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Abstract: The anthropogenic pressures of the twentieth century have seriously endangered the
Mediterranean coastal zone; as a consequence, marine seagrass habitats have strongly retreated,
mostly those of Posidonia oceanica. For this reason, over time, restoration programs have been put
in place through transplantation activities, with different success. These actions have also been
conducted with other Mediterranean marine seagrasses. The results of numerous transplanting
operations conducted in the Northern Adriatic Sea and lagoons with Cymodocea nodosa, Zostera marina
and Z. noltei and in the Central and Southern Adriatic Sea with P. oceanica (only within the project
Interreg SASPAS), are herein presented and compared, taking also into account the presence of
extensive meadows of C. nodosa, Z. marina and Z. noltei, along the North Adriatic coasts and lagoons.

Keywords: seagrass restoration; transplanting; Posidonia oceanica; Cymodocea nodosa

1. Introduction

Marine seagrasses (MS) are among the most productive and widespread ecosystems
from the Tropics to the boreal coasts of any ocean [1,2]. In the sea and within transitional
environments they play an important role as a carrier of the trophic chain and regulators of
physical processes that control sedimentology and seabed morphology [3]. They reduce
wave motion, regulate the nutrient cycle, the structure of the food web [1] and provide
important ecological functions for the marine environment [4], not to mention the support
for the ecosystem value of the coastal zone. The leaf component acts as a substrate for
algal and zoobenthic epibionts and provides shelter and nourishment for invertebrates and
fish [5-7].

However, MS, as well as the active role they play, are threatened directly and indirectly
by diverse anthropogenic activities [3]. In particular, in transitional environments such
as lagoons and estuaries, where disturbances are amplified, the seagrasses are negatively
affected by reduced light radiation [8], extended and persistent macroalgal blooms over
time [9] and anomalous meteorological trends [10-12].

MS have been included among the protected species at international level (Bern
Convention 23 June 1979 and SPAMI-Barcelona Convention 1995). MS are also included
among the species requiring attention in the Action Plan for the Conservation of Marine
Vegetation in the Mediterranean Sea (RACs/SPAs—Regional Activity Center for Specially
Protected Areas). In addition, the Water Framework Directive (EU 2000/60) gives them the
utmost importance as indicators of a good ecological status.

MS meadows and other connected valuable habitats experienced multiple threats
through the 20th century and into the 21st. In fact, MS are very susceptible to a series of
disturbance factors (Table 1). As a consequence, a number of conservation and restoration
programs have been performed in the Mediterranean Sea [3,13].
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Table 1. Main factors of pressure and disturbance acting on seagrasses, identified and coded dur-
ing the activities of the DG Environment and the European Environment Agency concerning the
implementation of European Directives Habitat (92/43/EEC) and Birds (2009/147/EC) [14].

Code Description
F02.02 Professional active fishing
F02.02.05 Professional active fishing with benthic dredging
F01.03 Marine and Freshwater Aquaculture with bottom culture
G05.02 Shallow surface abrasion/mechanical damage to seabed surface
HO03 Marine and brackish water pollution
101 Invasive non-native species (both animal and vegetal)
J02.02.02 Removal of sediments (by estuarine and coastal dredging)
J02.05.01 Modification of water flow (tidal and marine currents)
J02.05.06 Wave exposure changes
J02.12.01 Sea defense or coast protection works, tidal barrages
J02.11 Siltation rate changes, dumping, depositing of dredged deposits

In the Adriatic Sea five MS species have been documented. Along coastal zone
and in the transitional environments, Cymodocea nodosa (Ucria) Ascherson, Zostera marina
Linnaeus, Zostera noltei Hornemann, Ruppia maritima Linnaeus (including R. cirrhosa, now
considered as a heterotypic synonym) [15] can be accordingly found. The latter colonize
the most confined areas of the North Adriatic brackish lagoons and are subject to dramatic
fluctuations. All species are found along the confinement gradient from the flushed areas
to the most confined, but inside the lagoons many microhabitats alternate with each other,
with patches of different species.

The fifth MS, Posidonia oceanica Linnaeus, reported up to the 1960s and 1970s in several
coastal sites of the Northern Adriatic, has further retreated, with limited patches now
present only in Grado [16,17] and in in the Gulf of Trieste [18,19] due to its high sensitivity
to turbidity, siltation and anthropization [1,3].

Very significant meadows of this species are found along the coasts of Eastern Istria
and Dalmatia, all along Greece [20] or along Apulia in the west coast of Adriatic Sea [21].

This work summarizes the most significant experiences of MS transplantations
carried out since the 1990s in the most extensive transitional water ecosystem of the
Mediterranean, the lagoon of Venice and in other Adriatic coastal sites, as part of pilot
interventions carried out for different Authorities or in the frame of European Union
financed projects (LIFE or Interreg).

Specifically, most of these transplanting experiences were developed and carried
out by some of the Authors in Venice Lagoon, which is characterized by the presence of
widespread (over 6000 ha) and diversified seagrass meadows (four MS species).

Concerning the Venetian experiences, other restoration interventions were carried out
by the University of Venice and ISPRA (The Italian Institute for Environmental Protection
and Research) in the framework of a European Union project (LIFE SeResto), that we also
report, by using available data.

Authors of this paper represent some of the project partners of the European Union
Project (Interreg SASPAS) of Italy—Croatia collaboration.

The tests conducted in the Venice lagoon, highly diversified by type of environment
(shallows, mudflats and sandflats), bathymetry (from surface to —4 m), type of sediment
(from sandy to muddy), tidal range (some 120 cm from the highest to the lowest astronom-
ical tidal level) and residence time (a few days in the flushed areas up to 40 days in the
most confined ones) allowed for finalization methods that were at that point applied in
the lagoon and in marine environments on limited bathymetry (—3/4 m) for C. nodosa and
Zostera spp.

The work also reports transplantation experiences both in the coastal zone of the
northern and in marine sectors always submerged in the central-southern Adriatic where
the Posidonia oceanica meadows are prevalent.
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2. Study Areas and Seagrass Distribution Knowledge
2.1. Venice Lagoon

The Lagoon of Venice is one of the largest coastal intertidal ecosystems of the Mediter-
ranean Sea [22] (Figure 1). Due to the large distribution of MS meadows, regular maps
have been created on a lagoon scale since 1990.

Three inlets connect the lagoon to the sea, interrupting a long and thin barrier in three
points. The lagoon is about 50 km long and 10 km wide, accounting for a surface of about
550 km?. Out of them 36 are saltmarshes, 30 islands (excluding the barrier islands) and the
rest is covered by water. The mean depth of the water column is about 1.2 m, with only
5% of the lagoon deeper than 5 m [23]. The three inlets (Lido, Malamocco and Chioggia)
allow tidal flushing twice a day, following a semi-diurnal tide scheme, exchanging daily
about 400 million m® of water with Adriatic Sea, while the daily inflow from the mainland
through rivers and subsoil is about 3.7 million m3 [24].

In the Lagoon of Venice tides are the largest in the Mediterranean Sea, with an intertidal
range of 121 cm from the highest to the lowest astronomical tidal level (calculated for
1986-2004) [25].

Freshwater inputs and tides produce a salinity gradient, ranging from marine (cca
37 psu) to almost fresh water. The climate classification of the lagoon is humid subtropical
with hot summers. Due to limited depth, water temperature trend is strictly seasonal,
ranging from zero (seldom freezing) to above 30-35° C at the surface. The salinity gradient
is very compressed toward the mainland, due to the predominant tidal contribution, with
an average value of some 30 psu [25].

In Venice lagoon, MS have been reported in the literature including the genera Zostera,
Cymodocea and Ruppia since the beginning of the twentieth century, but without a specific
information on distribution [26-28]. Historical but approximate indications dating back to
early 1900s report a very large coverage of the lagoon bottoms, locally confirmed starting
from aerial photographs made during World War II. During the twentieth century, Venice
lagoon suffered from major hydro-morphological changes that significantly affected MS
meadows as well. We mention in particular the construction of large jetties at the sea inlets
and the progressive creation of the industrial zone by land reclamation on the mainland.
Other substantial changes, mainly the excavation of new channels, resulted in a further
marked alteration of hydrodynamism [29]. The important inputs from the drainage basin
and the industrial wastes caused an increase in nutrients between the 1960s and 1970s [30]
with the consequent macroalgal blooms in the 1980s [31,32]. The relative disappearance of
these phenomena has however been followed more recently by an important entry of alien
species [33,34], as a consequence of the worldwide extension of maritime traffic arriving in
Venice and due to the phenomenon of marinization of the lagoon, caused by the erosion
and deepening of the seabed, followed by the increase of the tidal prism [25].

The first lagoon-scale mapping of MS dates back to 1990 [35,36] with following up-
dates in 2002, 2004 and 2010, while the last control refers to 2017 [14,37,38] (Table 2 and
Figures 51-S5 in Supplementary Materials).

Table 2. Seagrass coverage reported for Venice lagoon in 1990, 2002, 2004, 2010 [38].

1990 2002 2004 2010 2017

(ha) (ha) (ha) (ha) (ha)
Monospecific Cymodocea nodosa 392 1.777 1.718 2.276 3.421
Monospecific Zostera marina 265 2.195 1.130 1.404 2.464
Monospecific Zostera noltei 1.436 70 20 58 485
Monospecific Ruppia spp. 0 0 0 0 281
Mixed Z. noltei + C. nodosa 23 142 68 19 17
Mixed Z. noltei + Z. marina 2.157 220 75 27 107
Mixed Z. marina + C. nodosa 692 825 527 12 15
Mixed Z. noltei + Z. marina + C. nodosa 528 202 136 12 6

Total 5.493 5.431 3.674 3.808 6.796
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Figure 1. Marine seagrass distribution for Venice lagoon (2017 map) [38].

1990 mapping was carried out thanks to classic positioning, based on compass align-
ment and substantial marks. Since the 2002 mapping, a GPS (global positioning system)
navigation, integrated with GIS software (ESRI ArcGIS, Redlands, CA, USA), was per-
formed in the field, in order to enhance the precision degree, permit coverage evaluation
and comparison among mappings. Each field team, equipped with the described system,
was provided with aerial or satellite images on PPC.

Surveys were carried out accordingly to vegetation characteristic: (a) along seagrasses
patches’ borders, (b) along transects of appropriate distance to explore areas where irregular
coverage requested an integral territorial mapping.

For each mapped seagrass patch, topologic information was collected, together with
vegetation data (species and coverage degree), in accordance with the following scale (Class
I = 0%, Class II = 1-5%, Class III = 6-50%, Class IV = 51-75%, Class V = 76-100%). Patches
characterized by a mosaic of two or three species were classified as mixed population and
different coverage values were recorded. Data gathered on the field were used to produce
preliminary maps, which were subsequently checked again with a desk work thanks to
aerial and satellite photos. If necessary, further field work was carried out to refine specific
coverages [37,38].

This method, integrated by a correction of the 1990 mapping, permitted a high level of
homogeneity among all subsequent mappings, with a standardized estimation of coverage,
thanks also to the equalized training of the field team.

The most recent 2017 survey (Figure 1) highlights an extensive colonization of the
genus Ruppia in the more inner and confined areas (+281 ha), in addition to a signifi-
cant expansion of the three historical seagrasses Cymodocea nodosa, Zostera marina and
Zostera noltei.

Cymodocea nodosa is a subtropical species that colonizes areas with high salinity and
coarse sediments, on sand to silty-sand substrates, mostly nearby the sea inlets. It performs
a strong seasonality, linked to the variations in water temperature, so its leaf canopy is
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largely reduced in winter. In the lagoon, however, this plant is more developed than
in other parts of the Mediterranean Sea, reaching a shoot height of 1.5 m, also in less
turbid waters, probably due to high irradiance, nutrient-rich waters and sediments, high
seasonality, with summer temperature peaks.

Zostera marina lives on silty sediments with little clay and has long leaves that can
reach 1.3 m in length and are 5-6 mm wide. It forms dense populations living in shallow
confined waters; at low tide the leaves often float on the surface.

Zostera noltei is characteristic of the most inner areas, with predominantly silty sedi-
ments, shallow water, and muddy flats, emerging at low tide. Zostera marina and Z. noltei
grow during all year round, faster during springtime, with increased stress and reduced
growth rate at temperature exceeding 25 °C [39].

Ruppia maritima colonizes fine sediments, where temperature and salinity are very
variable, even in anoxic conditions, but in Venice lagoon this species prefers brackish water,
especially inside salt marsh ponds, which are flooded only during particularly high tides.

A general MS reduction, especially during the period of great algal proliferation
between the 1970s and the 1980s [40], occurred in the more confined areas. As shown
in Table 2, the comparison between the maps shows a modest retreat of the mead-
ows (—62 ha) between 1990 and 2002, and significant losses between 2002 and 2004
(—1.759 ha) with a slight but significant increase between 2004 and 2010 (+136 ha). In
2017, both a marked recolonization of the lost areas since 1990 and the colonization of
new areas (+2.988 ha) were recorded. The last map (2017) shows a strong recolonization
of sites already colonized in 1990.

Based on the general literature data and personal long-term observations, we attribute
the main causes that led to the disappearance of Z. marina observed from 2002 to 2004
to the anomalous meteo-climatic conditions with summer water temperatures close to
35-40° C, compared to the average value of the period 1962-1999 [41]. The scientific
literature underlines how the optimum temperature for this species is around 10-20 °C
and that values above 25 °C strongly increase its retreat and mortality (about 12 times),
reduce photosynthesis by 50%, and compresses its growth of new leaves (—50%) and their
elongation (—75%) [39,42].

2.2. Adriatic Sea

Current and historical information on the distribution of seagrasses for the other
locations subject to transplantations, as the Venetian and North Adriatic coast, the Interreg
SASPAS Project sites (Bay of Panzano, near Monfalcone and Trieste, Kornati National Park
in Dalmatia and the Regional Natural Park of Coastal Dunes, near Brindisi, Apulia) are
less detailed (Figure 2).

Along the North Adriatic coasts, from Venice to Trieste, MS are present but fragmented,
with small spots of C. nodosa or Z. marina up to a depth of 3 or 4 m and Z. noltei beds in
the emerging tidal flats (Habitat 1110 of Natura2K network) [43-45]. P. oceanica, with
the exception of little spots in the Northern Adriatic (Gulf of Trieste) [17], is widespread
in the Eastern Adriatic and precisely along the eastern Istrian coast, Quarner Islands,
Dalmatian coasts and archipelagos, in Albania [20]. Along western Adriatic coasts,
P. oceanica meadows only occur as south as the Apulia littoral [21].

In the Bay of Panzano (Gulf of Trieste), where a transplantation was carried out as
part of the Interreg SASPAS Project, C. nodosa is the most abundant seagrass species, which
sometimes forms mixed meadows together with Z. marina and/or Z. noltei. The conditions
observed show that although anchoring boats are numerous in summertime, their impact
is scarce due to the thick and dense underground compartment and strong plasticity and
recovery capacity after physical damage and retreat [45,46].
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Figure 2. The sites where SASPAS partners performed transplantation tests, as part of the project
concrete actions: Panzano Bay, in Monfalcone, nearby Trieste; Kornati National Park, in Dalmatia;
Regional Natural Park of Coastal Dunes, nearby Brindisi.

In Kornati National Park, on an overall view, P. oceanica meadows are widespread
down to depths of 30 m and more, with an irregular distribution that mainly follows the
heterogeneous bathymetric pattern of the archipelago. A rough available distribution
map was produced based on orthophoto and bathymetric data and mostly represents a
potential distribution range. A P. oceanica transplantation test was carried out the in a
previously disturbed site, defined as an “Anchoring site” in Kravlja¢ica Bay, after a buoy
limited area was protected from navigation and anchoring. In the transplanting site,
signs of disturbance were expectedly reported and observed. In some areas, coverage is
discontinuous and patchy and the damage to MS seems caused by anchors and chains
which drag and scrape along the seabed. The site, due to its morphology and exposure
to the wind, behaves like a sedimentation basin [45,46], where sand and silty sand is
suspended by continuous anchoring.

In the Regional Natural Park of Coastal Dunes, the presence of P. oceanica, along the
coast of the park, has been detected at a few hundred meters offshore, at a depth of about
7 m, while the lower limit is positioned at a depth of about 20-25 m. Several surfaces of
mattes have been observed where MS have certainly retreated, for reasons not directly
connectable to anthropogenic pressure. Meadow coverage was about 70-75%, on matte,
with the presence of numerous areas of sandy deposition inter-matte [46].

3. Seagrass Transplantations in Venice Lagoon

Over the last 25 years, various authorities in Venice Lagoon have supported MS
transplantations, both for technical experiments and for proper environmental restora-
tion. Many of these transplantations were followed by monitoring with a short-term
perspective (one vegetative season or one year). Their goal was to adapt the methods
of literature [47-49] to the different environmental and morphological conditions that
characterize the Venice lagoon.

The numerous mappings conducted in the last 30 years in the lagoon and the historical
data have made it possible to select the replanting sites in coherence with different species,
with their past presence/absence in the sites. Furthermore, before the restoration, it was
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always assessed whether the disturbing factors that negatively affected the meadows were
still in place or had subsided.

Whenever possible, outside the project framework, the restoration interventions were
subsequently followed up with a 2-to-3-year monitoring, including evaluating of coverage,
shoot density, patch size, biomass, rhizome elongation at the end of the growing season
(September-October for Cymodocea nodosa and Zostera marina).

The last two reviews we report below refer to transplantation interventions performed
by Venetian University Teams (Sections 3.1.2 and 3.1.3).

3.1. Manual Transplantations

The City of Venice supported (1992-1997), with a pragmatic approach, a series of small-
scale (4-5 m? plots) experiments of MS transplantations in the central and southern basin
of the lagoon that allowed the identification of edaphic and hydrological requirements of
seagrass species living in the lagoon (Zostera marina, Zostera noltei and Cymodocea nodosa).
These experiments, together with phenological surveys conducted alongside, provided
the necessary background for application and adaptation in the lagoon of various trans-
plantation techniques reported in the literature such as, for example, sod transplantation
(vegetated units where the plant with leaves, roots and rhizomes is taken together with the
native sediment that surrounds it) and cutting transplantation (manual collection of shoots
with rhizomes and bare roots).

For these first transplantations, the evolution was followed in terms of the survival of
the sods or of enlargement of its colonized area.

The transplantations with the sod method were carried out by manually picking the
plants from donor sites with high leaf density (about 1000-2500 shoots/m? for C. nodosa;
from 400 to 600 shoots/m? for Z. marina; from 1500 to 2500 shoots/m? for Z. noltei) and
experimenting with different diameters and heights in core drills. On the basis of literature
and experience in the field, a reference core drill has been created (diameter of 22 cm and
height of 28 cm) also taking into account other aspects such as (a) the manual management
of sods by weight, (b) the sediment component compared to shoots and rhizomes, (c) the
size of the rhizomes and the presence of terminal rhizomes, (d) the ease of storage and
transport of the sods in the boat at a distance, (e) the ability to operate on sandy or muddy
shallow bottoms.

The experiments have also allowed development of the sod removal procedure, en-
abling the maximum efficiency of operators without underwater devices up to bathymetry
of the order of one m with an operational capacity of explantation/implantation estimated
at about 100-150 sods/day (3.8-5.7 m?/day).

With a spaced arrangement of 0.5 to 1 m between sods, which varies in relation to the
growth rate of the rhizomes of the species to be transplanted (greater for C. nodosa, less for
Z. marina), the replanting operation may involve an area of 25-100 m?. With regard to the
sod arrangement scheme, based on the species, the size of the area to be restored and the
number of sods envisaged, it is possible to evaluate an arrangement of the sods at a regular
distance or a system of nuclei composed of about 10 sods spaced apart.

The basic operational procedure for explantation and implantation developed
over the years involves the use of a four operators’ team and two boats (one boat
and a support raft for portable equipment) to support the crew and for the temporary
storage and transport of sods. After collection, the sods are transferred into semi-rigid
plastic pots with a jute bag inside that allows (a) to keep the plants moist until they
are transferred to the donor site, (b) to give compactness to the sod during manual
handling, (c) to limit the loss of sediment during transportation and placing, especially
if water column is more than 1 m. To speed-up the replanting phase, the hole in the
sediment is made with a water pump, directed by an operator equipped with a snorkel
or scuba equipment in relation to the bathymetry.

For the cutting technique (also referred as “rhizome method” or “rhizome transplanta-
tion”), no significant changes were made to the methods reported in the literature [47]. To
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speed up the collection of rhizomes and more easily intercept the apical shoots, a surface of
donor bed of about 1-2 m? is largely freed of the surface sediment, by means of a water
pump, until the rhizomes and roots are exposed. This method allows to easily select apical
rhizomes by evaluating their length in relation to the species.

In the recipient sites, the cuttings were inserted directly into the substrate by staples:
single cuttings or bundle of cuttings were attached to staples by inserting the root-rhizome
portion of the group under the bridge of the staple that was inserted in the sediment so
that the rhizomes and roots were buried. Operators worked in a partial immersion mode,
considering the depth and the tide.

This technique in Venice Lagoon has not been used consistently because it often
does not respond to the extensive result perspective when transplanting is requested in
the context of mitigation or compensatory projects, where large areas of MS are to be
mobilized or restored and significant colonization is asked after 2-3 years, with a formal
and bureaucratic approach which does not take into account the real natural conditions and
an in-depth assessment of the existence of environmental requirements for development
and macrophytes. Furthermore, this method is not performed in environments with high
tidal hydrodynamics (0.5-1.0 m/s) or strong prevailing winds which are able to impact the
sediment and erode installations. This technique, on the other hand, appears well suited in
our experience (a) for restoration interventions of a widespread nature (hectares) in the
lagoon areas of where the hydrodynamic effect and the prevailing winds have little impact
on the seabed and (b) in projects where high performance is not required in the short term.

3.1.1. Manual Transplantations (Water Authority of Venice)

In 1996-1997, the possibility of explanting seagrass sods from a donor site without
damaging the meadow vitality was tested in the southern basin of Venice lagoon. Two
different techniques, sod transplantation and rhizome method (bundles of rhizomes with
shoots held in the superficial sediments with plastic clips), were tested in five stations with
C. nodosa and five stations with Z. marina (Table 3 and Figure 3).

Table 3. Average values of parameters monitored for C. nodosa and Z. marina [50].

Beginning After Two Growing Seasons
Cymodocea nodosa
Sod Rhizome Sod Rhizome
Survival (%) 100 100 74 73
Coverage (%) 4.1 1.2 86 76
Density (shoots/ m?) 45 134 681 563
Biomass transplantation
(g.dw. /m?) - - 402.9 177
Biomass control (g.d.w./mZ) - - 1116.9
Beginning After Two Growing Seasons
Zostera marina
Sod Rhizome Sod Rhizome
Survival (%) 100 100 48 60
Coverage (%) 4.1 1.2 70 744
Density (shoots/ m?) 16.2 7.8 107.5 130.6
Biomass transplantation
(.d.w./m?) - - 167.2 107.8
Biomass control (g.d.w./ m?) - - 308.3

Survival rate, coverage, shoot density and biomass were measured at the 10 sites
for both methods (total 20 plots 5 x 5 m each, hosting 25 sods or bundles). After two
growing seasons, both transplanting methods showed good successful results. Statistically
significant differences between the two transplantation methods (p < 0.001, ANOVA) were
observed only for C. nodosa biomass, which performed best with the sod technique [50]
(Table 3).
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(b)

(d)

Figure 3. Manual seagrass transplantation: (a) replanting of the sods in the sediment, (b) transplanted sods, (c) rhizome

colonizing the bare sediment adjacent to the transplantation area and (d) seagrass growth monitoring.

With both methods, the Venice Water Authority supported several restoration works
as part of the compensation, conservation and environmental development measures of
the SACs of Venice lagoon [51-54]. In some cases, these interventions were performed
after the morphological remodeling of the sites with the ex-novo creation of morphological
structures or mudflats that have also positively changed hydrodynamics, enhancing water
circulation and recreating a more homogeneous gradient of biological confinement. These
interventions have reported success already in the short term (1-2 vegetative years) and in
the following years, while in other situations, the results of the intervention were already
negative from the first year.

A critical analysis, but useful for understanding the errors not to be repeated in the
future, finds that the negative performance of transplantations can be attributed to errors in
the project design or errors in the execution of the transplantation. Below we report a series
of situations that we have recorded in the context of restoration interventions that might
have a negative impact on the transplantation outcome (decreasing order of importance):

e the morphological interventions envisaged by the project did not eliminate or reduce
the stress on the habitat;

o effects of climate change with high summer temperatures, together with prolonged
low tide and emersion;
macroalgal blooms events with consequent anoxic crises;
execution of the intervention on morphological structures not yet stabilized or not
consistent to the project goals (e.g., bathymetry, type of sediment);
seasonality of the intervention not in accordance with the characteristics of the species;
incorrect leveling of the transplanted sods to surrounding substrate;
errors in the choice of species.
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3.1.2. Manual Transplantations (Venice Architecture School (IUAV) and Water Authority
of Venice)

In 1994 the Venice Architecture School (IUAV) and the Consorzio Thetis, Venice,
conducted a pilot study for the transplantation of some square meters of Zostera noltei
in a shallow basin in Northern Venice Lagoon, once rich in seagrasses. At the beginning
the experiment gave positive results both in the survival and recolonization capability
of the implanted sods [55] but after some year the transplantation failed due to the
anoxic conditions due to severe summer macroalgal blooms. It is in fact important
to highlight that in the beginning of 1990s Venice lagoon had experienced the peak
of a macroalgal overgrowth of Ulva, Gracilaria and other nitrophilic genera [31,32].
This phenomenon was about to end in these years, but low hydrodynamics areas still
showed extensive macroalgal proliferations in the spring-summer months (average
5-10 kg/m? fresh weight) [56], with consequent anoxic phenomena and strong stress
for the phyto-zoobenthic community and fish.

3.1.3. Manual Transplantations (Life SERESTO—SEagrass RESTOration)

In order to favor a faster MS colonization in the northern part of the North lagoon
basin, where they had almost completely disappeared, the European Community funded
the project SeResto “Habitat 1150* (Coastal lagoon) recovery by SEagrass RESTOration in
2012 [57,58]. The aim was to recover the ecological status of this area by restoration and
preservation of the habitat 1150* (coastal lagoon) in the site of Community Interest (SCI)
Laguna Superiore di Venezia (IT3250031) where this habitat in 2010 covers approx. 3660 ha,
by means of a wide transplantation action of MS.

Referring to the lagoon mapping data [38], it is noted that in the northern lagoon
there was a regression of the meadows from 684 ha to 56 ha from 1990 to 2010, mostly
of Zostera noltei. The area is almost completely enclosed amongst saltmarshes and the
mainland and without the widespread transplantation of small sods (15-30 cm) and
rhizomes the recolonization would have required much longer times. In-field activities
were supported by fishermen, hunters, and sport associations assisted by the scientific
partners (University Venice and ISPRA—Istituto Superiore per la Ricerca e la Protezione
Ambientale). Transplantations involved four species, particularly Z. marina and Z. noltei,
whereas R. cirrhosa and C. nodosa were only transplanted in some stations with suitable
ecological conditions.

The larger rhizomes of Z. marina and C. nodosa have been transplanted through a
handle of approximately 1 m length. Zostera noltei and R. cirrhosa, given their small size,
have been transplanted with 15 cm diameter cores.

These transplantation techniques allowed for a large area intervention, following, as
far as possible, the morphology of sites, where depth of the intervention area was generally
less than one meter on the average tide level. Angiosperm sods and rhizomes were
supplied by managers of closed fishing ponds, where ecological conditions are good and
aquatic angiosperms are abundant. Hundreds of full-grown rhizomes were transplanted
individually at each station using pliers with a handle of approximately 1 m length.

As general overview, plant rooting was successful where the waters were clear and
the organic matter in sediment and column was moderate. However, near the outflows of
freshwater, rich in nutrients and suspended particulate matter, the action failed. Results
demonstrate the effectiveness of small, widespread interventions and the importance of
engaging the population in the recovery of the environment, which makes the action
economically cheaper and replicable in other similar environments. The good outcome
benefited from a general condition of good quality of the area and a resumption of the
colonization dynamics of the MS in Venice lagoon, as shown by the recent mappings.

The rhizome growth of the transplanted plants, recorded to be 0.16-0.22 cm day !,
i.e., 58-80 cm y !, and the reproduction capacity (approx. 50 seeds per shoot) supported
by sea tides and winds favored the plant dispersion and a progressive re-colonization of
the area. The first 3 years of results show that rhizome transplantations were successful
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in 33 sites out of 35, where the colonization has exceeded 60% with a high dispersion
along saltmarshes and channel edges. In the successful sites, the overall ecological status
recorded by the Macrophyte Quality Index (MaQI) [59] and the Habitat Fish Bioindicator
Index (HFBI) [60] changed from “Poor” to “Good”.

At the end of the project, it was estimated that in the intervention area the seagrasses
have colonized, with different degrees of coverage, an area equal to about 10 km? (Figure 4).

-1; ':.b mle Lur.zn ni

v ‘alle Ca” Zone

BURANOD

€ LIFE SERESTO tranplant sites 7+, Seagrass distribution

Figure 4. Map of seagrass distribution in the LIFE SERESTO project area (spring 2018) [58], modified.

3.2. Mechanized Transplantations

In addition to the manual transplantation technique, mechanized transplantation
techniques were also experimented and applied in the frame of projects supported by
the Water Authority of Venice. These techniques allowed the transplantations to be
more resilient because of the larger size of the implanted turf compared to manually
transplanted ones.

The technique of collecting and repositioning large sods with a mechanized method-
ology was developed after a series of pilot experiments carried out on MS meadows
of Cymodocea nodosa and Zostera marina on sandy or silty-sandy sediments, on average
bathymetry of about 2-3 m. This technique was developed to meet the requests of the
various Authorities for large-scale restoration interventions or replanting of extensive MS
meadows in the framework of large morphological interventions. For the execution of these
interventions, a specific hydraulic bucket has been designed, mounted on a servo-assisted
arm capable of picking up sods of about 2 m? and 40-60 cm thick (Figures 5 and 6).

The bucket is divided into two areas, a front with a square blade shape (about 2 x 2 m)
for the collection of the sod from the donor site and a rear one for positioning in the host
site. Sod is reloaded into the bucket and transferred to the rear part of the bucket, which,
during the deposition on the seabed, by means of hydraulically pushed jaws, creates a
trench and guarantees good leveling with the surrounding seabed. The construction of the
bucket was inspired by the work of Uhrin et al. [61] which with a clamshell bucket was
able to remove and transport only one sod at a time, limiting the rate at which sods may
be transplanted (approximately 12 sods could be transplanted in one 8-h workday). Our
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bucket, modified for the Venice lagoon, is able to pick up numerous sods and temporarily
place them in an area of a pontoon, to then reload them at a later stage and deposit them
on the seabed at the receiving site.

Figure 5. Representative diagram of the sods transplantation by power assisted means, pontoon and
servo-assisted arm.

(b)

(d)

Figure 6. Mechanized transplantation procedure: (a,b) harvesting of sods from the donor site, (c) temporary storage of sods
on the pontoon and (d) deposition of the sods in the transplantation site.

The developed procedure has an operational capacity of about 60 sods/day (some
120 m? of meadow). In relation to the transplanted species (Cymodocea nodosa or



Water 2021, 13, 2289

13 of 26

Zostera marina) and to the typology of the area, with a spacing of the center/center sods of
3.0-3.5 m in both directions, the replanting area can have an overall extension of 3—4 times
(360480 m?).

A large seagrass mechanized transplantation was carried out for the first time for the
conservation and upgrading of the Sites of Community Importance and Special Protection
Areas of the Venice Lagoon (spring to summer 2010) [54]. The activity allowed to obtain
2250 m? of Cymodocea nodosa sods, from donor sites with high seagrass coverage. The
seagrasses have been re-implanted in the Southern lagoon basin in plots of approximately
350 m? each; sods were deployed at about 1.30 m from each other. Site monitoring at the
end of the third vegetative season showed coverage of 80-100%, and an increase in the
vegetated area of 3.2-3.8 times beside low mortality rates of transplanted sods (6% to 13%).
The donor sites after three years returned to a coverage of about 100%, recolonizing the
explantations [62].

A second intervention with the mechanized methodology was carried out in May
2016 in the central basin of the lagoon in order to restore an area of about 0.6 ha with
Cymodocea nodosa [63]. The intervention involved the removal of a total of 450 sods of
about 2 m? each from two donor sites and the subsequent replanting on a sandy-muddy
bottom on a 1.5-3.0 m head.

At the end of the first growing season, the sod mortality rate was estimated at
4-5%. After the end of the third growing season, sods gave rise to an almost continuous
meadow with a coverage of 75-100% that did not allow the single sods to be recognized
each other anymore. Average shoots density has progressively increased over the
years, varying from an average of 739 shoots/m? in the second year to an average of
1034 shoots/m? in the third year, very close to the values of the neighboring donor
meadow (about 1200-1600 shoots/m?).

The positive outcome of the transplantations is mainly due to the vegetative growth
capacity of the rhizomes of Cymodocea nodosa which in the last 2 years has been estimated
on average in the order of 60-70 cm on an annual basis, with minimums of 2045 cm and
maximums of 120 cm of rhizome elongation. Five years after the intervention, thanks to the
high capacity of vegetative growth and production of C. nodosa seeds, the transplantation
area is completely recolonized, and the meadow was comparable in density and degree of
coverage (80-100%) to the neighboring donor one.

As well as for monitoring at the recipient sites, during the mechanized transplantations
checks were also conducted at the donor sites of C. nodosa, to verify the recovery times
in respect of the leveling of holes where the sods were collected and of re-colonization of
the meadow. Excellent results were observed already at the end of the second vegetative
season to reach a total recovery in the third season, when the leveling of the sod marks was
almost completed (97-100%) and the colonization close to 100%, which is comparable to
the unaffected meadow from explant.

Preliminary mechanized transplantation tests of authors with Zostera marina, carried
out in 2014 in Venice lagoon, showed very low success and rapid degradation of the
underground compartment. Practical problems, as the difficult in transportation and
underwater placement of large sods, made of soft and fine sediment, together with rapid
growth of summer temperature, affected the results.

4. Seagrass Transplantations in the Adriatic Sea
4.1. Manual Transplantations (Water Authority of Venice in Marine Areas)

In the early 2000s The Water Authority of Venice promoted the experimentation of a
seagrass transplantation at sea, in front of Venice (Pellestrina) on a depth of about 4 m. The
intervention, designed to facilitate the triggering of the consolidation and environmental
improvement processes of the coasts, was part of a wide project which involved the
construction of a 9 km sub-emerged barrier parallel to the coastline with 18 emerged
breakwaters and 18 sub-emerged ones, forming 17 cells to host a nourishment performed
with 4,600,000 m? of sand.
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The MS transplantation intervention had the objective of (a) defending and consolidat-
ing the sandy bottom, (b) triggering the processes of enrichment of the organic substance
in the sediments, (c) increasing benthic biodiversity. The choice of transplantation siting
within the cell was evaluated on the basis of the evidence of erosive processes, of macroal-
gae accumulation points and of the presence of currents parallel to the sub-emerged
barrier [64].

To achieve these objectives, 12 transplantation plots measuring 22 x 30 m were created
between the sub-emerged barrier and the coastline (ca 290 m). In each one, 300 sods with
regular distribution (1 m distance) and 240 sods with distribution in nuclei of 20 (0.5 m
distance between sods) were transplanted for a total of about 2700 sods. The intervention
therefore involved the laying of 10,080 sods for a total plant of about 380 m? of seagrass.
The choice of the species fell on Cymodocea nodosa, the only one reported even if sporadically
in the marine sector in front up to a depth of 3—4 m. The intervention was performed in the
months of May and June 2001 (Figures 7 and 8).

(b)

(c) (d)

Figure 7. Manual transplantations: (a) temporary storage of sods on boat, (b,c) transfer and deposition of the sods in the
transplantation site and (d) sods protected with 10 cm mesh metal nets.

The sods, with a diameter of 22 cm and a height of 25 cm, after being taken from donor
sites with a manual core drill, were placed in plastic pots with jute bags that allowed them
to be transported and properly humidified before replantation with boats. A team of scuba
divers carried out the transfer of the sods. The positioning design (regular or with cores)
as per project was carried out by setting up a mobile frame at the bottom with a specific
reference grid.

To defend the sods from the erosion action caused by the waves due to the prevail-
ing winds (NE in autumn-winter rising up to 70 kn; SE dominant in spring summer
with maximum intensity of 55 kn), the transplantations were protected with 10 cm mesh
metal nets.
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Figure 8. The sods positioning design: on the left, regular, and on the right, with cores.

The three-year monitoring provided for the control of the following parameters:
(a) sod mortality, (b) shoot density, (c) leaf length, (d) colonization in inter-sod spaces,
(e) general conditions (e.g., sediment leveling, erosion phenomena), (f) triggering of the
colonization processes, “prairie effect” (e.g., sessile and vagile benthic component).

The transplantation had a very positive trend until the end of the vegetative
season (November) of the first year, in particular for the density estimated at about
900 shoots/m?, a value slightly lower than the natural prairie conditions for the same
period (1000-1200 shoots/m?). Furthermore, in the first transplantations the longer
period that has elapsed has also allowed a significant centrifugal growth of the rhizomes
and the development of new shoots. Overall, at the end of the first growing season
(November), even after the first storms, the transplantation showed a good course in
terms of density and growth, with stability and compaction of the sedimentary surface
affected by the sods [64].

The outcome of the transplantation in the following 2 years was strongly compro-
mised by two extraordinary storm surges, June and November 2002, which occurred in
conjunction with very high tides and caused an extensive and high mobilization of the
superficial sandy layers within the cells, with accumulations of +20 cm and erosions of
—15 cm with resentment of the sods that have undergone burial (Table 4).

Table 4. Average values of density, leaf length and sod loss in the monitoring plots.

Density Average Value (Shoots/m?)

Shoot Length Average Value (cm) Sod Loss Average Value (%)

Core Distribution

Regular Distribution

Core Distribution Regular Distribution ~ Core Distribution =~ Regular Distribution

Min Max Min Max
2001 2001 2001
816 817 21.4 55.4 20.8 55.4 9 7
2002 2002 2002
255 521 12.58 45.04 10.74 39.52 82 81
2003 2003 2003
43 544 15.6 46.2 14.45 45.3 96 92

The meteorological events also led to the detachment from the surface of the rocks of
the suffused barrier of large quantities of algal thalli (Ulva, Dictyopteris, Cystoseira) which
also settled among the sods of seagrasses or were trapped between the meshes of the
protective nets.
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The loss of sods following these two meteorological events estimated, for the
different cells, between 70% and 80%. Although negatively marked by this occurrence,
the transplantation in the third year, however, also showed good growth capacity of
Cymodocea nodosa in the absence of extreme weather events. Regarding the quality of
the residual sods, the morphometric parameters recorded in the third year highlight
the presence of shoots in excellent condition, with growth parameters similar to those
of C. nodosa of natural meadows. At the same time, we believe it is important to
emphasize, as reported by [65], that the process for biodiversity development of benthic
and epibenthic fauna hardly reaches the natural meadow levels.

The marked mobilization of the sandy bottoms, however, has shown an insufficient co-
hesion of the superficial sediments, not yet perfectly able to host a submerged macrophytic
flora in the presence of significant meteorological events.

Regarding the objectives of increasing benthic biodiversity, a field survey has shown
that the transplanted meadow played a role of nourishment and protection. Among
C. nodosa, a more abundant and heterogeneous fauna developed in comparison to the
surrounding bare areas where the benthic community was characterized by the dominance
(in density and biomass) of the decapod crustacean Diogenes pugilator. On the contrary,
among Cymodocea, in addition to D. pugilator, other organisms resulted also frequent (in
density and biomass), such as gastropods (e.g., Tritia reticulata), decapod crustaceans (e.g.,
Liocarcinus depurator), some amphipod crustaceans and sedentary polychaetes.

As observed up to 2002, the presence of MS, where not limited to a few scattered
shoots, appeared important in structuring the benthic population compared to the adjacent
vegetate stations.

4.2. Manual Transplantations (Interreg Project SASPAS)
4.2.1. Panzano Bay (Gulf of Trieste)—Cymodocea nodosa Transplantation

In September 2020 and April 2021, a Cymodocea nodosa pilot transplantation was
performed in Panzano Bay, located near the site (SAC SPA) Foce dell’Isonzo—Isola della
Cona [66]. This area is characterized by shallow depth (some 1.2 m above mean sea level),
and the presence of Cymodocea nodosa meadows mixed with other species (Zostera noltei and
Z. marina). In this area anchoring pressures occur due to the presence of small leisure boats,
mostly in summer season and fine weather. The donor site was selected in an adjacent area
with continuous meadow, with no visible signs of disturbance.

Four square transplantation areas (m 10 x 10 each) were selected, where the manual
transplantation of vegetated C. nodosa sods and cuttings was carried out.

The first manual transplanting technique, prevalent, involved the collection and
planting of sods. The second manual transplanting methods involved the manual collection
of shoots and their subsequent re-planting, thanks to anchoring staples.

Technique n. 1—Manual harvesting from donor sites and transplantation by sods:
sediment intact transplantation units (sods) were extracted from the donor site (the whole
plant, with leaf blades, roots, rhizomes and surrounding native sediment) and transported
to the host site where specific holes were excavated to receive them. Combined units of leaf
blades, roots, thizomes and sediment were collected from the donor site, using a round
cylinder corer (core tube, 25 cm diameter) to harvest them. In the recipient site, sods were
planted into the substrate by means of hessian bags (made from biodegradable jute fiber)
(Figure 9).

Technique n. 2—Manual harvesting from donor sites and transplanting by bare-root
transplantation cuttings (cutting—terminal rhizome with roots and shoots with leaves
attached which are usually at least 10-20 cm long): cuttings were selectively collected from
the donor site by hand and washed free of sediment. They were inserted directly in the
substrate by the use of staples: single cutting or bundle of cuttings were inserted in the
sediment and stopped by staples so that the rhizomes and roots were buried (Figure 10).
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(b)

(d)
Figure 9. Panzano Bay (Gulf of Trieste) pilot transplantation by sods: (a) temporary storage of sods and their transport to
the site to be reforested, (b) sods planting into the substrate by means of jute bags and (c,d) sods planted into the substrate.

Figure 10. Panzano Bay (Gulf of Trieste) pilot transplantation by plant cuttings, inserted into the substrate by means of staples.

A special inspection of the restored site was carried out in January 2021 and showed
that approximately 95% of the sods transplanted in September were still present. Regarding
the transplanted cuttings, the small leaf size of Cymodocea nodosa, due to the very slow
growth during the winter months, hampered their identification and observation. The
controls of May 2021 showed a survival of the sods of the 80% in the transplantation of
September 2020 and of the 95% in the transplantation of April 2021.

4.2.2. Kornati National Park and Regional Natural Park of Coastal
Dunes—DPosidonia oceanica Transplanting

As part of the ongoing Interreg Italy—Croatia SASPAS project, pilot transplan-
tations were carried out with Posidonia oceanica in two sites: Kornati National Park
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in Dalmatia (October 2019) and Regional Natural Park of Coastal Dunes, in Apulia
(February 2021) [67,68].

Restoration of P. oceanica beds is performed by transplantation of the cuttings on
sandy substrate or on dead matte, as the sod technique is not suitable for this species [69].
Evidence suggests that plagiotropic rhizomes (rhizomes growing horizontally) are more
successfully transplanted than orthotropic ones (rhizomes growing vertically). Artificial
holders, such as metal stakes and grids, concrete frames inside which is inserted a wire
net, bioengineering materials and partially biodegradable structures have been employed
to anchor propagules to the bottom [69-72]. However, restoration success appears highly
variable, depending on the transplantation site, local environmental conditions (e.g., hy-
drodynamics, sediment instability) and the recovery of degraded conditions [69-73].

After an examination of the methods reported in the literature and their
results [69,74,75], the timing of the project, the small scale of the Interreg interven-
tion, the characteristics of the restoration sites and costs, the transplantation method
proposed by Calvo et al. [74], was evaluated as the more appropriate, considering:
(a) the limited impact for the donor grasslands, (b) reduced use of nautical and personal
means, especially in diving, (c) consistency with the aims of the project, considering the
use of biodegradable materials for anchoring rhizomes. In transplantation tests, price
appears to be relatively high in terms of the cost/transplanted surface ratio (about EUR
150.00/sq.m. of transplanted area, with a peak of about EUR 200/sq.m.), based on the
Interreg Project experience. The costs for larger-scale interventions, certainly cheaper,
must take into account the type of site and logistical aspects.

In both sites, the transplantation was carried out in two contiguous parcels, in rela-
tion to the area’s bathymetry, each of which represented approximately an area of about
100 square meters, for a total of about 200 square meters of transplanted area.

Kravljacica Bay is situated on the western side of Kornat Island and represents 1 of
the 19 preferred anchoring sites in Kornati National Park. After a preliminary survey, this
bay has been selected as an appropriate area for the first pilot transplantation. On a general
overview, the P. oceanica meadow in the Kravljacica Bay shows signs of disturbance, clear
regression phenomena, probably due to a high sedimentation of mainly muddy material.
Many years of continuous anchoring caused the partial depletion of this marine habitat.
A check by the use of sediment traps is ongoing. The meadow is settled on matte, it is
discontinuous and shows low density. The upper limit of the meadow is at a depth of 9 m.
On the contrary, the donor meadow, in an undisturbed site, was continuous with no visible
signs of pressures or significant over-sedimentation.

In the Regional Natural Park of Coastal Dunes, the transplantation site is located
inside a discontinuous meadow that shows the upper limit to a depth of 8 m, characterized
by the presence of patches of P. oceanica, dead matte and sand. The distribution of the dead
matte is fragmented and is partially localized on sub-superficial rocky layers.

Transplanting action was run by a team of scientific divers following the method
of Calvo et al. [74], who performed the search for plant supply in donor sites, the
treatment of cuttings, and replantation. In both sites, the collection of Posidonia shoots
was carried out selecting plagiotropic cuttings, about 15 cm long, carrying at least three
shoots. Cuttings were collected from donor site according to sustainability criteria
(1% of meadow density), minimizing the impact on donor meadow. Each shoot was
attached to a biodegradable plastic support (The modular biodegradable system (patent
pending by Biosurvey Srl) is a polymer (Mater Bi®) for the rapid, effective, and low-
cost positioning of Posidonia oceanica cuttings on the seabed, to ensure its rooting and
growth and to facilitate the natural dynamics of development of the meadow). A total
of 10 cuttings for each support were fixed and then transferred by means of a boat to
the receiving site for assembling operation on the sea-bed, thanks to a screw fixing
system to the dead matte.

The used structure is modular, with five arms on which a variable number of clips for
optimal fixation of P. oceanica cuttings occurs (Figure 11). According to Scannavino et al. [76],
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P. oceanica transplanting modular system allows the rapid attachment and expansion as
evidenced by high survival rates and density increasing.

(b)

(c) (d)

Figure 11. Pilot transplantation procedure: (a) identification of the donor meadow and (b) harvesting of cuttings, fixing
of cuttings to arms (biodegradable support), (c) transport of the supports with cuttings to the site to be reforested and
(d) monitoring of the transplantation.

Altogether, in Kornati National Park 720 cuttings and about 2160 shoots were placed,
at a depth of some 10 m, in the Kravljacica Bay. First monitoring was carried out in
October 2019 immediately after transplantation (zero control) and later in June 2020. The
results of the monitoring campaigns (Figure 12) underline that, since October 2019, all
transplantations are in good conditions and there are no signs of damage. More recent
controls highlight a survival rate varying from 50% to 75% and a persistent pressure due to
over-sedimentation, that was a known aspect from the beginning and that is part of the
boundary conditions.

The total number of shoots shows a decrease in four out of six measured supports;
however, the leaf length shows no major fluctuations, highlighting a good vitality of the
shoots that survived the transplanting phase from donor to transplantation area.

In the Regional Natural Park of Coastal Dunes 14 patches were arranged in the area
consisting of a total of 84 anchoring modules and about 2500 rhizomes. The transplantation,
originally planned in October 2020, was postponed (due to difficulties in obtaining permits
from the competent authorities and due to the COVID-19 emergency) and carried out only
at the end of February 2021.
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Figure 12. Total number of shoots (a) and average values of shoot length (b) of the 6 monitored supports in October 2019

and in June 2020.

The first control, carried out in May 2021 3 months after the intervention, highlighted
good conditions of all modules in terms of rooting, state of the leaves, length, signs of
mortality, but evident signs of disturbance due to tools of an unregulated fishing.

The monitoring plan envisaged by the Posidonia transplantation project provides for
two annual checks, in summer and autumn, to specific labelled modules. In each of the
five brackets (arms) of each module, the following variables are to be evaluated for each
monitoring campaign:

Evidence of eroded leaf apex (ER);

Length of rhizome (LR-LR);

Total number of shoots in the arm (FT);
Number of shoots of the external cutting (FE);
Longest leaf length, in the outer cutting (LF).

5. Discussion and Conclusions

The application of different methodologies for MS transplantations in the transitional
environments required a long fine-tuning experience. Nevertheless, both success and
failure were achieved.

The results from assessment and evaluation led to construction of a toolbox for inter-
vention in coastal environments with such a variability as for example Venice lagoon and
other North Adriatic lagoons. In these contexts, transplantations must take into account
the different typology of the sediments, the bathymetry, ranging from almost 0 up to 4 m,
the daily tide excursion, and the different residence times of the waters, not to mention
other aspects of conservation and protection, of fishing regulation, of pleasure craft traffic.

In relation to the species, Cymodocea nodosa offers the greatest chance for success
in transplantation procedures, given the quick growth of the rhizomes in the favorable
season [77,78], rather than the production of seeds which is limited in time and sites [79].

On the contrary, Zostera marina is the most critical species due to the slower growth
of rhizomes [77,80] and because of the stress it can experience when water temperatures
exceed 25-30 °C [39,42] and when anoxic conditions occur, as it often happens in confined
environments. Mappings of MS, carried out in the last 20 years in the Venice lagoon, for ex-
ample, confirm several events, which alternated in time between retreat and recolonization
for this species [38].

With regard to the planting methodology, the various gathered experiences have
shown that the sod technique allows for better results, being fundamental in the seabed
when water current is high (more than 1 m/s) or when winds and waves cause erosion and
resuspensions, impacting the shallow seabed. In these conditions, the cuttings technique
does not appear effective because plants get easily eroded. Such a technique, as reported
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in Sfriso et al. [57], appears to be well suited for wide surface restoration interventions,
in protected or semi-enclosed areas where little impact on the seabed can occur. The low
hydrodynamics of these sites also favors the retention of seeds locally or shortly away from
the intervention site.

The mechanized solution for transplantations applied in the Venice lagoon, using
a servo-assisted bucket mounted on a pontoon, despite having higher equipment costs
than the manual one, allows a low use of personnel and the mobilization of large
surface sods (about 2 m?) which start propagating rhizomes around very shortly, once
replanted. While believing that it is an invasive and not very ecologically friendly
method, this solution has a high percentage of success and efficiency and is suitable to
avoid success uncertainties even when the intervention is included in the framework of
large hydro-morphological works. In addition, the monitoring of the re-leveling process
in the donor site, where large holes are produced, showed that, due to the high sediment
availability, levelling occurs after 3 months, and a significant plant recolonization is
reached after one favorable growth season.

The following table (Table 5) shows a comprehensive comparison between techniques
with pro/contra or benefit/short-comings of different transplantation techniques, consider-
ing the main specific factors (environmental and morphological variables and managerial
evaluations) that can influence the choice of one over another. For example, considering
the costs, manual techniques are preferable to the mechanized one; instead, if we consider
the presence of a sand to silty-sand sediment, the manual cutting technique shows a poor
response (low possibility of transplantation success).

Table 5. List of the main factors (environmental and morphological variables and managerial evaluations) that can affect

the transplantation choice and/or success.

Manual Sod Technique Manual Cutting Technique =~ Mechanized Sod Technique
(Corer 20-25 cm Q) (20-30 cm Long) (about 2 m?)

Costs low low high
Response to possible erosion with high water current good poor good
Response to possible erosion with low water current good good good
N. of employed technical operators high high low
Response to bathymetry 0-1.5 m good good poor
Response to bathymetry >1.5m poor poor good
Response to a transplantation extension >2500 m? medium poor good
Eii }?(f C(lmvironmer\tally friendly transplantation good good poor
Ra_piq area colonization medium low good
(within 2-3 years)

Level of resilience low low high
B e et o
Response to the presence of sand to silty-sand sediment good poor good
ie;ﬁ;):;f to the presence of predominantly silty good good poor

The authors agree with the recent review by Boudouresque et al. [49] on MS restoration
in the Mediterranean. A deep analysis of the environmental conditions and the mainte-
nance of the MS environmental requirements are fundamental, and they must take into
consideration both the efforts for the recovery of degraded conditions (sewage outputs,
turbidity production, etc.) and actions to favor further colonization of the macrophytes.

The wide surface transplantations of small sods and single cuttings (mainly Z. marina
and Z. noltei) in large, confined lagoon areas are a good solution when help is received
by local population, fishermen, local stakeholders, together organized, for example, in
university projects, regional and municipality activities, EU programs, etc.
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Low-scale projects, in the framework of an involvement of local stakeholders,
represent a point of success especially when an extended temporal range and vision are
possible. The continuous monitoring of the dynamics of MS coverages and of the on-
going trends must be combined with a coherent program of transplantation at least in
the middle time scale. In this way, interventions can be crucial to trigger and strengthen
natural spots of colonization that are just developing, working in same direction as
nature and not against it.

Some examples meet the requirements of the code of conduct, as defined by
Boudouresque [49], as they consist in wide operations which engaged population
interested in the recovery of the quality of environment, with consequent reduction
of costs.

Greater difficulty is encountered when transplantations are part of larger morphologi-
cal restoration interventions, where change of bathymetry and modification of coast profile
ask for a deep assessment to choose the best design solution to apply. Our experience
shows that such an assessment is not often sufficiently planned at the design stage by the
competent administration in a proactive perspective.

Taking into account the experience gained through the herein described field actions,
the techniques tested, and the documented mistakes, as well as reiterating the importance
of a serious a-priori analysis of the boundary conditions, we list some points that we
consider important and conclusive, to summarize the main conceptual outputs:

e  Avoidance of carrying out interventions on morphological structures not yet stabilized
or without correspondence between bathymetry and sediment typology with the
environmental requirements of the macrophyte to be replanted;

e  Considering that changes in the distribution of MS in lagoon and coastal environments
are a normal and physiological fact e that they can account for up to the 30% of
coverage distribution each year;

e Avoidance of transplantation if the stress factors on the population exist or have not
been eliminated, with particular emphasis on the sediment condition and on the
sedimentation pattern;

e  Taking special care of the leveling of the sods in the sediment to avoid erosion and
rapid rejection;

Avoidance of areas or contexts characterized by macroalgal blooms or anoxic phenomena;
Avoidance of periodicity with temperature and other characteristics that do not corre-
spond to the seasonal requirements of the macrophyte.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13162289/s1, Figure S1: Marine seagrass distribution for Venice lagoon (1990 map) [38],
Figure S2: Marine seagrass distribution for Venice lagoon (2002 map) [38], Figure S3: Marine seagrass
distribution for Venice lagoon (2004 map) [38], Figure S4: Marine seagrass distribution for Venice
lagoon (2010 map) [38], Figure S5: Marine seagrass distribution for Venice lagoon (2017 map) [38].
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Sostieni

la posidonia!

hi va in barca in laguna la conosce
bene, la si trova per esempio nella
spiaggia dei diportisti defto il “bacan”,
la striscia di secca di fronte 'isola di S. Erasmo,
ma la si pud trovare un po’ dappertutto. Stiamo
parlando delle fanerogame come la Cymodo-
ced nodosa - spesso erroneamente scambiata
per un'alga, e che invece come tutte le piante
ha radici proprie, fusti, foglie e fiori.
Componente importante per la salvaguardia
degli habitat marini dell’ Adriatico € la garanzia
di una presenza adeguata, nei fondali adatti,
di questa fanerogama marina ma anche di Po-
sidonia oceanica, messe spesso in pericolo da
diversi fattori, tra i quali I'ancoraggio delle bar-
che da diporto.
Per questo & partito SASPAS (Safe Anchoring
and Seagrass Protection in the Adriatic Sea) , un
progetto finanziato nell’ambito del Programma
di Cooperazione Territoriale Italia — Croazia fina-
lizzato a preservare e migliorare lo stato di con-
servazione degli ecosistemi presenti sul fondale
del Mare Adriatico. Esso si sviluppa nell’arco di
39 mesi a partire da gennaio 2019.
La partnership € composta da: Comune di

AGOSTO / SETTEMBRE 2021

di Elena Magro

Monfalcone (capofila), CORILA (Consorzio per
la Gestione del Cenfro di Coordinamento delle
Attivitd di Ricerca inerenti il Sistema Lagunare di
Venezia) con I'Universitd Ca' Foscari di Vene-
zia (come affiliato), SELC Soc Coop, CoNISMa
(COnsorzio Nazionale Interuniversitario per le




Scienze del MAre), Parco Naturale Regionale
Dune Costiere da Torre Canne a Torre San Leo-
nardo (Brindisi) e, per la Croazia, SUNCE (Asso-
ciation for Nature, Environment and Sustainable
Development), Parco Nazionale delle isole Inco-
ronate e I'Universitd di Filume (Dipartimento di
Biotecnologia).
Il progetto prevedeva delle azioni pilota nei
seguenti tre siti che si sono concluse in que-
sti giorni: frapianto di Cymodocea nodosa nel
Golfo di Panzano (Monfalcone) e di Posidonia
oceanica nel litorale brindisino (Parco Naturale
Dune Costiere da Torre Canne a Torre San Le-
onardo) e nel Parco delle Isole Incoronate in
Croazia; messa in opera di boe ecologiche per
limitare I'ancoraggio distruttivo delle barche nel
Golfo di Panzano e nel Parco delle Isole Incoro-
nate.
| partner del progetto SASPAS hanno quindi lan-
ciato la campagna "Posidonia Ambassador
- "Become a Posidonia Keeper” che ha come
obiettivo quello di sensibilizzare i diportisti sull'im-
portanza delle fanerogame e fornendo loro utili
consigli:
e Cercalla disponibilitd di sistemi di ancoraggio
ecologici
e Se deviusare la tua ancora, accertati di dare
fondo su un'area libera da praterie.
* Accertati previomente, attraverso i tuoi si-
stemi di posizionamento ed altre informazioni,

di ormeggiare su aree prive di praterie.

* Adotta comportamenti sostenibili, usando sa-
pone, shampoo e filtri solari ecologici ad alta
degradabilita.

E I'invito di diffondere questo modello di com-

portamento fra gli aliri diportisti e di scoprire la

bellezza delle praterie con lo snorkelling.

Infine, ancorare in un’area dove non sono pre-

senti le praterie di fanerogame e discattare una

foto della barca, condividerla sui social con il

tag #saspas |
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SOSTIENI

LA POSIDONIA

E LE ALTRE PIANTE ACQUATICHE MARINE

SASPAS (Safe Anchoring and Seagrass Pro-
tection in the Adriatic Sea) & un progetto finan-
ziato nell’ambito del Programma di Cooperazio-
ne Territoriale Italia — Croazia ed e finalizzato
a preservare e migliorare lo stato di conserva-
zione degli ecosistemi presenti sul fondale del
Mare Adriatico.

Cerca la disponibilita di sistemi
di ancoraggio ecologici

Se devi usare la tua ancora, accertati di
dare fondo su un’area libera da praterie.

Posidonia oceanica, Cymodocea nodosa ¢ le
altre piante marine che formano dense praterie
costiere sono in forte declino, spesso a causa di
disturbi antropici.

Accertati previamente, attraverso

i tuoi sistemi di posizionamento

ed altre informazioni, di ormeggiare
su aree prive di praterie.

Diffondi questo modello

di comportamento tra gli altri diportisti.
Non tutti sono consci dell’importanza
delle praterie marine costiere!
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SCATTA UNA FOTO ALLA TUA BARCA SASPAS interrg
QUANDO SEI ALLANCORA LONTANO DALLA PRATERIA %Wﬁzﬁ“wﬁ?ﬁ”

POSTA LA FOTO SUL TUO SOCIAL
O INVIALA DIRETTAMENTE A NOI

a TAGGACI #SASPAS
>3 . J

@SASPASINTEREGG =~ @INTERREG_SASPAS  @INTERREGSASPAS @SASPAS EU




	Introduction 
	Study Areas and Seagrass Distribution Knowledge 
	Venice Lagoon 
	Adriatic Sea 

	Seagrass Transplantations in Venice Lagoon 
	Manual Transplantations 
	Manual Transplantations (Water Authority of Venice) 
	Manual Transplantations (Venice Architecture School (IUAV) and Water Authorityof Venice) 
	Manual Transplantations (Life SERESTO—SEagrass RESTOration) 

	Mechanized Transplantations 

	Seagrass Transplantations in the Adriatic Sea 
	Manual Transplantations (Water Authority of Venice in Marine Areas) 
	Manual Transplantations (Interreg Project SASPAS) 
	Panzano Bay (Gulf of Trieste)—Cymodocea nodosa Transplantation 
	Kornati National Park and Regional Natural Park of CoastalDunes—Posidonia oceanica Transplanting 


	Discussion and Conclusions 
	References

