (Olivi) Delle Chiaje 1829 1E
NIS (al
Codium fragile (Suringar) Hariot 1889 NIS NIS (also NIS IE
in Spain)
Ulva lacinulata (Kitzing) Wittrock 1882 1E
Ulva australis Areschoug 1854 NIS NIS
Ulva lactuca Linnaeus 1753 1IE
Ulva californica Wille 1899 NIS IE
Ulvaria obscura (Kiitzing) Gayral ex
I I
Bliding 1969 NIS NIS
Botrytella parva (Takamatsu) H.S.Kim 1996 NIS NIS
Cladosiphon zosterae (J.Agardh) Kylin 1940 1IE
Cutleria multifida (Turner) Greville 1830
R; The Mediterranean
populations described as
D tia adriati
Desmarestia viridis (O.F.Miiller) . i esmarestia adriatica
NIS in Spain could belong to a 1E
J.V.Lamouroux 1813 L
distinct taxon, rare and
endemic to the
Aderiatic Sea.
Fucus spiralis Linnaeus 1753 NIS SR 1IE
Halothrix lumbricalis (Kiitzing)
Reinke 1888 NIS NIS IE
Leathesia marina (Lyngbye) Decaisne 1842 NIS IE
Myriactula stellulata (Harvey) Levring 1937 IE (the genera)
Punctaria tenuissima (C.Agardh)
Greville 1830

(Continued)
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TABLE 3 Continued

Species

Pylaiella littoralis (Linnaeus) Kjellman,
nom. cons. 1872

Venice Lagoon

Italian

Mediterranean

European

IE

Sargassum muticum (Yendo) Fensholt 1955

NIS

NIS

IE

Scytosiphon dotyi M.J.Wynne 1969
Undaria pinnatifida (Harvey) Suringar 1873

Pyropia koreana (M.S.Hwang & 1.K.Lee)
M.S.Hwang, H.G.Choi Y.S.0h &
I.K.Lee 2011

NIS

NIS

NIS

NIS in Italy

NIS

NIS

RIS

1IE

IE

Pyropia yezoensis (Ueda) M.S.Hwang &
H.G.Choi 2011

NIS

Acanthosiphonia echinata (Harvey) Savoie
& G.W.Saunders 2018

Agardhiella subulata (C.Agardh) Kraft &
M.J.Wynne 1979

NIS

NIS

NIS

IE

Aglaothamnion halliae (Collins) Aponte,
D.L.Ballantine & J.N.Norris 1997

NIS

AE

IE

Aglaothamnion feldmanniae Halos 1965

NIS

NIS

Anotrichium furcellatum (J.Agardh)
Baldock 1976

1IE

Antithamnion pectinatum (Montagne)
Brauner 1994

Antithamnion hubbsii E.Y.Dawson 1962

NIS

NIS

1IE

Antithamnion nipponicum Yamada &
Inagaki 1935

Antithamnionella elegans (Berthold)
J.H.Price & D.M.John 1986

NIS

NIS

SR

1IE

Antithamnionella spirographidis (Schiffner)
E.M.Wollaston 1968

NIS

SR

IE

Bonnemaisonia hamifera Hariot 1891

NIS

NIS

IE

(Continued)

‘le ¥@ obuq

089¢¢PT 202 s1ewy/68¢¢ 0T


https://doi.org/10.3389/fmars.2024.1433680
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

92UBI2S dULIe|y Ul SI213U0I4

T

610 UISIBIUOLY

TABLE 3 Continued

Species

Caulacanthus ustulatus (Turner)

Venice Lagoon

Italian

Mediterranean

European

. IE
Kiitzing 1843
Caulacanthus okamurae Yamada 1933 NIS AE 1
Chondria coerulescens (J.Agardh) E
Sauvageau 1897
Colaconema codicola (Borgesen) Stegenga, NIS NIS I
].J.Bolton & R.J.Anderson 1997
Dasysiphonia japonica (Yendo) H.- .
I 1 Ital I 1 IE
S Kim 2012 NIS NIS in Italy NIS
Gracilaria armata (C.Agardh) Greville 1830 1IE
Gracilaria vermiculophylla (Ohmi) NIS NIS E
Papenfuss 1967
Gracilaria gracilis (Stackhouse) Steentoft, E
L.M.Irvine & Farnham 1995
Grateloupia filicina (J.V.Lamouroux) E
C.Agardh 1822
Grateloupia doryphora (Montagne) E
M.Howe 1914
Grateloupia yinggehaiensis H-W.Wang et NIS NIS I
R.X.Luan 2012
R; IS; Erroneously
Grateloupia turuturu Y.Yamada 1941 NIS NIS attributed to I 1IE
G. doryphora
Hypnea spinella (C.Agardh) Kitzing 1847 NIS I 1IE
Hypnea valentiae (Turner) Montagne 1841 NIS I 1IE
Hypnea cervicornis ].Agardh 1851 NIS R IS I
Kapraunia schneideri (Stuercke &
NI AE 1IE
Freshwater) Savoie & G.W.Saunders 2019 S s
(Continued)
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TABLE 3 Continued

Species

Melanothamnus harveyi (Bailey) Diaz-Tapia

Venice Lagoon

Italian

Mediterranean

NIS 1
& Maggs 2017
M . . -
elanothammfs japonicus (Harvey) Diaz NIS AE IEs
Tapia & Maggs 2017
Osmundea oederi (Gunnerus) NIS
G.Furnari 2008
Polysiphonia morrowi Harvey 1857 NIS NIS I 1IE
Solieria filiformis (Kiitzing) Gabrielson 1985 NIS NIS I 1IE
Spermothamnion C)'zmosum (Harvey) De NIS AR I
Toni, 1903
Vertebrata fruticulosa (Wulfen) I
Kuntze 1891
Yendoa hakodatensis (Yendo) C.C.Santos, i
I I I NI 1 1IE
Lyra & J.M.C.Nunes 2022 NIS NIS in Italy s
Aeluropus littoralis (Gouan) Parl.
Agrostis stolonifera L.
Elymus athericus (Link) Kerguélen 1IE
Hydrocharis morsus-ranae L. 1IE
Juncus gerardi Loisel. 1IE
Parapholis incurva (L.) C.EHubb. 1IE
Schoenoplectus litoralis (Schrad.) Palla 1E
Sporobolus anglicus (C.E.Hubb.) NIS E
P.M.Peterson & Saarela 2014
Sporobolus x townsendii (H.Groves & NIS E
J.Groves) P.M.Peterson & Saarela 2014
Althaea officinalis L. 1IE
Apium graveolens L. 1IE
(Continued)
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TABLE 3 Continued

Venice Lagoon Italian Mediterranean European

Species

Atriplex littoralis L. A

Atriplex tatarica L. A

Atriplex portulacoides Linnaeus 1753 A
Cakile maritima Scop. A 1IE
Lepidium ruderale L. A 1IE
Limonium vulgare Mill. IE
Melilotus officinalis (L.) Lam. A 1IE
Odontites vulgaris Moench Q IE

Plantago maritima L. A
Plantago coronopus L. A 1IE
Plantago major L. 1IE

Plantago major subsp. major L. A
Polygonum aviculare L. IE

Schenkia spicata (L.) G.Mans. A

Sonchus maritimus L. A

Spergularia marina (L.) Besser A

Spergularia bocconei (Scheele) Graebn. A

Suaeda maritima (Linnaeus) Dumort 1827 A

Suaeda vera Forssk. ex ].F.Gmel. A
Xanthium orientale L. 1IE

A, Alien; AE, Alien established; C, Cryptogenic; I, Invasive; IE, Invasive in Europe; IEs, Introduced - established; IS, Introduced species; NIS, Non-indgenous species; R, Rare; SR, Should be removed; Q, Questionable.
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these species are listed in the IUCN - Red List and categorized as of
Low concern (LC) (Apium graveolense and Spergularia marina)
(IUCN, 2024).

Six species are included in the TUCN - Red List, with 5
categorized as LC (Cymodocea nodosa, Ruppia cirrhosa, Ruppia
maritima, Zostera noltii and Zostera marina, all seagrasses reported
in the Venice Lagoon over the centuries), and one listed as
Vulnerable (VU) (Salicornia procumbens subsp. procumbens, ex.
Salicornia veneta Pignatti & Lausi) (IUCN, 2024).

Cymodocea nodosa, Zostera noltii and Zostera marina are also
included in the Barcelona Convention (UNEP, 2018).

Lastly, some species are reported as cryptogenic in the EASIN
Catalogue (Ectocarpus siliculosus, Ectocarpus siliculosus var.
hiemalis, Pyropia leucosticta, Sphaerococcus coronopifolius) and
one is labelled as questionable (Limonium narbonense). Further
investigations are necessary to correctly define their status.

2.4 Modelling

The detection of species in a specific study area over time can
inform models of species distribution, often referred to as “biodiversity
models,” which predict patterns of biodiversity (Pollock et al., 2020).
Among these, Spatial Distribution Models (SDMs) are particularly
noteworthy (Feeley and Silman, 2011). SDMs integrate species
occurrence data with environmental factors to estimate the likelihood
of species presence in unsurveyed locations or times (Milanesi et al,,
2020). However, SDMs typically assume a static environment, which
fails to capture the dynamic nature of real ecosystems (Milanesi et al,,
2020). Species distribution evolves over both time and space,
prompting recent research to focus on developing dynamic SDMs
(Oliver et al., 2012; Thorson et al., 2016; Milanesi et al., 2020).

According to Milanesi et al. (2020), these models can incorporate
temporal changes in species distribution and relevant ecological
characteristics, leveraging time series data from various sources
(some examples are reported in Milanesi et al., 2020). This results
in robust models capable of predicting species occurrence across
seasonal and annual variations which is crucial for conservation
efforts. Additionally, SDMs can estimate two key parameters used by
the IUCN for the Red List: the Extent of Occurrence (EOO) and the
Area of Occupancy (AOO) (Fivaz and Gonseth, 2014). As noted in
Section 2.3, there is a significant data gap for many species reported in
the Venice Lagoon. Therefore, employing the species list from this
study alongside the methodology proposed by Fivaz and Gonseth
(2014) can assist in assessing the conservation status of the
photosynthetic biodiversity in the Venice Lagoon. Moreover, if
time series data on species and ecological parameters become
available for other regions (e.g., coastal systems), similar models
could be developed for those areas as well.

2.5 Molecular resources for
species classification

Species identification may encounter several limitations:
(1) phenotypic plasticity and genetic variation can cause mistakes in
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the identification; (2) cryptic species, characterized by similarities in
size, life stage and/or morphology similar to other different species, are
prevalent in various taxonomic groups (Bartolo et al, 2020); (3)
morphological keys are useful during specific life stages of the species
(e.g. the presence of the flower for identifying higher plant species); (4)
utilizing morphological keys require a high level of expertise; however,
they still pose the risk of misidentification (Kowalska et al., 2019).

The integration of molecular tools with the use of
morphological keys can speed up and facilitate the identification
process for photosynthetic cryptic species, as well as aiding in the
control and detection of non-indigenous species (Kowalska et al.,
2019). One such tool is DNA barcoding, which relies on sequencing
one or a few relatively short loci standardized across many taxa,
providing unequivocal identification of the targeted taxa (CBOL
et al,, 2009; Kowalska et al., 2019; Bartolo et al., 2020). Commonly
used markers for photosynthetic taxa include rbcL and matK for
plants (CBOL et al., 2009); cox-1 and rbcL for Rhodophyta and
Heterokontophyta, and fufA for Chlorophyta (Saunders and
McDevit, 2012).

The sequences obtained from the amplification of these specific
markers are subsequently compared against public accessible
databases. Therefore, if the sequence is not available, identification
becomes more challenging.

On this regard, after a search of the available sequences on
NCBI (last accessed on 20" February 2024) for the species recorded
in the Venice Lagoon, 50.56% of the macroalgal species ever
reported lack any available sequences, whereas for plants, this
value stands at only 11.83%. Additionally, considering other
online databases, as reported by Bartolo et al. (2020), the
availability of macroalgal sequences in the Barcode of Life Data
System (BOLD) for the Mediterranean Sea is limited. This
underscores that without a morphological description of the
organisms, identification becomes impossible for many species
when only genomic data are accessible.

Nevertheless, even if molecular references are available, the
species associated to that sequence can sometime be not reliable, for
example due to the taxonomic impediment (lack of taxonomy
experts) (Robuchon et al, 2015). Therefore, the integration of
both fields (morphology and molecular) can help in the creation
of a database of sequences named after a reliable morphological
identification. This would be an important support in the discovery
of phenotypic plasticity, in particular in seaweeds.

3 Conclusions and
potential implications

Coastal systems are particularly vulnerable ecosystems, heavily
impacted by high concentrations of human activities such as
tourism, aquaculture, and urban development. These disturbances
and the stresses from anthropogenic activities alter the ecosystem,
making it more susceptible to biological invasions and sudden
environmental changes.

From the 19" century to the first two decades of the 21*" century,
human activities have significantly altered the Venice Lagoon, exerting
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a profound influence on its environmental dynamics. At the same time,
analysis of past record of the photosynthetic taxa reveals shifts in the
contribution of certain taxa to the total photosynthetic biodiversity, for
instance, an increase in the percentage of Rhodophyta and a decrease of
Heterokontophyta in more recent records. Moreover, considering the
ecological value of the species reported at various times since the 19
century, there has been a rise in opportunistic and short-lived species,
potentially compromising the stability and health of the ecosystem.
Compounded by the presence of numerous non-indigenous species, all
these factors collectively represent a serious threat for the lagoon. To
address these challenges, comprehensive monitoring initiatives must be
implemented, particularly focusing on mapping species distribution
throughout the entire lagoon. Such efforts are crucial for early detection
of invasive species and declines in sensitive species, facilitating timely
intervention to mitigate further ecological degradation. Moreover,
comparing historical species lists with recent monitoring campaigns
is crucial for understanding the changes that have occurred over the
centuries (Willis et al., 2007). These findings can guide the
prioritization of monitoring efforts by highlighting areas of past
distribution that warrant closer examination. Additionally, about
potential restoration activities, this work can serve as a baseline for
planning efforts by focusing on areas that retain characteristics more
similar to the past (Yoshioka et al., 2014). It also provides a reference
for the historical ‘biological status’ of the lagoon system under study,
which can aid in planning more effective restoration initiatives
(Willis et al., 2007). In conclusion, historical reviews of species are
very important tools for addressing the challenges posed by
anthropogenic impacts and global climate change, particularly in
lagoon ecosystems that are highly sensitive to disturbances.
Understanding how these systems have changed over the centuries,
both in terms of species composition and significant events, can inform
the development of biodiversity models that forecast future scenarios.
By integrating these historical data with the ecological characteristics of
the environment being studied, researchers can enhance the accuracy
of their predictions (Milanesi et al., 2020).
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