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Several anthropogenic factors are responsible for the decline of Cystoseira
sensu lato (hereafter Cystoseira) forests along Mediterranean coasts. Some
Cystoseira species are already regionally extinct, and their decline has been
widely recorded. Sustainable and efficient techniques for the restoration of
Cystoseira are needed. In this context, the objectives of this study were i) to
analyse the reproductive traits of three populations of Gongolaria barbata from
three nearby donor sites in the northern Adriatic Sea, assessing the differences
in their reproductive potential and reproductive success; and ii) to evaluate the
outplanting success in terms of the effectiveness of G. barbata restoration, in
relation to the different donor and receiving sites (Miramare MPA and in front of
the Marine Biology Station Piran - MBSP) and implemented methods (ex situ
and hybrid method combining a mesocosm cultivation and a suspended
culture in the field). After 2 weeks of cultivation in mesocosms, half of the
tiles with germlings were transported to the receiving sites and placed on
suspended lantern nets (hybrid method), which were later (after 3 months)
transferred to the seabed on concrete plates with protective cages. The
remaining tiles were placed on the seabed on concrete plates with
protective cages after a 4-week culture (ex situ method). At both sites,
lantern nets and plates were randomly placed at 3 m depth. Thallus length
was measured monthly in each treatment. Seedlings in suspended culture
showed lower performance at the Miramare MPA, most likely due to the
unfavourable environmental conditions. The satisfactory results obtained at
MBSP demonstrate the efficiency of the hybrid method and confirm its
potential to reduce the cost and time required for cultivation. Since
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unpredictable climatic events pose the greatest threat to restoration
performance, these challenges must be considered when establishing new
restoration practices. Moreover, herbivore regulation is extremely urgent and
should be planned and implemented on a larger regional scale.
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Introduction

Canopy-forming fucoids are dominant foundation species
found on almost all Mediterranean coasts (Bulleri et al., 2012;
Gianni et al., 2013; Assis et al., 2020; Bringloe et al., 2020). In
particular, Cystoseira sensu lato (Fucales, Phaeophyta) species
(hereafter referred to as Cystoseira), recently subdivided into the
three genera Cystoseira, Ericaria and Gongolaria (Molinari-
Novoa and Guiry, 2020), can thrive from intertidal to
circalittoral rocky bottoms, forming dense forests that are
among the most productive assemblages in the Mediterranean
coastal zone, with different species replacing each other along a
bathymetric gradient (Boudouresque and Liick, 1972; Giaccone,
1973; Ballesteros, 1989; Rull and Gomez Garreta, 1989; Otero-
Schmitt and Pérez-Cirera, 1996; Ballesteros et al., 1998; Pizzuto,
1999; Ballesteros et al., 2009).

Important ecosystem services (De La Fuente et al., 2019a)
provided by these brown algal forests include high primary
production (Ballesteros et al., 2009; Maci¢ and Svircev, 2014),
rich understory communities of algae and invertebrates (Pitacco
et al,, 2014; Bianchelli et al,, 2016; Mancuso et al., 2021),
outstanding fish densities and diversity (Orlando-Bonaca and
Lipej, 2005; Cheminée et al., 2013), and a long term carbon sink
(Peleg et al., 2020). Other benefits of Cystoseira to humans
include the production of several bioactive metabolites (Bruno
de Sousa et al, 2017a), with antioxidant, anti-inflammatory,
antifungal, antiviral and antibacterial effects (Mhadhebi et al,
2011; Vizetto-Duarte et al., 2016; Bruno de Sousa et al., 2017b;
De La Fuente et al., 2020).

As a result of multiple anthropogenic impacts (e.g., coastal
urbanisation, eutrophication, sediment loading and overgrazing),
Cystoseira stands have gradually disappeared in many
Mediterranean coastal areas, often being replaced by filamentous
or ephemeral taxa (e.g., Mangialajo et al., 2008; Falace et al., 2010;
Verges et al.,, 2014; Thibaut et al., 2015; Rindi et al., 2017; Rindi
et al., 2018; Catra et al., 2019; Mariani et al., 2019; Bernal-Ibafez
et al., 2021; Orlando-Bonaca et al., 2021a; Orfanidis et al., 2021). In
addition, human changes in the marine environment also affect
connectivity, leading to habitat fragmentation and loss, and genetic
disjunction even at small spatial scales (Alberto et al., 2010).
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Furthermore, an important feature of Cystoseira settlements
is that their zygotes sink rapidly (Clayton, 1990), so that they fall
and stick to the substrate near the parent algae. Due to their low
dispersal, the colonisation of new or damaged areas is therefore
difficult, so habitat fragmentation has a major impact on
these species.

The first strategy to address the decline of Cystoseira and
their habitat was their protection through international
agreements (e.g., Bern Convention, Barcelona Convention,
Directive 92/43/EEC, European Red List of Habitats).
Nevertheless, there is little evidence of natural recovery of
degraded Cystoseira forests (but see Munda, 2000; Perkol-
Finkel and Airoldi, 2010; Ivesa et al., 2016; Medrano
et al., 2020a).

Restoration of affected areas, but only those where
disturbance is no longer present or has been mitigated, is so
important as it can greatly accelerate habitat recovery.

Restoration is increasingly recognized as an appropriate
strategy to actively trigger the recovery of degraded coastal
habitats (Abelson et al., 2020), as proposed in the recently
proclaimed UN Decade of Ecosystem Restoration (2021-2030;
Waltham et al., 2020). However, implementing successful
restoration efforts requires detailed knowledge of the current
and past distribution of lost habitats and species, the pressures
that led to their decline, and accurate characterization of donor
populations (Gann et al, 2019). In recent years, several
restoration attempts have been made in the Mediterranean
region through different projects to address the loss of
Cystoseira (Falace et al,, 2018; Verdura et al., 2018; De La
Fuente et al., 2019b; Medrano et al., 2020b; Orlando-Bonaca
et al.,, 2021b; Savonitto et al., 2021).

Restoration of brown algal forests can be achieved through:
transplantation of adult thalli (Falace et al., 2006; Susini et al.,
2007), deployment of bags with fertile receptacles in situ,
attached to a hoe and fixed to the seafloor at selected
restoration sites (Verdura et al., 2018; Medrano et al., 2020b),
and the outplanting of juveniles grown ex situ under laboratory
conditions (Falace et al., 2006; Sales et al., 2011; Falace et al,,
2018; Verdura et al,, 2018; De La Fuente et al., 2019b; Savonitto
et al., 2021; Orlando-Bonaca et al., 2021b; Lardi et al., 2022).
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The latter two techniques are recommended for the recovery of
endangered species to avoid depleting donor populations (De La
Fuente et al., 2019b).

A sharp decline of Fucales has also been reported in the
northern Adriatic basin (Falace et al., 2010; Orlando-Bonaca and
Rotter, 2018; Orlando-Bonaca et al., 2021a), leading to
displacement by turf-forming taxa in shallow waters. The
occurrence of these low-lying algae is likely related to human-
induced hydromorphological changes to the shoreline and high
sediment resuspension rates (Falace et al., 2010; Orlando-
Bonaca and Rotter, 2018) rather than nutrient enrichment, as
the northern Adriatic is considered oligotrophic (Mozetic
et al., 2012).

Moreover, negative impacts from native herbivorous fish have
also been documented: for Sargassum vulgare C. Agardh
(Orlando-Bonaca and Mavri¢, 2014) and recently for the
transplanted Gongolaria barbata (Stackhouse) Kuntze (Orlando-
Bonaca et al., 2021b; Savonitto et al.,, 2021). Currently, G. barbata
and Cystoseira compressa (Esper) Gerloff and Nizamuddin are
quite common in the Gulf of Trieste only on the Slovenian coast,
while they have almost disappeared on the Italian coast. Other
species from this group are already rare in Slovenian waters and
extinct in Italian waters of the Gulf of Trieste.

Based on previous results of G. barbata restoration in the
northern Adriatic (Orlando-Bonaca et al., 2021b; Savonitto et al.,
2021), the present study aimed to evaluate the performance of
different donor populations in close proximity to each other in
the restoration of two receiving sites. To successfully reduce
cultivation time (to avoid lengthy maintenance and minimise
costs), we compared the performance of the ex situ method
(already consolidated at the same sites in the ROC-POP LIFE
and J1-1702 projects) with a hybrid method combining
cultivation in mesocosm and suspended culture in the field.

In this context, the objectives of this study were (1) to analyse
the reproductive traits of three populations of G. barbata from
three nearby donor sites (i.e., Izola, Strunjan, Piran) in order to
assess the differences in their reproductive potential and
reproductive success, and (2) to evaluate the restoration success
in relation to the different donor and receiving sites (Miramare
MPA vs. Marine Biology Station Piran) and the methods used.
The added value of our work is that by combining two methods,
for the first time different donor and receiving sites were
compared in terms of restoration success of G. barbata.

Materials and methods
Study area
The study area is located in the Gulf of Trieste (Figure 1), a

shallow, semi-enclosed bay in the northernmost part of the
Adriatic and Mediterranean Seas. The gulf stretches from Cape
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Savudrija (Croatia) to Grado (Italy) and includes the entire
Slovenian coast, with an average depth of about 21 m. The
area is known for the lowest winter temperatures (mostly below
10°C) in the Mediterranean and the prevailing winds, which
blow mainly from the northeast in an offshore direction
(Boicourt et al., 2021). Maximum summer seawater
temperatures reach 28°C (data from VIDA oceanographic
buoy, https://www.nib.si/mbp/en/). The average salinity is
about 37 and is mainly influenced by the freshwater inflow
from the Soca (Isonzo) River, while the water circulation is
mainly counterclockwise in the lower layer and clockwise in the
surface layer (Stravisi, 1983).

The rationale of the experiment, aimed at testing the effect of
three donor and two receiving sites, and cultivation methods
(hybrid vs. ex situ) on the restoration efficiency of G. barbata, is
shown in Figure 2.

Fertile apices of G. barbata were collected in Slovenia from
three donor populations located in:

- Izola (45.543567, 13.676371), which is characterised by a
healthy and dense populations of G. barbata and C.
compressa;

- Strunjan Natural Park (45.53379, 13.638281), where G.
barbata forms healthy stands in association with C.
compressa and Ericaria crinita (Duby) Molinari and
Guiry;

- Piran (45.5284, 13.5754), where belts of G. barbata are
present in association with C. compressa and E. crinita.

The distances along the coastline between the donor sites (at
an isobath depth of 2 m) are: Izola-Strunjan = 4.621 km, and
Strunjan-Piran = 6.873 km. All donor sites have a shallow, rocky
seabed and are moderately exposed to wave action. Due to
overgrazing by native herbivorous species such as Sarpa salpa
(L., 1758) at the Piran sampling site in March 2021, the number
of apices collected in this area was lower than at the other two
donor sites (authors’ pers. o0bs.).

The germlings were cultivated in the two nursery facilities at
the University of Trieste (UNITS) and at the Marine Biology
Station Piran (MBSP).

The cultured germlings were outplanted in:

- the ‘no-take’ zone of the Miramare MPA in Italy
(45.701802, 13.714223), where G. barbata once
occurred (Bussani and Vukovic, 1992) and was
recently reintroduced as part of the ROC-POP LIFE
project (Savonitto et al., 2021). The MPA is located in a
highly urbanized coastal system and is affected by
herbivorous fish grazing (Savonitto et al., 2021;
Bevilacqua et al., 2022);

- the coastal area off the Marine Biology Station Piran
(hereafter MBSP) in Slovenia (45.5177, 13.5680), where
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FIGURE 1
Map of the study area showing donor (= DS) and receiving sites (=RS) for Gongolaria barbata.
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FIGURE 2

were outplanted using either the hybrid or ex situ method.

Experiment on G. barbata restoration in the northern Adriatic Sea. UNITS, University of Trieste (Italy), MBSP, Marine Biology Station Piran
(Slovenia). It shows: i) the three donor sites where fertile receptacles were collected; ii) the two nursery facilities where germlings were
cultivated on clay tiles starting from the fertile receptacles; iii) the two receiving sites where the tiles coming from different donor populations
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less than a decade ago there was a dense brown algal
forest consisting mainly of G. barbata and C. compressa.
This habitat was completely destroyed in 2016 due to
invasive encroachment for beach construction, when no
precautions were taken to limit environmental damage.
This site is also affected by fish grazing pressure
(Orlando-Bonaca et al., 2021b).

Culture in mesocosms

Cultures of G. barbata were carried out following the
protocol of Falace et al. (2018) further improved in De La
Fuente et al. (2019b).

In early April 2021, apices with mature receptacles were
collected simultaneously at 1-2 m depth at the three donor sites.
They were then transported to the nursery facilities within a few
hours under cool (4°C) and dark conditions. At the laboratory,
the receptacles were cleaned with filtered seawater to remove
epibionts, and stored at 4°C for 24 h to promote gamete release.

In parallel, approximately 100 randomly selected apices
from each donor site were stored at -4°C for further analyses
(i.e., morphometric measurements).

In environmentally controlled rooms, approximately 50 mg
FW fertile apices were placed on each rough clay tile (4.5 cm
diameter with a central hole of 0.6 cm diameter), in aquaria filled
with filtered seawater (0.22 wm filter membrane) enriched with
Von Stosch solution and germanium dioxide (for details, see
Falace et al., 2018; De La Fuente et al., 2019b), and oxygenated
with air pumps and bubblers.

At UNITS, 10 aquaria with 50-55 tiles each were used. A
total of 204 tiles were seeded with Izola apices and 303 with
Strunjan apices. At MBSP, 6 aquaria were used, each containing
50-55 tiles. In total, 251 tiles were seeded with apices from Izola
and 55 with apices from Piran. The tiles were labelled according
to the donor populations. The differences in culturing efforts
and, thus, the unbalanced experimental design depend on the
availability of fertile material, which is related to the size of the
populations themselves (i.e., Strunjan is larger in terms of
population size, while the Piran population was severely
damaged by fish grazing during the fertile season).

Temperature was set at 15°C, light intensity at 125 umol m™
s, and photoperiod at 15:9 h light:dark to simulate conditions
during the reproductive period of G. barbata at donor sites. Air
temperature was automatically set by the room controller and
water temperature was measured daily with a thermometer in
each aquarium to ensure it was constant.

Apices placed on the tiles for seeding were removed after
twenty-four hours (T0). To avoid nutrient limitation, the culture
medium was renewed every 3-5 days. Both the aquaria and the
tiles within each aquarium were randomly repositioned at each
periodic change of culture medium to provide random culture
conditions to all the tiles.
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Cultures lasted two weeks for tiles destined for the hybrid
method and 4 weeks for tiles destined for the ex situ method.

Hybrid method

To test whether it is possible to shorten the cultivation time
in mesocosm, an in situ suspended culture was established after a
shorter cultivation time (i.e., 2 weeks).

Therefore, after 2 weeks of culture in the mesocosms (on
April 23“1, T2), about half of the tiles were randomly selected
and transported to the receiving sites, where they were fixed to
plastic lantern nets (55 cm diameter) suspended at 2 m depth, as
described in Savonitto et al. (2021); 108 tiles with germlings from
Izola and 150 from Strunjan were placed in the Miramare MPA,
while 107 from Izola, 26 from Strunjan and 26 from Piran were
placed in front of MBSP.

After 3 months in the lantern nets (July), the tiles were
placed on the rocky bottom using outplanting modules. The
modules consisted of 50x50 cm concrete plates (each capable of
holding up to 48-54 tiles) covered with iron anti-grazing cages
(mesh size 1x1 cm?) and secured with metal wedges, as described
in Orlando-Bonaca et al. (2021b). Tiles were randomly
positioned on the modules, interspersing tiles hosting juveniles
from the different donor populations.

In the Miramare MPA, the tiles without juveniles were
excluded, so that finally 69 tiles from Strunjan and 7 tiles from
Izola were placed on two plates. In front of the MBSP, all tiles
were laid on three plates on the seabed near the lantern nets.

Ex situ method

After 4 weeks of cultivation in the mesocosms (on May 7th,
T4), the tiles destined for the ex situ method were transported to
the receiving sites and attached with screws to preassembled
outplanting modules (see above). As with the hybrid method,
tiles from the different donor sites were marked and randomly
placed on the plates (4 plates at Miramare MPA and 4 in front of
MBSP). The plates for the two methods were placed very close to
each other on the seafloor.

Specifically, 96 tiles with juveniles from Izola and 108 from
Strunjan were located in the Miramare MPA, while 144 from
Izola, 19 from Strunjan and 29 from Piran were placed in front
of the MBSP.

Tiles were monitored in the Miramare MPA and MBSP by
SCUBA-divers, and iron cages were cleaned regularly with a wire
brush to remove epibionts and sediment, at least twice a month
at Miramare, an MPA with dedicated staff, whereas in front of
the MBSP they were cleaned only once a month during routine
monitoring. The difference in frequency of cleaning was due to
the different degree of protection and monitoring to which the
two receiving sites are subject.
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Collected data

During mesocosm culture, the following data were collected
and processed(Table 1):

- Morphometric measurements of receptacles (i.e., length
and width in mm): 100 receptacles from each donor site
(Izola, Strunjan, Piran) were randomly collected and
photographed under a stereomicroscope (Leica MZ 6,
Leica Microsystems, Wetzlar, Germany) with a Nikon
Coolpix 4500 camera (Nikon Corporation, Tokyo,
Japan) (at T0);

- Reproductive traits: 20 tiles per donor site (Izola and
Strunjan) were randomly selected at UNITS (at TO) to
determine the:

(i) reproductive potential as RP = N. of conceptacles per
receptacle of all the receptacles on each tile. The number
of conceptacles was determined by counting the total
number of ostioles protruding from the outer surface of
the receptacle using a stereomicroscope (Supplement 1);

(ii) reproductive success (RS = N. of zygotes per tile x N. of
conceptacles per tile") by photographic sampling with a
Nikon D300 camera (Nikon Corporation, Tokyo, Japan).

- Germling density (i.e., number of germlings per tile): at
weeks 1 (T1), 2 (T2), 3 (T3, only at MBSP), and 4 (T4)
after fertilisation, germling density was estimated on
pictures (photographic sampling with a Nikon D300
camera) randomly selecting 42 tiles from Izola
(henceforth as juvlZ) and 76 from Strunjan (juvST) at
UNITS, while 30 from Izola (juvIZ) and 10 from Piran
(juvPI) at MBSP. No data are available at T4 for juvPI
cultured at MBSP.

- Germling length and width: at T4, 40 germlings per donor
site (only the donor populations from Izola and Strunjan
were considered: juvIZ and juvST at UNITS, juvIZ at
MBSP) were randomly selected and photographed
directly on the tiles under a stereomicroscope to

10.3389/fmars.2022.988584

measure their length and width. They were randomly
selected each time, thus not repeated measures. No data
are available at T4 for juvPI cultured at MBSP.

- Light intensity (Lux) and seawater temperature (°C) were
measured from the time of outplanting on the seabed
(T4) using a HOBO Pendant Data Logger (UA-OOx) at
the MBSP receiving site.

In the laboratory, receptacles’ length and width, number of
zygotes per tile at TO, number of germlings per tile at T1, T2, T3
and T4, and length and width of germlings at T4 were
determined by analysing the photos with Image] software
(Schneider et al., 2012).

In the field, thalli lengths were measured by SCUBA divers at
Miramare MPA and MBSP on 20 randomly selected tiles per
method and donor site monthly from May to November (7
times). In November, the percentage survival rate (i.e., the % of
tiles that had juveniles on them) was determined by SCUBA
divers. It is noteworthy that length data are not available for the
hybrid method juveniles outplanted in the Miramare MPA from
August onwards, as the mortality rate was 100%.

For the assessment of reproductive traits, germling density
and germling morphometry in the laboratory and thallus length in
the field, the tiles have been considered as replicates, even
acknowledging an issue of spatial pseudoreplication since some
of the tiles belong to the same aquarium/outplanting module.
Logistical constraints did not allow us to have all completely
independent replicates but care in interspersion and
randomisation allowed us to reduce the risk of an aquarium/
module effect. This aspect has been considered in results
interpretation, keeping in mind the risk of inflated Type I errors
in case of simple pseudoreplication (Millar and Anderson, 2004).

Statistical analysis

One-way ANOVA design was applied to test for possible
differences between donor sites (Izola, Piran and Strunjan) in

TABLE 1 Summary of data collected during the mesocosm culture at UNITS and MBSP.

Reproductive success*

Sampling Sample size
time
TO 100 receptacles per donor site
20 random tiles per site

T1 = 1 week At UNITS: 42 tiles from Izola and 76 from
T2 = 2 weeks Strunjan;

At MBSP: 30 from Izola and 10 from Piran
T3 = 3 weeks
T4 = 4 weeks" 40 germlings per donor site

Variable

Receptacle length and width

Receptacle reproductive

Germling density

Germling length and width

Calculation/Unit

Length and width (mm)

N. of conceptacles per receptacle of all the receptacles on the

potential* tile

N. zygotes released per tile x N. receptacles per tile

N. germlings per tile

Length and width (mm)

*Only at UNITS, on tiles seeded with apices from Izola and Strunjan. *At MBSP, missing data for Piran.
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receptacle morphometry (length and width, n=100),
reproductive potential (RP, n=20), reproductive success (RS,
n=20) and germling morphometry (length and width, n=40)
after 4 weeks of culture. Verification of the assumptions
(normality with the Kolmogorov-Smirnov test and
homoscedasticity with the Bartlett’s test) was performed prior
to conducting the analyses. If the assumptions were not fulfilled,
square root transformation of the response variable was applied
and assumptions re-tested. If still not compliant with ANOVA
assumptions, the non-parametric equivalent of ANOVA, the
Kruskal-Wallis test, was performed.

Differences in germling density on the tiles according to
donor populations (juvIZ, juvPI and juvST) were assessed
applying a linear mixed model, after checking for normality of
the response variables, using the variable “Donor population” as
fixed, while “Time” as random.

As for the field data, two separate analyses were performed
on the response variable thallus length measured at the last
monitoring time (November 2021, n=20). Potential differences
linked to the donor population and the outplanting method has
been investigated through a two-way ANOVA design, testing the
effect of the fixed orthogonal factors “Donor population” (3
levels: juvlZ, juvPl, juvST), “Outplanting method” (2 levels: ex
situ, hybrid) and their interaction. This test has been performed
only on MBSP data, because this was the receiving site hosting all
donor populations and where it was possible to carry out both
methods till the end of the experimentation. A second two way
ANOVA design has been applied only considering the ex situ
method data for testing the effect of the fixed orthogonal factors
“Donor population” (2 levels: juvIZ, juvST), “Receiving site” (2
levels: Miramare MPA, MBSP) and their interaction. Normality
and homoscedasticity assumptions were tested by Kolmogorov-
Smirnov test and Bartlett’s test respectively, and a square root
transformation was required.

For all analyses, post-hoc comparisons on significant terms
were performed by Tukey test and significant differences are
shown on the corresponding plots and table (for field data). All
statistical analyses and plots were performed with “stats” and
“car” packages of the free software RStudio (RStudio
Team, 2021).

Results
- Culture in mesocosm

Morphometry of the receptacles

Significant differences were found in the length and width of
the receptacles between the three donor sites, with the
receptacles in Izola being longer and larger (length: 6.02 + 0.26
SE mm; width: 0.96 + 0.02 SE mm) than those from Piran
(length: 4.66 + 0.16 SE mm; width: 0.78 + 0.02 SE mm; p-value <
0.001) and Strunjan (length: 4.70 + 0.18 SE mm; width: 0.83 +
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0.02 SE mm; p-value < 0.001). No significant differences were
found between Piran and Strunjan (Figure 3, Table 2).

The fertile apical fronds from Piran and Strunjan generally
had short, simple and cylindrical receptacles that were sparsely
mucronate and had few or no aerocysts (Figure 3C). In contrast,
fronds from Izola had long fusiform or mucronate receptacles,
predominantly prominent conceptacles, and there were
numerous single or concatenated aerocysts (Figure 3C; Table 3).

Reproductive traits

The Izola population receptacles had significantly higher
reproductive potential (30.5 + 0.4 SE conceptacles receptacle™)
compared to Strunjan (25.0 + 0.3 SE conceptacles receptacle’; p-
value < 0.001; Figure 4A, Table 2). Conversely, the reproductive
success of Izola receptacles (0.4 + 0.1 SE zygotes conceptacle’; p-
value < 0.01) was significantly lower than those from Strunjan
(0.8 = 0.1 SE zygotes conceptacle™; Figure 4B, Table 2).

Germling density

Germling density gradually decreased from the first to the
fourth week in culture (Figure 5). After 4 weeks, it ranged from
132 £ 15 SE germlings per tile (juvIZ) to 73 + 8 SE germlings per
tile (juvST) (Figure 5). JuvST had significantly different germling
density (p-value < 0.001, Table 2), and showed higher values at
earlier sampling times (T1-T2), than juvIZ and juvPI, which
were again significantly different (p-value = 0.02, Table 2).

Morphometry of germlings after 4 weeks

After 4 weeks in culture, significant differences in length and
width were observed between juvIZ (length: 1.15 + 0.07 SE mm;
width: 0.29 + 0.01 SE mm) and juvST (length: 0.65 + 0.03 SE
mm; width: 0.17 + 0.01 SE mm), with juvIZ having higher values
in both morphometric parameters (p-value < 0.001, Figures 6A,
B; Table 2).

For these last parameters (i.e., reproductive traits, germling
density and morphometry), also considering the pseudoreplication
issue, the low p-values of statistical tests (always lower than 0.01)
allowed us to consider our results reliable.

- Field data

The two-way ANOVA on MBSP data showed a significant
effect of the interactions “Donor population” x “Outplanting
Method” (p-value =0.0001, Table 4).

The three populations showed no differences in
performance when the hybrid method was applied, while
juvlZ performed differently from juvPI and juvST in the ex
situ method (p-value <0.001). JuvIZ performed better if
outplanted through the ex situ method compared to hybrid
(p-value <0.001), while no differences were observed for juvPI
and juvST (Table 4, Figure 7A).
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Significant differences were observed in the ex situ method
between the two receiving sites: thalli of both donor populations
outplanted in Miramare MPA showed significantly higher
performances compared to the ones in MBSP (p-value <0.0001,
Figure 7B, Table 4). In both receiving sites, juvlZ performed
significantly better than juvST (p-value=0.007, Figure 7B, Table 4).
At 7 months (November 2021), the average length of thalli
outplanted by the ex situ method at Miramare MPA ranged
from 8.4 + 0.7 SE (juvST) to 9.1 = 0.6 SE cm (juvlZ), while at
MBSP it ranged from 2.3 + 0.4 SE (juvST) to 49 = 0.3 SE
cm (juvlZ).

It was not possible to compare the two methods in the
Miramare MPA receiving site at 7 months because after only 3
months in the field (July 2021), a lower length (0.3 + 0.1 SE -
juvlZ; 0.5 £ 0.1 SE cm - juvST) was observed and in August (i.e.,
after 1 month on the sea bottom) juvenile mortality was 100%.
For this reason, monitoring of the hybrid method was
interrupted at this site.

The extremely low p-values of the statistical tests (always
lower than 0.001) allowed us to consider our results reliable even
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G barbata receptacles’ (A) length and (B) width in the three donor sites (mean + SE); (C) fertile apices of G barbata populations from Izola
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acknowledging that some of the replicates should be considered
pseudoreplicated in space.

In front of the MBSP, the percentage of tiles with germlings
(% survival) ranged from 58% (juvST), 70% (juvIZ) and 90%
(juvPI) for the ex situ method, while for the hybrid method it
was 41% for juvST, 83% for juvIZ and 100% for juvPI
(Figure 8A). At Miramare MPA, the percentage of tiles with
germlings in November 2021 ranged from 44% (juvST) to 78%
(juvlZ) for the ex situ, while it was 0% for the hybrid method for
both juvIZ and juvST (Figure 8B).

Discussion

For restoration, it is important to gain a deeper knowledge
of the phenology of the species to be restored. In the last forty
years, many studies have investigated the phenology of
Cystoseira spp., highlighting that they usually undergo both
morphological and reproductive changes during the year
(e.g., Gomez-Garreta et al., 1982; Hoffmann et al., 1992;
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TABLE 2 Results of statistical analyses on laboratory data.

10.3389/fmars.2022.988584

Response variable Statistics Tested factor
Receptacle length Anova SS F p-value
Donor site 3.465 11.3 <0.0001
Residuals 47.531
chi-sq p-value
Receptacle width KW test Donor site 36.904 <0.0001
chi-sq p-value
Reproductive potential KW test Donor site 101.09 <0.0001
SS F p-value
Reproductive success Anova Donor site 0.455 7.7237 0.008
Residuals 2.237
Std.Error t-value p-value
Germling density Linear mixed model Intercept 0.507 8.194 <0.0001
Donor pop: juvPI 0.166 -2.224 0.027
Donor pop: juvST 0.084 7.079 <0.0001
Random effect: Time 1.008
chi-sq p-value
Germling length KS test Donor population 13.433 0.0002
chi-sq p-value
Germling width KS test Donor population 31.015 <0.0001

Alongi et al., 1999; Marzocchi et al., 2003; Falace et al., 2005;
Falace and Bressan, 2006; Medrano et al., 2020a). Nevertheless,
few studies focused on phenotypic variation among populations
of fucoid species and also reported significant differences in
reproductive traits (De Paula and De Oliveira, 1982; Silva et al,,
2004; Sadogurska et al., 2021).

Within its geographical range, G. barbata shows
considerable ecological plasticity and outstanding
morphological variability due to environmental factors
(Ercegovic, 1952; Falace and Bressan, 2006). In the present
study, we found relevant differences in the shape and size of
apical fronds and the number of aerocysts between populations
of G. barbata from Izola and those from Strunjan and Piran

(Tables 2 and 3): long spindle-shaped receptacles, bearing
aerocysts and always ending with a mucron for the population
from Izola (Falace et al., 2005; Falace and Bressan, 2006), while
the populations from Strunjan and Piran had short cylindrical
receptacles bearing almost no aerocysts and not always
mucronated (Orlando-Bonaca et al., 2021b).

In the Black Sea, Sadogurska et al. (2021) reported that this
variability might depend on the hydrodynamic regime and
season and observed two main morphologies. At sheltered
sites, G. barbata had long, sickle-shaped receptacles,
sometimes with protruding conceptacles, and numerous
concatenated aerocysts. In contrast, on exposed shores, G.
barbata had small, oval or spindle-shaped receptacles with

TABLE 3 Comparison of Gongolaria barbata populations sampled at 1zola, Strunjan and Piran donor sites, in terms of receptacles’ features

(numeric values are expressed as mean + SE).

Donor sites Izola
Cryptostomata numerous
Aerocysts abundant, oval to spindle shaped, isolated or in chains

(up to 5 aerocysts)
Receptacle shape simple, fusiform mucronate or pedicellate

Receptacle length 6.02 + 0.26 mm, range 1.28 - 15.12 mm

Receptacle width 0.96 + 0.02 mm, range 0.53 - 1.62 mm

Conceptacle prominent

Conceptacles 30.45 + 0.45 conceptacles receptacle™ (up to 93

receptacle™ conceptacles receptacle™)

Frontiers in Marine Science

absent or few isolated

simple or bifid, cylindrical,

4.66 + 0.16, range 1.61 -

0.78 + 0.02 mm, range 0.29 -

smooth or slightly prominent

Piran Strunjan

numerous numerous

absent or few isolated

simple or bifid, cylindrical, mucronate
mucronate

4.70 £ 0.18 mm, range 1.71 - 10.22 mm
10.89 mm

0.83 + 0.02 mm, range 0.35 - 1.45 mm
1.31 mm

smooth or slightly prominent

24.96 + 0.25 conceptacles receptacle™ (up to 65
conceptacles receptacle™)
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s n-value < 0.001, ** p-value < 0.01.

Reproductive potential (A) and reproductive success (B) of the receptacles
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from Izola and Strunjan donor sites (mean + SE). Significance levels:

smooth surfaces and few aerocysts. Nevertheless, molecular
analyses revealed minor differences between the Black Sea
samples of G. barbata, representing smaller infraspecific
variations. Sadogurska et al. (2021) therefore concluded that
the morphological variability of G. barbata in the Black Sea is
not due to infraspecific taxa, but to considerable ecological
plasticity and seasonal variation. Consequently, the
populations sampled for the present study could represent two
different ecotypes.

Although the donor sites on the Slovenian coast are close to
each other (see Materials and methods), they have different
environmental characteristics. The Izola donor site is located at
the edge of Koper Bay, which is characterised by high
sedimentation and suspension rates reflected in increased

water turbidity (Ogorelec et al., 1991). The area is exposed to
large freshwater inputs from the Rizana and Badasevica rivers
(Cozzi et al., 2012) and is located close to the port of Koper. In
addition, some unidentified sources of pollution (probably
municipal sewage) affect the ecological status of macroalgae in
this area (Orlando-Bonaca and Rotter, 2018; Orlando-Bonaca
et al,, 2021c). In contrast, Strunjan and Piran are exposed to
lower anthropogenic pressures (Orlando-Bonaca et al., 2015), as
they are located on a coastline that is still in a pristine state.
Moreover, these two sites are located outside the bays of Koper
and Piran, which are known to have the highest sedimentation
and suspension rates in Slovenian marine waters (Ogorelec et al.,
1991). Consequently, the three donor populations might be
adapted to different sedimentation rates, salinity, and turbidity,

FIGURE 5
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affecting the length of receptacles and the presence of aerocysts.
In environments with high water turbidity, the development of
aerocysts stimulates the algae to stretch upwards and in this way
improve their access to light (Liining, 1991). The elongated
shape of the receptacles could be another adaptation to increase
surface area and better capture light to improve photosynthesis.
Therefore, the Izola population could be a morphotype adapted
to higher sedimentation.

The fertile apices of the Izola population not only had longer
and larger receptacles (Figure 3), but also a higher number of
conceptacles per receptacle (RP, Figure 4A; Table 2). However,
the number of zygotes per tile relative to the number of
conceptacles per tile (RS) was higher in the G. barbata
population from Strunjan (Figure 4B; Table 2). Furthermore,
the density of juvIZ and juvPI was lower than that of juvST after
one (T1) and two weeks of culture (T2) (Figure 5). Nevertheless,
the progressive decrease in seedling density over time (T4),

Germling size (mean + SE) after 4 weeks of culture (data for juvlZ are pooled for UNITS and MBSP): (A) length (mm) and (B) width (mm). No data
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available for juvPI cultivated at MBSP. Significance levels: ***' p-value < 0.001.
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which can be explained at least in part by the process of “self-
thinning” of a growing plant population (Ang and De Wreede,
1992; Steen and Scrosati, 2004), was more pronounced in juvST.
Not only the density but also the dimensions of juvST were
smaller than those of juvIZ at T4 (Figure 6). This result indicates
that the population from Strunjan, although more successful in
the first two weeks of culture, was less successful than the others
after three to four weeks.

The success of outplanting juveniles in the field was highly
variable and depended on both the location of the donor/
receiving sites and the outplanting method. As with the ex situ
method, the greatest differences in Slovenia (MBSP) were due to
the different donor sites. This is because although all
experimental tiles were exposed to the same environmental
conditions (Supplement 2), juvIZ thalli grew significantly
better than juvST and juvPI (Figure 7A). This was probably
due to pre-adaptation to the high sediment resuspension rate

TABLE 4 Results of the statistical analyses on field data. In the footnotes, results of post-hoc comparisons are reported.

Statistics

Juveniles” length in MBSP Anova

Tested factor

Post-hoc: Donor pop*Method: ex situ: juvIZ # juvST=juvPI; hybrid: juvIZ=juvST=juvP; juvIZ: ex situ # hybrid

Juveniles length using the ex situ method Anova

Frontiers in Marine Science

SS F p-value
Donor pop 0.86 14.20 <0.0001
Method 0.11 3.74 0.055
Donor pop X Method 0.58 9.55 0.0001
Residuals 431

SS F p-value
Donor pop 44.17 7.47 0.007
Receiving site 458.55 77.53 <0.0001
Donor pop X Rec site 15.71 2.66 0.107
Residuals 538.24
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Significance levels: ***' p-value < 0.001, **' p-value < 0.01.
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Receiving site

characteristic of this receiving site. The MBSP receiving site is
located at the edge of Piran Bay, which has a similar water
turbidity, suspension and sedimentation rate as the Izola donor
site at the edge of Koper Bay (Ogorelec et al., 1991). In addition,
the tiles were placed near an underwater pipe, to prevent the
protective cages from being damaged by fishermen’s trawls, as
the site is not a protected area. However, during monitoring, it
was found that the proximity of the pipe reduces hydrodynamics
and exposes juvenile thalli to higher sediment resuspension
during growth. This may have favoured the growth of juvlZ,
which are adapted to similar environmental conditions, and
disadvantaged juvST and juvPI. Indeed, sedimentation may be
one of the most important factors affecting the survival and
development of early life stages of macroalgae (Vadas et al.,
1992; Schiel and Foster, 2006; Irving et al., 2009). In addition, the
lower frequency of cage cleaning in the MBSP site and the

resulting lower light experienced by the juveniles under the cages
may have contributed to their slower growth.

For the hybrid method, the main differences were due to the
receiving site: the method performed much better at MBSP than
at Miramare (Figure 8). As this method performed better at
Miramare in 2019 (Savonitto et al., 2021), these poorer results
could be related to a series of unfavourable environmental
conditions that occurred in the Italian part of the Gulf of
Trieste in spring and early summer 2021. An impressive
bloom of the jellyfish Rhizostoma pulmo, followed by a
massive bloom of Noctiluca scintillans, which was much more
pronounced in the Italian waters than in the Slovenian ones
(ARPA FVG, 2021), characterised the area during the laying of
the tiles on the lantern nets and in the following crucial weeks
(Supplement 3). In addition, the tiles on the lantern nets were
colonised by mussel and oyster recruits from June onwards, and
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FIGURE 8

Percentage survival data in the hybrid and ex situ method in November 2021 in the receiving sites (A) in front of the MBSP and (B) in Miramare MPA.
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this trend intensified in July (i.e., at the time of outplanting on
the sea bottom), favoured by a mussel farm near the MPA that
probably served as a larval source. Thus, the molluscs probably
displaced the G. barbata seedlings as already observed in
Cystoseira populations (Gros, 1978; Benedetti-Cecchi et al.,
1996; Thibaut et al., 2005; Macic¢ et al., 2010; Perkol-Finkel
and Airoldi, 2010). Nevertheless, the satisfactory results of the
hybrid method at MBSP support the pilot application reported
by Savonitto et al. (2021). At MBSP, the lantern net allowed us to
successfully reduce the culture time required for seedlings to
reach a “refuge size,” and it also seemed to limit the presence of
mesograzers, which typically occur on vegetated rocky bottoms.
In addition, this intermediate step of keeping seedlings in
suspended culture in the sea prior to final outplanting on the
seafloor reduced the risk of bacterial or microalgal outbreaks,
which are common with prolonged culture in mesocosms
(Orlando-Bonaca et al., 2021b; Lardi et al., 2022).
Nevertheless, it should be further tested in Slovenian coastal
waters to improve the outcomes in terms of thalli growth.

Shortened times in mesocosms correspond to reduced
maintenance and overall costs, which is necessary for scaling
up efforts beyond a purely experimental scale, as is now required
by international policies and standards (Gann et al., 2019).

Controlling grazers with protective cages improved overall
outplanting performance, as it has already been shown that the
loss of a protective cage for only one week resulted in significant
overgrazing of juveniles by herbivorous fish (Orlando-Bonaca
et al,, 2021b). S. salpa, which is very abundant in the Miramare
MPA and also along the Slovenian coast, is most likely the main
predator of G. barbata recruits in the Gulf of Trieste, as schools
were regularly observed near the experimental plots during
monitoring by divers and with the camera also in 2021
(authors™ pers. obs.). Conversely, the influence of grazing by
sea urchins and mesograzers (e.g., molluscs, crustaceans) was
likely negligible, as our underwater observations showed. In any
case, thalli cannot be kept in a cage indefinitely. In spring 2022,
the cage that had protected thalli outplanted in spring 2020
(Orlando-Bonaca et al.,, 2021b) was removed, and after several
months without protection, thalli were bitten at the tips but were
at least 30 cm long overall (unpublished data). In contrast, the
sharp decline of macroalgae in the Miramare MPA has not only
affected Cystoseira, as the system has “tipped” into an alternative
state dominated by turf algae and other grazing-resistant species
(e.g., Dictyota spp., crustose calcareous Rhodophytes; Falace
et al., 2010; Bevilacqua et al., 2022). Reversing this state would
require enormous effort and the constant maintenance of
grazing protection, with great uncertainty about the long-term
viability of transplanted stands.

Our results suggest that the characteristics of the donor site
may confer higher fitness to the cultured seedlings when they are
in the field, as shown by the higher growth of juvIZ under
sediment resuspension in front of the MBSP.
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Despite its late start compared to restoration on land, marine
restoration holds enormous potential as an important tool for
developing strategies to ensure that the oceans continue to
provide the goods and services on which the well-being of life
on Earth depends (Danovaro et al., 2021). The results of this
study suggest that outplanting of infralittoral canopy-forming
species such as G. barbata in the northern Adriatic should be
further tested and improved, at least on the Slovenian coasts of
the Gulf of Trieste. Although the cultivation of Cystoseira is
already consolidated, albeit with room for improvement (Falace
et al.,, 2018; Verdura et al., 2018; De La Fuente et al., 2019b;
Savonitto et al., 2019; Savonitto et al.,, 2021; Orlando-Bonaca
et al, 2021b; Lardi et al., 2022), positive results from the
laboratory phase do not guarantee success in outplanting at
sea. Successful reestablishment of brown algal forests, even in
MPAs, is influenced by factors other than nutrient enrichment
and other pollutants, some of which cannot be controlled [i.e.,
climate change-related trends and events (Grbec et al, 2018),
complex and unpredictable environmental dynamics such as
jellyfish or N. scintillans blooms (ARPA FVG, 2021)] and others
that are more measurable/controllable, such as overgrazing by
herbivorous fishes (Gianni et al., 2017). Since environmental
conditions influenced by both natural and anthropogenic forces
appear to play a critical role in restoration effectiveness,
monitoring these variables in donor and receiving sites prior
to implementing restoration activities can help determine the
best location for restoration and/or predict restoration success.
As protection is easier and cheaper than restoration, herbivore
regulation (to reduce herbivore density) is extremely urgent and
should be planned and implemented on a larger regional scale to
save not only brown algal forests, but also other endangered
infralittoral vegetation and the habitat/biota they sustain.
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SUPPLEMENT 3

Unfavourable environmental dynamics that characterized the Italian part
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pulmo on a lantern net in the Miramare MPA (credits: Marco Segarich); (B)
Jellyfish bloom in Trieste, Italy (credits: Repubblica; https://www.
repubblica.it/green-and-blue/2022/04/26/news/bloom_meduse_
trieste_riscaldamento_mare_pesca_intensiva-346958254/); Noctiluca
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