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Biomass, production and growth
strategies of the eelgrass Zostera
marina, a relict cold-loving
species: the Venice Lagoon as a
study case
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This study investigates the biomass production and growth strategies of the relict
seagrass Zostera marina, a species sensitive to high temperatures, within the
Venice Lagoon (Italy). Monthly data collected from January to December 2019
and November 2020 to October 2021 in a single station in proximity of one
lagoon port-entrance, along with seasonal data from 2018 and 2021 for the
whole lagoon, were analyzed in conjunction with environmental parameters and
macroalgal presence. The objective was to understand the impact of climate
changes, particularly rising water temperatures, on the cover, standing crop and
net primary production of Z. marina and the effect of the MoSE gate closures
designed to protect Venice from high-water events. Despite expectations of a
decline due to temperature increase and reduced water exchange, our findings
reveal a notable adaptability of Z marina, with increases in both cover and
biomass. This resilience suggests that Z. marina can counteract environmental
challenges, making this study relevant for broader ecological and conservation
contexts beyond the Venice Lagoon.
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1 Introduction

Seagrasses, and more in general aquatic angiosperms, are one of
the most important primary producers in coastal waters and
transitional water systems, where their dominance is generally
considered a good indicator of pristine-oligotrophic (undisturbed)
or almost pristine environmental conditions (Orfanidis et al., 2003;
Sfriso et al., 2007). On the contrary, the absence or replacement of
angiosperm meadows by free-floating opportunistic macroalgae is a
symptom of eutrophication and environmental degradation (Sfriso
et al., 1987; Morand and Briand, 1996; Viaroli et al., 2008).

In the world 72 species of seagrasses are reported, compared to
5,000-6,000 species of seaweeds (https://www.wri.org/insights/
understanding-seagrass).

Among them, Zostera is the most spread genus belonging to the
class Monocotyledoneae, order Helobiae and family Zosteraceae. At
present, Guiry and Guiry (2024) reported 5 accepted species names
in the database (Algaebase.org) and the eelgrass Z. marina is the
most widely distributed species, colonizing the intertidal and
subtidal zones of shallow areas where it grows up to -12 m on the
mean sea level (MSL), from temperate waters to northern Arctic
regions, preferentially in muddy bottoms in the presence of clear
waters (den Hartog, 1970; Short et al.,, 1993; Borum and Greve,
2004; Jarvis et al., 2012; Olesen et al., 2015).

However, since the 1900s, Z. marina populations were affected
from a lot of anthropogenic impacts causing eutrophication and
severe wasting diseases. In the 1930s the North Atlantic (the Great
Bay Estuary, on the New Hampshire-Maine border) Z. marina
populations were decimated by a massive epidemic of wasting
disease, an infectious marine slimemold of genus Labyrinthula
(Milne and Milne, 1951; Short et al.,, 1986; Gustafsson and
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Bostrom, 2014; Hughes et al.,, 2018). Then, since the 1960s it has
recolonized, many areas characterized by water clarity, although
other wasting diseases were recorded in 1980s and 1990s (Short
et al., 1988; Burdick et al,, 1993). However, other diseases caused by
Aplanochytrium sp. affected Zostera populations also in more recent
years, favored by herbicides and nitrate inputs which increased the
susceptibility of Z. marina to infections (Hughes et al., 2018). In the
late 1940s Wilson (1949) reported a strong Z. marina decrease due to
macroalgal overgrowth whereas den Hartog (1994) found in
Enteromorpha radiata J. Agardh blooms the decline of this species.
In general, harmful algal blooms are considered to be one of the
biggest threats to benthic vegetation (Gustafsson and Bostrom, 2014).

Z. marina is a relict species, present only in the boreal regions
originated when the Tethys Sea covered much of the northern
hemisphere (Setchel, 1935), with a wide North American and
Eurasian distribution. In the past it was present also along the
Italian coasts (Portal to the flora of Italy, 2023), even if it is currently
in sharp decline or even disappearing almost everywhere due to
eutrophication, pollution and water temperature increase. Some
years ago Cecere et al. (2009) reported the presence of wide and
dense populations of Z. marina in the lagoons of Venice and
Marano-Grado. Sporadic populations were also recorded in some
lakes of Sicily (Faro and Ganzirri), Sardinia (Santa Giusta, Tortoli,
Boi Cerbus, Is Benas) (Cecere et al., 2009) and in the marine coats of
the Gulf of Panzano (Monfalcone) in the northwestern Adriatic Sea
(Curiel et al., 2021). In 2022-23 sods and rhizomes of Z. marina
were also transplanted in some lagoons of the Po Delta in the
framework of the still ongoing project Life TRANSFER
(www.transfer.eu, Life 19 NAT/IT/000264) and small populations
are now present in Caleri and Albarella, whereas other populations
are expected to take root in Barbamarco and Goro.

frontiersin.org


https://www.wri.org/insights/understanding-seagrass
https://www.wri.org/insights/understanding-seagrass
http://www.transfer.eu
https://doi.org/10.3389/fmars.2024.1424638
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sfriso et al.

The most extended eelgrass populations are present in the
Venice Lagoon (Rismondo et al., 2003; Sfriso et al., 2007), where
they have shown continuous changes over the time (Sfriso et al,
2022a). Indeed, before the 1960s-1970s, Z. marina, like other
aquatic angiosperms, showed the highest distribution that
drastically decreased in the 1980s during the period of excessive
growth of macroalgae. In the following years it began to recolonize
the lagoon but was hampered by the harvesting of the Manila clam
Ruditapes philippinarum Adams & Reeve that disrupted the lagoon
bottoms and resuspended large amounts of sediment increasing
water turbidity (Sfriso et al., 2005b). When clam stocks declined,
mainly due to overfishing, starting from the 2010s this eelgrass
began to recolonize the lagoon.

The first map of Z. marina in the Venice Lagoon dates back to
the early 1990s (Caniglia et al., 1990, 1992). Overall, in 1990 this
species covered 36.4 Km?, of which 2.66 Km?* as pure populations
and 33.8 km” as mixed with N. noltei and C. nodosa. In 2002, this
eelgrass displayed a cover of 34.4 km? of which pure populations
increased up to 22.0 Km? (Sfriso et al., 2009).

In 2003, Sfriso and Facca (2007) mapped the presence of this
species throughout the entire lagoon. Z. marina covered mostly the
southern lagoon, especially the bottoms near Chioggia and some
areas at north and south of the Malamocco-Marghera Canal,
whereas it was negligible in the northern lagoon. The eelgrass
covered approx. 26.1 Km?, accounting for a standing crop (SC) of
91 Ktonnes FWT and a net primary production (NPP) of 343
Ktonnes FWT (Sfriso et al., 2022a).

In the Venice Lagoon, the first studies on Z. marina
morphology and production date back to February 1994-February
1995 (Sfriso and Marcomini, 1997, 1999; Sfriso and Ghetti, 1998;
Zharova et al., 2001; Rigolett et al., 1999). In those investigations,
the biomass variation and production of Z. marina, as well as of N.
noltei and C. nodosa, were recorded monthly during one year in a
southern lagoon station (Petta di Bo) (Figure 1).

In July 1998-June 1999, the growth of Z. marina was studied
also in the central lagoon at Alberoni, a station near the Malamocco
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FIGURE 1

Venice Lagoon subdivision in three morphological basins and sampling sites.
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port-entrance (Sfriso et al., 2005a). Successively, the coverage of Z.
marina was recorded by our team in 118 (in 2011) and 88 (in 2014,
2018 and 2021) stations, spread along the entire Lagoon (Mo.
V.Eco. I, 2012, Mo.V.Eco. II, 2015, Mo.V.Eco. III, 2019,
Mo.V . Eco. IV, 2022).

Climate changes, and in particular the increase of water
temperatures, can severely affect the spread and growth of this
species, putting its presence at risk. Among the Italian seagrasses, Z.
marina is the less thermotolerant; indeed, the highest water
temperatures tolerated by this cold-loving species are below 26-
28°C (Hoftle et al., 20115 Sfriso et al., 2019a), while above these
temperatures it declines and dies.

This study aims to understand how Z. marina, a cold-loving
seagrass species, responds to various environmental pressures. Our
investigation mainly focused on two primary pressures: 1) the effect
of different environmental parameters/macroalgal variables,
especially the increase in water temperature due to climate
changes; 2) the impact of the MoSE (Modulo Sperimentale
Elettromeccanico, namely Experimental Electromechanical
Module) mobile gates (autumn 2020-winter 2021), put into action
in the three lagoon water inlets to contrast the Venice Lagoon high
tide events.

By examining and comparing the obtained results, we aim to
provide insights into the resilience and adaptability of Z. marina,
with broader implications for ecological conservation.

2 Materials and methods

2.1 Study area

The Venice Lagoon is a polyhedric shallow water body of
approx. 549 Km?, located in the North-Western Adriatic Sea. It
has a water surface of ca. 432 Km?, a mean depth of ca. 1.2 m, and a
mean tidal excursion of +31 ¢cm (Figure 1).

Venice Lagoon

Northern

port-entrance

frontiersin.org


https://doi.org/10.3389/fmars.2024.1424638
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sfriso et al.

The lagoon is connected to the sea through three large (400-900 m)
and deep (15-20, up to 50 m) port-entrances, which allow a total water
renewal of approx. 50% each tidal cycle (12 hr), although in the choked
areas water renewal can take up to 40 days (Cucco and Umgiesser,
2006). The lagoon is subdivided into three hydrological basins,
separated by Lido and Pellestrina watersheds that shift depending on
tides and winds. They change with spring tides or neap tides, with
higher tides in autumn and during strong wind events, and can move
more than a kilometer, especially near the main channels. To better
define basin boundaries, the present study refers to the three
morphological basins as “northern”, “central” and “southern”, as
depicted in Figure 1. The deep Malamocco-Marghera Canal marks
the separation between the central and the southern basin, while Burano
and Torcello tidal marshes divide the central and the southern ones.

The central basin has been the most studied for the multiple
impacts of industrial waste, urban sewage and other anthropogenic
pressures, such as commercial and touristic activities and the illegal
harvesting of the Manila clam Ruditapes philippinarum Adams &
Reeve by disruptive fishing gears (Pranovi and Giovanardi, 1994).
Before the 1970s-1980s, it was mainly colonized by seagrasses and
Ruppia cirrhosa. Then, between the 1980s and the early 2000s,
aquatic angiosperms almost completely disappeared due to the
trophic status increase and the abnormal growth of nuisance
macroalgae, especially Ulva rigida C. Agardh (Sfriso et al., 1987).
Z. marina started to recolonize the central basin only in the
following years (Sfriso and Facca, 2007).

The northern basin, due to its high choked morphology and
shallow waters, is characterized by low water exchanges. Seagrasses and
R. cirrhosa completely disappeared in early 2000s (Sfriso and Facca,
2007) and started to recolonize the lagoon only in 2014. The
recolonization was mostly due to the transplants of approx. 75.000
rhizomes with 1-3 shoots, carried out during the Life project SERESTO
(Life12 NAT/IT/000331, www.lifeseresto.eu, Sfriso et al. (2021), and
of approx. 26,000 rhizomes, during the project LAGOON
REFRESH (Life 16 NAT/IT/000663, www.lagoonrefresh.eu).

The southern lagoon is the basin with the least anthropogenic
impacts, lower pollutants and nutrient concentrations (Sfriso et al.,
2005a, 2019); it has been always characterized by extensive
populations of seagrasses, including Z. marina (Caniglia et al,
1990, 1992) which have changed little over time with the exception
of the areas close to the salt marshes in the past densely colonized by
N. noltei. Indeed, this species had almost disappeared due to the
reconstruction of many artificial salt marshes, but it is currently
showing a strong recovery (Sfriso et al., 2022a).

2.2 Biomass and net primary
production determination

The standing crop (SC) and net primary production (NPP) of Z.
marina have been measured on a temporal scale (24 monthly
samples for the biomass and morphological parameters; 48
samples twice a month for the primary production) in a station:
Ca’ Roman during 2019 and 2020-21, and on a spatial scale (88
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stations and surrounding areas, in the entire lagoon in 2018 and
2021 (Figure 1).

2.2.1 Temporal scale changes at Ca’ Roman

The biomass (i.e. shoots and roots-rhizomes) of Z. marina was
recorded by averaging 6 sub-samples collected within a frame of
20x25 cm (0.05 m?), according to the procedure of Sfriso and Ghetti
(1998) that allows an accuracy >95%. Plants were collected with
rhizomes in the first 10-15 cm of sediment top layer, washed in situ
in a perforated thank (pore size approx. 1 cm) to eliminate
sediment, benthic organisms and bivalve/gastropod shells, and
stored in a refrigerator in plastic bags at 4°C, until the
morphometric determinations occurred within 1-3 days. Before
the analyses, samples were washed with tap water to eliminate salts,
sorted in shoots, roots-rhizomes and blackened dead parts, dried
with laboratory paper and weighed. The plant biomass was
calculated as the sum of these three fractions (i.e. shoots, roots-
rhizomes, blackened dead parts). At each monthly sampling, the 20
longest shoots were measured (precision 1 mm) to determine the
maximum height of the prairie and the number of leaves per shoot.

The NPP was estimated twice a month by marking the leaf
bundles above the leaf and rhizome meristems with a hole of 10
shoots/rhizomes and measuring the growth of leaves and rhizomes
between subsequent samplings. The total production was obtained
by the number of shoots per square meter. Results in cm per shoot
and cm per rhizome were transformed into weight values by the
weight determination of 10 linear meters of leaves and 1 meter
of rhizomes.

2.2.2 Spatial scale changes in the entire lagoon
The cover and SC of Z. marina were recorded by sampling 88
stations spread in the entire lagoon in 2018 and 2021 (Figure 1).
Accurate monitoring of Z. marina presence around these stations,
determined by using a GPS Garmin MAP78, allowed to draw its
distribution in 4 cover (0-25, 25-50, 50-75, 75-100%) and weight ranges
(0-1.5, 1.5-3.0, 3.0-4.5, 4.5-6.3 Kg FWT m'2) in a map with a scale
1:50,000, according to Sfriso and Facca (2007). The sum of the biomass
of each range per its cover allowed to determine the mean and
maximum SC. The use of the annual biomass Production/maximum
annual Biomass ratio (P/B ratio), determined on yearly basis in many
stations of the lagoon, allowed also to determine the total NPP.

2.3 Environmental parameters

Water column temperature (precision 0.1°C), water pH (pHw,
precision 0.01 units), and water redox potential (Ehw, precision 1
mV) were determined by a portable Hanna pHmeter (mod.
HI98190, Hanna Instruments Italia srl). Oxygen concentration
was measured by a portable dissolved oxygen meter Oxi 3310
(Wissenschaftlich-Technische Werkstitten GmbH, Weilheim,
Germany). Water depth and water transparency were measured
by a Secchi Disk.
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Water samples were obtained by mixing six sub-samples of the
entire water column collected with a handmade bottle (diameter 4
cm, height 150 cm), and 0.25-1.0 L of the mixed sample were
filtered with a Swinnex filter holder through Whatman GF/F glass
microfiber filters (porosity 0.7 pm). Filters and approx. 250 ml of
filtered water samples were stored at -20°C for nutrient (RP =
reactive phosphorus; SiO44' = silicate, DIN = sum of ammonium,
NH,", nitrite: NO,", nitrate: NO;3") and Chlorophyll-a (Chl-a) -
Phaeophytin-a (Phaeo-a) determination, according to Strickland
and Parsons (1984). Two water sub-samples (250-500 ml) were
filtered through GF/F glass microfiber filters, after desiccation at
130°C for one hour, for the determination of total suspended solids
(TSS). Filters were stored frozen until the laboratory analysis, after
washing with Milli-Q water to remove salts. Additional 20 ml sub-
samples were retained for the laboratory determination of salinity
by titration method following Oxner (1962).

Three cores of surface sediments were collected with a Plexiglas
corer (i.d. 10 cm), retaining the first 5 cm top-layers that were
carefully mixed in a tank. Sediment pH (pHs) and redox potential
(Ehs) were immediately measured with another portable Hanna
pH-meter, only used for sediment measurements. Two sub-samples
of 50-100 ml were kept frozen for the analyses of the main sediment
parameters (i.e. Fines: fraction <63 um, density, moisture) and the
concentration of nutrients [i.e. total phosphorus (Ptot), inorganic
phosphorus (Pinorg), organic phosphorus (Porg), total nitrogen
(Ntot), total carbon (Ctot), inorganic carbon (Cinorg) and organic
carbon (Corg)].

Sediment density was obtained in laboratory after sediment
desiccation at 110°C in tared crucibles of approx. 30 ml. Fine
percentage was determined by wet sieving approx. 50 g of dried
sediment throughout Endecotts sieves (ENCO Scientific
Equipment, Spinea, Italy). All analyses were performed in duplicate.

Total phosphorus (Ptot) was determined after 2 hours
combustion at 550°C of 0.3-0.4 g of pulverized dry sediment,
followed by 30 minute sonication of the combusted sample in 50
ml of IN HCI. After making the sample to settle for at least an hour,
0.5 ml of the supernatant were taken with a graduated gas-
chromatographic syringe and diluted to exactly 10 ml in a
volumetric flask, in order to have a final dilution of 1 liter and
the results expressed directly in uM. Phosphorus concentration was
determined spectrophotometrically at 885 nm following Aspila
et al. (1976). Inorganic phosphorus (Pinorg) was obtained with
the same procedure used for Ptot, but without combustion at 550°C,
whereas the concentration of organic phosphorus (Porg) was
obtained by difference. All analyses were replicated twice in
different days and values were considered reliable when the
coefficient of variation (standard deviation/mean) was <5%.

The settled particulate matter (SPM) was obtained by pyramidal
sedimentation traps (base: 20x20 c¢m, heigh 10 cm, mouth 15 cm),
covered with a net to avoid fish entering and placed on the bottoms
according to Sfriso et al. (2005b). Traps were emptied monthly and
volumetric samples were retained for the weight determination and
processed in order to have monthly and daily sedimentation rates
per square meter, regardless of the sampling days.

Frontiers in Marine Science

10.3389/fmars.2024.1424638

2.4 Statistical analyses

The time-scale associations of 7 Z. marina variables (i.e. weight
of dead parts, rhizomes, shoots, number and height of shoots,
elongation of shoots and rhizomes) with 15 water parameters (i.e.
RP, NH,*, NO;, NO,, SiO44', pHw, Ehw, Chl-a, Phaeo-a, TSS,
DO, Salinity, Temperature, Depth, Transparency), 11 sediment
parameters (i.e. Pinorg, Porg, Cinorg, Corg, Ntot, pHs, Ehs,
density, moisture, porosity, Fines), SPM and 5 macroalgal
variables (i.e. macroalgal cover and biomass, number of
macroalgal taxa, sensitive and calcareous species), recorded
monthly at Ca’ Roman in 2019 and 2020-21 (24 samples) were
obtained by applying the Principal Components Analysis (PCA).

The PCA analysis was also applied to the same 15 water
parameters and the 5 macroalgal variables and to 8 sediment
parameters (i.e. Pinorg, Porg, Cinorg, Corg, Ntot, density,
moisture, porosity) recorded in 88 stations spread across the
entire lagoon in 2018, in order to highlight those most closely
associated with the presence/absence of the eelgrass although results
can’t always prove cause and effect. In both cases the associations
with Z. marina were highlighted by plotting the first two
components on a plane.

3 Results

3.1 Zostera marina standing crop and
primary production at Ca’ Roman

Figure 2 shows the Z. marina monthly variation in biomass,
shoot number and shoot height per square meter on an annual basis
at Ca’ Roman.

The mean biomass recorded during the two years ranged from
2399 + 993 (2019) to 3500 + 1198 g FWT m'2 (2020-21), with peaks
up to 5929 ¢ FWT m™. The biomass of shoots and rhizomes was
quite similar in 2019, whereas rhizomes prevailed on shoots in 2020-
21. On average, the biomass of the blackened and dead parts of shoots
and rhizomes in 2019 (474 g FWT m™) was two-fold higher than in
2020-21 (240 g FWT m™). Plant height was very similar, ranging
from 35.2 + 8.5 to 39.2 + 6.3 cm, with mean peaks up to 51.2 cm and
single shoots up to 1 m high, whereas the number of shoots per
square meter ranged between 696 + 291 and 974 + 317.

Figure 3 shows the monthly growth of shoots and rhizomes
during the two sampling years. During 2020-21 the mean plant
growth was higher than in 2019. On average, the mean growth was
2.73 (2019) - 3.27 cm day'1 (2020-21) per shoot and 0.077 (2019) -
0.090 cm day™ (2020-21) per rhizome. Growth peaks were recorded
in May, with 5.69-6.83 cm day™" (for shoots) and 0.22-0.23 cm day’
(for rhizomes), whereas the lowest growth values were on average
recorded in August-September.

On a wet weight basis, the annual production accounted for
12,981 and 20,677 g FWT m ™ y ' in 2019 and 2020-21, respectively.
Shoots represented the 83.7-85.9% of total production, whereas
rhizomes only the 14.1-16.3%. The annual biomass Production/
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Biomass, shoot number and shoot height monitored at Ca’ Roman in 2019 and 2020-21

maximum annual Biomass (P/B) ratio ranged from 2.69 in 2019 to
3.49 in 2020-21.

3.2 Zostera marina standing crop and
primary production in the entire lagoon

Z. marina colonized all the three lagoon basins (Figure 4),
especially the deepest waters and the areas close to the main canals.
Indeed, the highest cover was recorded in the southern and central
lagoon, around the main canals (Malamocco-Marghera Canal and
Poco Pesce Canal) that connect these basins with Malamocco and
Chioggia port-entrances, respectively, whereas the presence of this
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species in the northern basin was negligible. However, in 2021
prairies were more extensive than in 2018, especially in the southern
basin (Table 1).

The values of SC and NPP in the whole lagoon indicated that Z.
marina colonized 38.2 Km? in 2018 and had a significant increase in
2021, when the plant cover reached 49.4 Km?2. The increase was
mostly due to the colonization of new areas, where plant density
had been not so high yet, as shown by the surface increase in the
cover ranges between 0 and 3 Kg FWT m™. However, because of a
slight reduction in the highest range, the SC and NPP increases in
2021 were almost negligible, changing from 145 and 545 Ktonnes
(FWT) in 2018 to 148 and 564 Ktonnes (FWT) in 2021,
respectively, for the SC and NPP.
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Cover and biomass distribution in 4 ranges in 2018 and 2021.

3.3 Statistical analyses

3.3.1 Zostera marina at Ca’ Roman

The principal component analysis (PCA) between different Z.
marina variables and environmental parameters of water column,
surface sediments and macroalgal variables recorded inside the same
station at Ca’ Roman in 2019 and 2020-21, showed 11 components
explaining 91.3% of the total variance. The first two components
(variance 31%) are plotted in a plane (Figure 5). Results show two
main groups of parameters/variables. On the left the first one
highlights the strong associations between Zostera variables and
temperature, pHs, pHw, Chl-a, sediment density, the number of
sensitive and calcareous macroalgal taxa. On the right the second
one shows the parameters that hinder eelgrass growth: i.e. sediment
moisture, sediment porosity, DO, salinity and nutrient concentrations
in water column. The other parameters showed intermediate patterns.

3.3.2 Zostera marina in the entire lagoon

The PCA analysis of the data collected in late spring-early
summer 2018 throughout the entire lagoon, with and without the
presence of the eelgrass, is reported in Figure 6. Nine components
explained a total variance of 73%. The plot of the first two

Frontiers in Marine Science

components (variance 37%) highlighted two main groups. On the
right, the presence of Z. marina was associated with sensitive,
calcareous and total macroalgal taxa and in a minor extent with
algal biomass and algal cover. Among the environmental
parameters water transparency, DO, pHw, Ehw salinity, Pinorg
and sediment density played a key role to explain the eelgrass
presence. On the left, all the parameters that counteract its presence
are grouped: i.e. nutrient concentrations in the water column (RP,
NH,", NO5’, NO,, SiO44’), in surface sediments (Porg, Corg, Ntot,
Cinorg), Chl-a, Phaeo-a, TSS, temperature, sediment porosity
and moisture.

4 Discussion

This study analyses the growth of Z. marina in a station where it
forms a dense population and the presence/absence of this eelgrass
throughout the entire lagoon to investigate both the environmental
parameters and macroalgal variables that could affect its growth and
its presence/absence.

In the Venice Lagoon, Z. marina, in contrast to many papers
reported in literature (Short et al., 1988; Burdick et al., 1993; Wilson,
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TABLE 1 Distribution of the biomass in ranges, mean and maximum biomass values, cover, standing crop and NPP of Z. marina in the entire lagoon in
2018 and 2021.

Biomass Standing Crop Primary production
Cover
Range mean ‘ max Ktonnes (FWT) P/B NPP
. Ktonnes
Kg FWT m™2 Km? % mean max (FWT)
4.50 - 6.30 5.40 6.30 18.2 47.6 98.2 114.5 3.30 378
3.00 - 4.50 3.75 4.50 7.40 193 27.7 333 2.69 89.5
1.50 - 3.00 2.25 3.00 6.66 17.4 15.0 20.0 2.69 53.7
0.00 1.50 0.75 1.50 5.99 15.7 4.49 8.99 2.69 24.2
total 38.2 100 145 177 545

Biomass Standing Crop Primary production
Cover
Range mean ‘ max Ktonnes (FWT) P/B NPP
o Ktonnes
Kg FWT m™2 Km? % mean max (FWT)
4.50 - 6.30 5.40 6.3 15.4 31 82.9 96.8 3.30 319
3.00 - 4.50 3.75 45 7.1 14 26.6 31.9 2.69 85.9
1.50 3.00 2.25 3 123 25 27.7 36.9 2.69 99.3
0.00 - 1.50 0.75 1.5 14.7 30 11.02 22.04 2.69 59.3
total 49.4 100 148 188 564

Ktonnes, thousand tonnes; FWT, Fresh weight.

1949; den Hartog, 1994), is showing a significant recruitment.
Indeed, the comparison between the data on Z. marina
distribution, biomass and NPP obtained in this study (2018 and
2021) and the situation recorded in 2003 (Figure 7; Table 2) shows a
strong increase in the spread and production of this species,
especially in the central and in northern lagoon basins. This is
probably due to the strong reduction of the trophic level and
harvesting of the Manila clam Ruditapes philippinarum (Sfriso
et al., 2005a; Sfriso et al., 2019b).

Between 2003 and 2018, the colonization of this species
increased from 26.1 to 38.2 Km? and in 2021 it even reached
49.4 Km? (Table 2). In 2003, Z. marina was completely absent in the
northern basin, showing only few populations in the central lagoon.
In 2018, it colonized 2.91 and 12.7 Km?, in the northern and central
basins respectively, increasing to 3.69 and 14.1 Km> in 2021.
Consequently, SC and NPP markedly increased from 2003 to
2018 and continued slightly to increase also in 2021. These data
are in contrast with the expectation of the eelgrass decline in 2018
and 2021, based on the water temperature increase (Vilibic et al.,
2019; Bonacci et al., 2021), and in 2021 also as a possible
consequence of MoSE gate closures (Ghezzo et al, 2010;
Baldassarre et al., 2023), which reduced the water exchange
between the Venice Lagoon and the Northern Adriatic Sea.
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Indeed, although water temperature shows a general increasing
trend, in the Venice Lagoon the temperature changes have been
observed mostly in winter (Amos et al., 2017), since no more frost
events in surficial waters have occurred. Z. marina is a cold-loving
species, which starts the production of new shoots at 5°C (Zharova
etal, 2001) and shows a generative growth at 15-20°C (Rasmussen,
1973; Zharova et al., 2001), while its growth is inhibited above 25°C
(Wetzel and Neckles, 1986). Therefore, the summer decrease of the
eelgrass is usually followed by a winter recovery, which allows for a
greater plant growth at temperatures higher than 5-6°C.

In addition, in the last 30 years, the lagoon has suffered of
intense subsidence and eustatism phaenomena (Carbognin et al.,
2004; Zanchettin et al., 2021) and has been affected by strong
sediment erosion and grain-size changes, due to clam harvesting
(Aspden et al., 2004; Sfriso et al., 2005b) and to wave motion caused
by an increased naval traffic (Rapaglia et al., 2015; Parnell et al,
20165 Scarpa et al., 2019). Consequently, in many lagoon areas (e.g.,
in the bottoms around the Malamocco-Marghera Canal), water
depth has markedly increased (Carniello et al., 2009), favouring the
colonization of Z. marina. In fact, this species prefers deeper and
cooler waters and colonizes the canal edges affected by high water
renewal, disregarding choked and shallow areas where water
temperature can easily exceed 30°C.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1424638
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sfriso et al.
PCA (Ca' Roman)
08
gBiom
Sio,* DeadPWT
.
SD C .
e ore B Flr.les
Chl-a SPM
RhizGr * Tss
€ . . ®
g pHs Depth
5 .
-3 Temp.  shootGr 00
g 10 ° 04 Cinorg
S .
ShootH .
E 03 ng?tB
Pinorg
e
pHW _° % Ntot
e Porg .
-08
1t component
FIGURE 5

Principal component plot of Z. marina variables (dark green),
nutrient parameters (black) and macroalgal variables (light green) at
Ca’ Roman in 2019 and 2020-21. AlgBiom, Macroalgal Biomass;
AlgCalc, Calcareous Macroalgae; AlgCov, Macroalgal Cover;
AlgSens, Sensitive Macroalgae; AlgTot, Total Macroalgal Taxa; DO,
Dissolved Oxygen; Chl-a, Chlorophyll-a; Cinorg, Inorganic Carbon;
Corg, Organic Carbon; DeadPWT, Dead Part Weight; Moist.,
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SDens, Sediment Density; pHs, Sediment pH; pHw, Water pH; Sal.,
Salinity; ShootGr, Shoot Growth; ShootH, Shoot Height; ShootN®,

Shoot Number; ShootWT, Shoot Weight; Temp, Water temperature;

Transp., water transparency; TSS, Total Suspended Solids. On the
left, in the blue circle, parameters/variables associated to Z. marina
variables, on the right, in the pink circle, parameters/variables that
counteract its growth.
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Principal component plot of Z. marina presence with water and
sediment parameters and macroalgal variables in late spring — early
summer 2021. On the right, in the blue circle, parameters/variables
associated to Z. marina presence, on the left, in the pink circle,
parameters/variables that counteract its presence. see Figure 5.
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Finally, the closures of MoSE mobile gates, located at the three
lagoon port-entrances to actively prevent flooding threats, began on
October 2020 and, in Autumn 2020-Winter 2021, these barriers were
raised 20 times, even for two days in a row (www.mosevenezia.cu/il-
mose-in-funzione). A concern regarding MoSE activation was that,
by reducing lagoon turnover, the gate closures would have had a
negative impact on lagoon seagrass meadows. Instead, a study
carried out in 2019, before MoSE activation, and in 2020-21,
during the first closures, highlighted that autumn-winter
interventions had no impact on seagrass growth (Mazzoldi and
Sfriso, 2022). Indeed, in 2020-21, Z. marina has continued the
positive trend observed between 2003 and 2018, further increasing
its cover and biomass production.

The PCA analysis of environmental parameters that could impact
on Z. marina growth at Ca’ Roman (Figure 5), where water
temperature was never too high (max 26-27°C) has indicated that
this is the parameter mostly associated with all the considered Z.
marina variables (i.e. shoot/rhizome biomass, shoot number, shoot
height and, shoot/rhizome growth), but also with the number of
sensitive and calcareous macroalgae (i.e. Pneophyllum Kiitzing,
Hydprolithon (Foslie) Foslie and Melobesia ]J.V. Lamouroux) which
usually grow as epiphytes on the older plant leaves and on the thalli of
other macroalgae). Positive associations were also recorded with high
pHs values, low Chl-a concentrations and high sediment density. In
contrast, lower values of salinity, Ehw, Ehs, DO, higher
concentrations of nitrogen (i.e. NH,", NO,’, NO5), RP, $i0,* and
Fines and high sediment moisture and porosity counteracted the
growth of this eelgrass.

Instead, the PCA analysis to determine the parameters/variables
which could favor the presence/absence of Z. marina in the
extremely different environmental conditions recorded
throughout the Venice Lagoon highlighted the significant role
played by high water transparency, pHw and sediment density for
eelgrass population development, in opposition to water
temperature, RP, sediment moisture and nutrient concentrations
in the water column and surface sediments (Figure 6), as previously
reported also by Sfriso et al. (2023). In addition, the presence and
abundance of Z. marina resulted strongly associated with the total
number of macroalgae, especially with calcareous and sensitive taxa.
Conversely, phytoplankton concentration (recorded as Chl-a and
Phaeo-a), TSS and macroalgal cover had a negative impact on Z.
marina populations.

The negative effect of water turbidity has recently been reported
also by Li et al. (2021), who considered this parameter as the
primary cause of seagrass meadow loss. Those authors found, in
fact, that short-term periods of increased water turbidity led to
long-term effects on Z. marina survival. Similarly, Wong et al.
(2021) found that reduced light availability is a leading cause of
seagrass declines worldwide. In particular, based on laboratory
experiments, they found a chronic decline in shoot density and
biomass, especially at 60 and 80% of pulsed light shading for periods
of approx. ten days; when light availability was restored, reduction
in shoot density, biomass, and morphology remained. Therefore,
prolonged periods of phytoplankton and/or macroalgal blooms can
severely affects Z. marina populations or even make it to
completely disappear.
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Biomass distribution in 4 ranges of cover and weight in 2003.

Similar results were recorded by Gustafsson and Bostrom
(2014) who considered harmful algal blooms, triggered by
eutrophication, one of the biggest threats to angiosperm
vegetation. Indeed, the presence of algal mats significantly
reduced eelgrass shoot and root biomass production and affected
the leaf growth negatively. Hauxwell et al. (2001) found that a loss of
Z. marina habitat from temperate estuaries worldwide often
coincides with increased macroalgal accumulations, especially
macroalgal canopy height, resulting from increased delivery of
anthropogenic nitrogen affecting density, recruitment, growth
rate, and primary production. The removal of macroalgae
triggered an increase in shoot density, in summer growth (+55%),
and in summer aboveground net production (+500%). Therefore,
eelgrass recovery upon removal of macroalgae may be possible.

This is what happened in the 1980s in the Venice Lagoon, when
the increase of nutrient availability and the consequent production
of abnormal biomasses of nuisance macroalgae (especially Ulva
rigida) lasted 2-3 months, often ending with the macroalgal
complete degradation and the related triggering of anoxic crises
and seagrass disappearance (Sfriso et al., 1987). In contrast, the
decline of both nutrient concentrations and macroalgal biomass
recorded since the early 1990s favored an eelgrass recruitment.

5 Conclusions

Due to the increase in global water temperatures, Zostera
marina, a Tethis Sea relict cold-loving species only present in the
boreal North American and Eurasian regions, is considered the
most endangered seagrass in the Mediterranean Sea.

This study on eelgrass growth in a station with a dense prairie
and on its presence/absence throughout the Venice Lagoon,
simultaneously considering the most common environmental
parameters and macroalgal variables that could counteract/trigger
its presence and growth, indicates water transparency and water
temperature as opposite key-parameters regulating the Z. marina
presence/absence and growth. Indeed, the increase in water
transparency, due to the reduction of phytoplankton (Bernardi-
Aubry et al,, 2021) and sediment resuspension, caused in turn by the
drastic reduction in clam harvesting, and the significant decline of
nutrients and nuisance macroalgae (Sfriso et al., 2019b) have
favored Z. marina colonization on the deeper bottoms and the
edges of the main canals, where water temperature is usually lower
than in shallow areas.

In addition, the activation of MoSE gates to protect the Venice
historical center from exceptional high tides, causing the reduction

TABLE 2 Comparison between Z. marina cover, SC and NPP in 2003, 2018 and 2021 in the entire lagoon.

Zostera marina

2003 2018 2021
Cover ‘ SC ‘ NPP SC ‘ NPP SC NPP
Basin Basin Basin

Km? ‘ Ktonnes (FWT) Km? Ktonnes (FWT) Km? Ktonnes (FWT)

northern 0.0 0.0 0.0 northern 291 7.36 28.4 northern 3.69 8.04 31.0
central 9.5 22.5 85.1 central 12.7 329 119 central 14.1 41.3 155
southern 16.6 68.1 257 southern 22.6 105 398 southern 31.7 98.9 378
Total 26.1 91 343 Total 38.2 145 545 Total 49.4 148 564

Ktonnes, thousand tonnes; FWT, Fresh weight.
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of water exchanges with the sea and raising concerns about the risk
of a drastic decline in the eelgrass populations had no impact on Z.
marina populations because, at present, closures occur in autumn-
winter when water temperatures are low. On the contrary, Z.
marina has shown unexpected adaptability by increasing both the
coverage and the NPP since 2003, due to the decrease of nutrient
concentrations and the Manila clam harvesting.

Therefore, this species has proven to react quickly to the
reduction of anthropogenic impacts and the reduction of the
trophic status in coastal areas can be a concrete solution not only
for the recovery of good/high environmental conditions and to
favour the general colonization by seagrasses (Sfriso et al., 2021),
but also to increase the spread of the species more sensitive to water
temperature, fostering plant rooting in areas before precluded to the
presence of these taxa.
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