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The biodiversity of macrobenthic invertebrates of two artificial hard substrates close
to a mariculture plant was assessed in order to understand the effect on the fouling
community of an innovative Integrated Multi-Trophic Aquaculture (IMTA) system. The
examined hard substrates were (i) vertical bare collectors that are placed around
the cages as new colonizable substrates, which were investigated from the early
colonization and (ii) artificial hard substrates already present under the cages analyzed
over time to observe changes due to the action on the water column by filter
feeder organisms colonizing the above vertical collectors. Overall, 186 taxa were
collected (both the substrates), of which 99 as sessile habitat-former or structuring
macroinvertebrates and 87 as associated fauna, mostly vagile forms. On the vertical
collectors 121 taxa were collected, among which 44 sessile structuring species and 77
vagile-associated taxa; on the artificial hard substrates under the cages, 124 taxa were
identified, 95 belong to the first category and 29 as associated taxa. The two analyzed
substrates shared 43% of sessile species (40) and 22% of associated species (19). At
the end of the first year of experimentation, the study revealed Sabella spallanzanii and
mussels as the most abundant taxa. Lastly, the communities under the cages showed
an increase in biodiversity after the placement of collectors. The changes were attributed
to the decrease in particulate matter originating as wastes from the breeding cage, which
was intercepted by the filter feeder community developed on the vertical collectors.

Keywords: biodiversity, artificial hard substrates, mariculture, fouling, macrobenthic invertebrates,
Mediterranean Sea

INTRODUCTION

The exploitation of ocean’s resources to produce feed for the growing global human population
needs to identify more sustainable methods to mitigate resulting impacts (Lozano et al., 2010).
Indeed, although mariculture is one of the most environmentally efficient ways of producing animal
protein, it can cause localized environmental alterations (Kalantzi and Karakassis, 2006; Tomassetti
et al., 2009; Grigorakis and Rigos, 2011). By contrast, if carefully designed, mariculture may be

Frontiers in Marine Science | www.frontiersin.org 1 March 2022 | Volume 9 | Article 842616

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.842616
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2022.842616
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.842616&domain=pdf&date_stamp=2022-03-25
https://www.frontiersin.org/articles/10.3389/fmars.2022.842616/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-842616 March 21, 2022 Time: 13:46 # 2

Arduini et al. Biofouling Role in Mariculture Environment Restoration

an effective strategy to achieve greater positive impact, with the
challenge of improving habitat restoration and conservation of
marine ecosystems, generating positive ecological, economic, and
social impacts (Grabowski and Peterson, 2007; Matthew, 2016;
Theuerkauf et al., 2019; Giangrande et al., 2021a).

Relevant examples in sustainable mariculture come from
bivalves and seaweed productions, which are activities with
a near-zero energy balance, do not require food supply, and
produce minimal greenhouse gases and wastes (Aubin et al.,
2018); besides, providing new substrates suitable for marine
organisms, such activities increase the local biodiversity, enhance
the ecosystem functioning, and improve the water quality
(Grabowski and Peterson, 2007; Watson et al., 2020). Due to the
photosynthetic uptake of carbon dioxide, seaweed aquaculture
can also mitigate local effects of ocean acidification by increasing
the aragonite saturation state (Rabiei et al., 2014; Mongin
et al., 2016). Similarly, bivalves have a positive effect on
the water quality, as they feed on both phytoplankton and
particulate organic matter and reduce the water organic load
(Higgins et al., 2011).

Restoration coupled with production is the current challenge
in the sustainable management of marine coastal ecosystems.
Oyster reef restoration is a pertinent example: loss of the oyster
beds was one of the most dramatic examples of negative human
actions on coastal marine ecosystems, with the loss of the ability
to immobilizing huge amounts of carbon (Jaris et al., 2019;
Rodriguez-Perez et al., 2019) due to the severe impoverishment
of the habitat (Thurstan et al., 2017). The restoration of such
depleted habitats promised multiple benefits, for this reason,
significant efforts were made in restoring them also through
market-based solutions to ensure the sustainability of the sector
(Grabowski and Peterson, 2007; Tallman and Forrester, 2007;
Bayraktarov et al., 2016; Matthew, 2016).

The Integrated Multi-Trophic Aquaculture (IMTA) is another
relevant example of the activity inserted within this framework: in
fact, the benefits of the integrated approach include minimizing
impacts through waste recycling and the production of valuable
biomass as a by-product and, at the same time, rising fishes in
an optimal environment and thus, improving their performances
(Chopin, 2012, 2013, 2020; Reid et al., 2013). Unfortunately,
literature-concerning studies about the impacts of the integrated
systems on the surrounding environment and the possible sea
bottom restoration are still very poor (Carvalho et al., 2006; Borja
et al., 2009; Martinez-Garcia et al., 2013).

The present paper is a part of the monitoring program of
the ecological status assessment of the marine environment that
surrounds an aquaculture plant located in the Mar Grande of
Taranto (Ionian Sea), where an innovative IMTA, hosting a new
set of bioremediator organisms, such as polychaetes, sponges,
bivalves, and macroalgae, has been realized within the EU
Remedia Life Project (LIFE16 ENV/IT/000343). One of the major
novelties of this project was the experimentation of artificial
vertical collectors placed in the water column for enhancing
the natural settlement of extractive sessile macroinvertebrates
and so evaluating their action as effective bioremediators in
improving the environmental quality (Giangrande et al., 2020a).
In general, these fouling communities are considered a threat

as their settlement on cage nets can limit water exchanges,
reduce oxygen levels, and favor the waste accumulation in the
surrounding environment, with an impact on fish health and
welfare (de Nys and Guenther, 2009; Fitridge et al., 2012). Be
that as, the presence of these organisms on dedicated artificial
substrates (e.g., biofouling collectors) placed near aquaculture
facilities may positively contribute to reducing environmental
impacts (Montalto et al., 2020).

The aims of the present study include i) the description of the
colonization pattern of benthic community on vertical collectors
that consist of bare coconut fiber ropes; ii) the biodiversity
assessment on the artificial hard substrates in the mariculture
plant area; iii) the influence of vertical collectors on the hard
bottom community under the cages; and iv) the proposal of
the promising employment of IMTA method for coupling fish
production with habitat restoration.

MATERIALS AND METHODS

Study Area
The study area is located on the south-west coast of the Mar
Grande of Taranto (40◦25′56′′ N; 17◦14′19′′ E) (Northern Ionian
Sea), which, together with the Mar Piccolo, is part of one of
the most important coastal marine ecosystems along the Apulian
coast (Figure 1A). The Mar Grande of Taranto is a semi-enclosed
basin that is connected to the Gulf of Taranto through three
artificial dams. The temperature shows seasonal variations typical
of the coastal Ionian regions with an average annual value of
about 18◦C, while the salinity is about 38h and is almost uniform
over the year. The area is affected by intense anthropogenic
activities: a commercial port in the northern portion, a military
harbor in the southern portion, four tourist harbors at northeast
and southern, the built-up of Taranto at the east, and a lot of
mussel farming facilities.

Hard bottom communities on both natural and artificial
substrates have been widely investigated mostly in the Mar
Piccolo (Parenzan, 1969; Gherardi, 1973; Gherardi and Lepore,
1974; Tursi et al., 1974, 1977, 1978, 1979; Scalera-Liaci et al.,
1976; Matarrese et al., 1980, 2004; Gherardi et al., 1982, 1993;
Montanaro and Tursi, 1983; Scalera-Liaci and Corriero, 1993;
Longo et al., 2004, 2007; Pierri et al., 2010, 2019; Lezzi and
Giangrande, 2018), where phytobenthic communities, mainly
seaweeds, have also been studied (Pierpaoli, 1923; Petrocelli et al.,
2019).

The present investigation was performed in the “Maricoltura
del Mar Grande” plant, which is a partner of the Remedia Life
Project and houses the IMTA experimentation. The aquaculture
plant produces about 100 tons of fish a year on a surface of 0.06
Km2 and is located about 600 m from the coast in a semi-confined
area of the Mar Grande. It consists of 15 floating cages (Ø 22 m)
for breading European seabass Dicentrarchus labrax (Linnaeus,
1758) and sea bream Sparus aurata (Linnaeus, 1758) that go up
to a depth ranging from 7 to 12 m (Figure 1B).

In order to investigate the possible effect of the innovative
IMTA system on the surrounding environment, an accurate
monitoring survey that includes both biological and
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FIGURE 1 | (A) Map of the study site; (B) disposition of the long lines, the blue points represent the three long lines in the area A (treatment area), and the A3, A6,
B3, and B6 are indicative of the sampling points of the hard substrate benthic communities; (C) a photograph of the external long line; (D) scheme showing the
vertical collectors in two chambers.

physico-chemical parameters in the area before the beginning of
the experimentation activities was performed. This ex ante survey
aimed to identify the most suitable site to place the experimental
modules for IMTA purposes and to assess a reliable reference
baseline for assessing the possible environmental changes after
the bioremediation activity (Giangrande et al., 2021b). This ex
ante analysis revealed an area of the plant, which resulted in
more impact and was chosen to place the bioremediation system.
Here, a total of three long-lines (LLs) supported by buoys to
avoid the sinking, named, LLA, LLB, and LLC, were placed
around six cages. This area, i.e., stations A3 and A6, is referred
to as the treatment site (Treatment Area A, Figure 1B). The
opposite area around other six cages without LLs that include
stations B3 and B6 was referred to as the control area (Control
Area B, Figure 1B).

In the long lines, the spaces between two consecutive buoys
constitute a breeding “chamber” (16 chambers in LLA, 8 in LLB,
and 12 in LLC) housing module of bioremediator organisms,

such as Polychaeta, sponges, and bivalves, on vertical collectors
and macroalgae positioned horizontally on the surface in plastic
socks (Giangrande et al., 2020a). In addition, vertical bare
collectors consisting of coconut fiber ropes of 2 cm wide and
10 m long were installed in all LLs for supporting the natural
settlement of fouling species (Figures 1C,D; see Giangrande et al.,
2020a for a better description of the IMTA plant). These latter
are the vertical collectors analyzed in the present paper. On such
bare collectors, the colonization pattern was investigated in order
to detect the success of filter feeder species, especially Sabella
spallanzanii (Gmelin, 1791), whose abundant presence in the area
is known in the literature (Pierri et al., 2010, 2019; Lezzi and
Giangrande, 2018).

Field Work: Sampling and Processing
The Remedia Life Project has a duration of 4 years, and the
present study referred to the first 3 years of activity, from 2018
to 2021 that includes two productive cycles (2018–2019 and
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2019–2020). The last productive cycle, i.e., 2020–2021, is still in
progress. Every year all the collectors were removed and replaced
with new ones for the further production cycle. The study
involved the analysis of the fouling on the bare vertical collectors
and of the community occurring on the artificial hard substrates
located under the cages. All the material collected from the
vertical structures and hard substrates was sorted and identified
in the laboratory at the finest level possible, by specialists of
different groups. The nomenclature adopted is reported in the
relevant updated check list of the World Register of Marine
Species (WoRMS Editorial Board, 2021).

Vertical Structures for Fouling Recruitment
During the first year of the study, in October 2018, a total
of 196 bare vertical collectors were placed in the breeding
chambers and divided according to LLs length (76 in LLA, 54 in
LLB, and 66 in LLC).

The macrofouling colonization of the collectors was
monitored in the external (LLA) and internal (LLC) LLs,
from December 2018 (S1) to June 2019 (S5) (February, March,
and April represents, respectively, S2, S3, and S4) by taking
photographs with an underwater digital camera. Fifty-centimeter
long portions of collectors were in vivo photographed (3
replicates for each long line) at two different levels (surface 0 m
and 10 m depth). Twelve photographs were taken each time for
a total of 60 pictures. Images were analyzed using the software
ImageJ (Abràmoff et al., 2004) to detect the coverage of the sessile
organisms identified to the lowest possible taxonomic level. The
total surface area was 100 square centimeters (50 × 2 cm2).
A multi-layer coverage was considered, with a potential surface
coverage greater than 100%. During this procedure, some
organisms were collected for a more accurate identification
under stereomicroscope in the laboratory.

The total biodiversity of the vertical collectors was
then estimated in December 2019, after the first cycle of
experimentation (14 months), when all the organisms were
scraped off from collectors considering three replicates of 1 m
length for a detailed taxonomic analysis. Both encrusting and
interstitial fauna were collected and analyzed after the filtration
of the trapped mud with a 0.5 mm mesh sieve. Collected
organisms were taken to the laboratories of the Department
of Biological and Environmental Sciences and Technologies
(Salento University) and of the Department of Biology of the
University of Rome “Tor Vergata” for taxonomical studies.

Artificial Hard Substrates Under the Cages
The hard bottom community was studied on permanently
immersed artificial hard substrates under the cages, such as
iron chains and concrete anchoring blocks, placed on muddy
sediment without vegetation cover, at 12 m depth. In order to
evaluate the changes in the macrobenthic communities, a survey
was conducted each year from 2018 (ex ante analysis) to 2020 in
four stations, the two within the treatment area under the fish
cages with IMTA system (A3 and A6), and the two within the
control area under the fish cages without IMTA system (B3 and
B6; Figure 1B). Each year the survey was repeated in two periods
of the year, corresponding in the Mediterranean to cold and warm

seasons (winter and summer). At each station, photographs were
acquired randomly and subsequently analyzed with the ImageJ
software annotating the conspicuous fauna species detected and
coverage. For a fine identification of the organisms, random
samples were collected by scraping off three replicates of 20 cm2

at each station. Samples were taken to the laboratory of the
Biology Department (University of Bari Aldo Moro) for sorting
and taxonomic analyzes.

Statistical Analysis
Vertical Collectors
Permutation analysis of variance, PERMANOVA (Anderson,
2001), was performed to test for differences in the composition of
macrofouling assemblages in relation to three factors: Sampling
time (S; five levels: S1, S2, S3, S4, and S5), depth (D; 2
levels: Sh, De), and LL (2 levels: LLA and LLC). When
significant interactions were detected (p < 0.05), differences
among assemblages across factor’s levels were identified with
post hoc pairwise comparison. Prior to the analysis, the coverage
data of the detected species were square-root transformed
and a triangular similarity matrix was obtained applying
the Bray-Curtis index (Bray and Curtis, 1957). Non-metric
multidimensional scaling (nMDS) via Bray-Curtis distances on
square-root transformed data, combined with clustering analysis,
was used to visualize changes in the composition of macrofouling
assemblages (nMDS plot). Species that contributed most to
similarities among groups of samples were identified using the
similarity percentages analysis (SIMPER) and were added as
overlay vectors on the nMDS plot. The cutoff criterion for
the identification of species responsible for covering collectors
was placed at 90%. Mean values of species richness and
macrofouling percent coverage were also computed and graphed
over time. One-way ANOVA was used to test for differences
in species richness and percent coverage across sampling time.
Prior, Levene’s test was performed to verify the homogeneity
of variances. PERMANOVA, nMDS, and SIMPER analyses
were run using the PRIMER v6 + PERMANOVA software
(Anderson et al., 2008). One-way ANOVA was performed using
STATISTICA 10 software.

Artificial Hard Substrates Under the Cages
Permutation analysis of variance (Anderson, 2001) was
performed to test for differences in the composition of
macrobenthic assemblages in relation to two factors: Station (St;
four levels: A3, A6, B3, and B6) and sampling time (S; three
levels: S1, S2, and S3). If necessary, square-root transformed
data in a Bray-Curtis similarity matrix with 9,999 permutations
were used to perform the analyses. If it was impossible to obtain
enough permutations for PERMANOVA analysis, the reference
p was obtained using a permutation simulation test (Monte
Carlo test). The pairwise test was applied to discover statistically
significant differences in each pair of factor levels based on the
significant value of PERMANOVA/Monte Carlo tests. nMDS
via Bray-Curtis distances on square-root transformed data,
combined with clustering analysis, was used to visualize changes
over time of the assemblages colonizing the artificial hard
bottom under the cages (nMDS plot). To better highlight the
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FIGURE 2 | The trend over time of total percent coverage (left) and the number of macrofouling species (right) on vertical collectors.

changes in the assemblage composition, species characterizing
the different sampling periods were added as overlay vectors. The
number of taxa identified for each phylum were also computed
and graphed in a histogram divided by the station. One-way
ANOVA was used to test for differences (treatment vs. control)
in the number of taxa across sampling time. Prior, Levene’s test
was performed to verify the homogeneity of variances. One-
way ANOVA was performed using STATISTICA 10 software.
PERMANOVA and nMDS analyses were conducted using
PRIMER v6+ PERMANOVA software (Anderson et al., 2008).

RESULTS

Macrobenthos Colonization of Vertical
Collectors
After 2 months from the placement of vertical collectors
(December 2018, S1), macrofouling has already started to
colonize the substrate and was clearly visible: the percent
coverage and species richness occurring on the collectors are
shown in Figure 2. One-way ANOVA test (Table 1) showed
that percent coverage and species richness were significantly
affected by sampling time. The first immersion time showed
the lowest values of total coverage, which, starting from the
second time (February 2019, S2), began to increase progressively,
reaching the maximum value (95%) at the end of the period of
successional study, after 8 months of colonization (June 2019, S5).
Similarly, the lowest value for species richness was observed at
the beginning of the experiment; it started to increase from S2 in
both the LLs examined, with a slight decrease in S4, reaching the
maximum value in the last period of observation.

In June 2019, at the end of the successional study, image
and laboratory analyses showed that the community had reached
a number of 25 sessile species, among which S. spallanzanii
and Mytilus galloprovincialis (Lamarck, 1819) were dominant.
They showed a similar trend increasing in abundance over time,
but at different depth: S. spallanzanii coverage was 1% at the
surface and 64% under 4 m up to 10 m depth; by contrast,
M. galloprovincialis showed a coverage of 65% at the surface and
2% in depth. Other sabellids, Branchiomma luctuosum (Grube,
1870) and B. boholense (Grube, 1878), were also found less
abundant together with S. spallanzanii.

At the endpoint (S5), in the macrofaunal community, both
colonial and solitary ascidians were also abundant, especially
Phallusia mammillata (Cuvier, 1815) and Styela plicata (Lesueur,
1823): the first more abundant in depth and the second in the
shallow samples. Moreover, some remarkable mollusks, such
as Ostrea edulis (Linnaeus, 1758) and Limaria hians (Gmelin,
1791), have been found abundantly at various depths along
with the collectors.

The multivariate PERMANOVA test (Table 2) showed that the
development of the macrofouling assemblage was significantly

TABLE 1 | Results from one-way ANOVA test on percent coverage and species
richness of vertical collectors.

Source SS df MS F P-value

Percent coverage

Sampling time 0.768435 4 0.192109 578.7334 8,8E-12

Error 0.003319 10 0.000332

Species richness

Sampling time 303.0667 4 75.76667 43.1924 2,8E-06

Error 17.54167 10 1.754167

Significant values of p are given in bold.

TABLE 2 | Results from permutation analysis of variance (PERMANOVA) analysis
of vertical collectors.

Source Df MS Pseudo-F P(perm)

S 4 13,577 18.665 0.001

D 1 7670.4 10.545 0.001

LL 1 5288.5 2.6322 0.089

SxD 4 2,914 4.0061 0.001

SxLL 4 1431.4 1.7844 0.208

DexLL 1 186.6 3.0731 0.069

SxDxLL 4 607.06 0.83456 0.723

Res 40 727.4

Total 59

Pairwise comparison

Within level “Sh” of factor “D” Within level “De” of factor “D”

S16=S2 = S3 = S46=S5 S1 6=S2 = S3 = S46=S5

Significant values of p are given in bold.
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TABLE 3 | SIMPER analysis of group S5 of vertical collectors in
relation with depth.

Group
S5Sh

Group
S5De

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib%

Sabella spallanzanii 0.09 0.8 14.97 7.36 21.97

Mytilus galloprovincialis 0.8 0.1 14.79 4.83 21.71

Phallusia mammillata 0.02 0.29 5.82 1.71 8.54

Styela plicata 0.27 0.08 3.91 2.17 5.75

Pinctada radiata 0.15 0.03 2.82 1.78 4.14

Ostrea edulis 0.17 0.08 2.6 1.43 3.81

Branchiomma luctuosum 0.06 0.18 2.59 1.79 3.8

affected by sampling time, depth, and their interaction (pseudo
F = 4.0061; p < 0.05) without any relationship with position
(LLx). Post hoc pairwise confirmed that depth across sampling
time was responsible for differences in macrofouling assemblage,
especially in S5 (Table 3).

The differences in species composition of the macrofaunal
assemblages with respect to time and depth are highlighted by the
nMDS plot (Figure 3). In the plot, the first sampling time (S1) was
characterized mostly by macroalgae, Bugulina calathus (Norman,
1868), Ascidia conchilega (Muller, 1776) and secondarily by Ciona
intestinalis (Linnaeus, 1767), Hydroides elegans (Haswell, 1883),
and H. dirampha (Mörch, 1863). The temporal samples S2, S3,
and S4 were grouped together due to the occurrence of colonial
ascidians, i.e., Polyandrocarpa zorritensis (Van Name, 1931),
Didemnum coriaceum (Drasche, 1883), Diplosoma listerianum
(Milne Edwards, 1841), Botrylloides leachii (Savigny, 1816),

and Botryllus schlosseri (Pallas, 1766). Finally, S5 samples were
appeared and divided into two sub-groups according to depth
with mostly mollusks, i.e., M. galloprovincialis, Pinctada radiata
(Leach, 1814), O. edulis in the shallow samples and sabellids,
i.e., S. spallanzanii, B. luctuosum, and B. boholense, in the
deep samples. SIMPER analysis identified the species mostly
responsible for the differences in the macrofaunal community.
In June, the last sampling time (S5), M. galloprovincialis and
S. spallanzanii mostly contributed to differentiate the shallow
samples and the deep ones, respectively (Table 3).

Biodiversity of the Artificial Substrates
A total of 186 invertebrate taxa, colonizing the investigated
artificial substrates, were identified (Table 4). As regards the
vertical collectors, the list includes both the species collected
during the successional study from December 2018 to June 2019
and those identified after the sampling of December 2019, when
an entire collector was analyzed for a better identification of the
taxa. As concerns, the biodiversity was found on artificial hard
substrates under the cages, the list refers to the taxa collected
during the whole period of study.

Of the 186 taxa identified, 99 species were sessile and can be
considered habitat-former or structuring taxa (sensu Barbault,
1991), while 87 were considered associated fauna, and mostly are
vagile forms. On the vertical collectors, 121 taxa were collected,
among which 44 were sessile structuring species, and 77 were
associated fauna; on the artificial hard substrates under the cages,
124 taxa were identified, 95 as sessile structuring species and 29
as associated taxa. Forty sessile species (43%) and 19 associated
species (22%) were, respectively, in common between the two
analyzed substrates.

FIGURE 3 | Non-metric multidimensional scaling (nMDS) plot of macrofouling assemblage developed on vertical collectors at different sampling time and depths.
S1 = December 2018, S2 = February 2019; S3 = March 2019; S4 = April 2019; S5 = June 2019; Sh = shallow samples, De = deep samples.
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TABLE 4 | List of the species identified on the artificial substrates.

Structuring fauna Associated fauna

Phylum Species Vertical collectors Hard substrates Vertical collectors Hard substrates

Annelida Amphitrite rubra (Risso, 1826) – – X X

– Bonellia viridis Rolando, 1822 – – X –

– Branchiomma boholense (Grube, 1878) X X – –

– Branchiomma bombyx (Dalyell, 1853) – X – –

– Branchiomma luctuosum (Grube, 1870) X X – –

– Ceratonereis costae (Grube, 1840) – – X X

– Chrysopetalum debile (Grube, 1855) – – X –

– Cirriformia tentaculata (Montagu, 1808) – – X X

– Harmothoe extenuata (Grube, 1840) – – X –

– Harmothoe imbricata (Linnaeus, 1767) – – X –

– Harmothoe spinifera (Ehlers, 1864) – – X –

– Hesiospina aurantiaca (M. Sars, 1862) – – X –

Hydroides dianthus (Verrill, 1873) – X – –

– Hydroides dirampha Mörch, 1863 X X – –

– Hydroides elegans (Haswell, 1883) X X – –

– Lysidice ninetta Audouin and H Milne Edwards, 1833 – – X –

– Marphysa sanguinea (Montagu, 1813) – – X –

– Naineris setosa (Verrill, 1900) – – X X

– Nereiphylla rubiginosa (de Saint-Joseph, 1888) – – X –

– Nereis rava Ehlers, 1868 – – X X

– Nicolea venustula (Montagu, 1819) – – X X

– Paradexiospira sp. (Caullery and Mesnil, 1897) – X – –

– Pholoe inornata Johnston, 1839 – – X –

– Phyllodoce mucosa Örsted, 1843 – – X –

– Pista cristata (Muller, 1776) – – – X

– Platynereis dumerilii (Audouin and Milne Edwards, 1833) – – X X

– Polynoidae ind. – – X –

– Polyophtalmus pictus (Dujardin, 1839) – – X –

– Prosphoerosyllis campoyi (San Martín et al., 1982) – – X –

– Sabella pavonina Savingny, 1822 – X – –

– Sabella spallanzanii (Gmelin, 1791) X X – –

– Serpula concharum Langerhans, 1880 – X – –

– Serpula vermicularis Linnaeus, 1767 – X – –

– Simplaria pseudomilitaris (Thiriot-Quievreux, 1965) – X – –

– Sphaerosyllis hystrix Claparède, 1863 – – X –

– Spirobranchus triqueter (Linnaeus, 1758) – X – –

– Syllis gerlachi (Hartmann-Schröder, 1960) – – X X

– Terebella lapidaria Linnaeus, 1767 – – – X

– Timarete filigera (Delle Chiaje, 1828) – – – X

Arthropoda Achaeus gracilis (O.G. Costa, 1839) – – X –

– Alpheus dentipes Guérin, 1832 – – X X

– Amphibalanus amphitrite (Darwin, 1854) – X – –

– Ampithoe sp. – – X –

– Athanas nitescens (Leach, 1814) – – X –

– Balanus trigonus Darwin, 1854 X X – –

– Caprella mitis Mayer, 1890 – – X X

– Caprella scaura Templeton, 1836 – – X –

– Chondrochelia savignyi (Kroyer, 1842) – – X –

– Chthamalus depressus (Poli, 1791) – X – –

– Cyathura carinata (Krøyer, 1847) – – X –

– Dromia personata (Linnaeus, 1758) – – – X

– Elasmopus rapax Costa, 1853 – – X –

– Ericthonius punctatus (Spence Bate, 1857) – – X –

– Janira maculosa Leach, 1814 – – X –

– Leuchothoe spinicarpa (Abildgaard, 1789) – – X –

– Leucothoe richiardii Lessona, 1865 – – X –

– Macropodia sp. – – – X

– Maera inaequipes (A. Costa, 1857) – – X –
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TABLE 4 | (Continued)

Structuring fauna Associated fauna

Phylum Species Vertical collectors Hard substrates Vertical collectors Hard substrates

– Microdeutopus sp. – – X –

– Monocorophium sextonae (Crawford, 1937) – – X X

– Orchomene grimaldii Chevreux, 1890 – – X –

– Palaemon adspersus Rathke, 1836 – – X –

– Paracerceis sculpta (Holmes, 1904) – – X –

– Paranthura japonica Richardson, 1909 – – X –

– Perforatus perforatus (Bruguière, 1789) X X – –

– Pilumnus villosissimus (Rafinesque, 1814) – – X –

– Pisidia bluteli (Risso, 1816) – – X X

– Porcellana platycheles (Pennant, 1777) – – X –

– Zeuxo sp. – – X –

Bryozoa Amathia verticillata (delle Chiaje, 1822) – X – –

– Bugulina calathus (Norman, 1868) X X – –

– Bugula neritina (Linnaeus, 1758) X X – –

– Celleporaria brunnea (Hincks, 1884) – X – –

– Cradoscrupocellaria bertholletii (Audouin, 1826) – X – –

Cryptosula pallasiana (Moll, 1803) – X – –

– Crisia denticulata (Lamarck, 1816) – X – –

– Crisia fistulosa (Heller, 1867) – X – –

– Crisularia aperta (Hincks, 1886) – X – –

– Savignyella lafontii (Audouin, 1826) X X – –

– Schizobrachiella sanguinea (Norman, 1868) X X – –

– Schizoporella errata (Waters, 1878) X X – –

– Scrupocellaria scruposa (Linnaeus, 1758) – X – –

Chordata Aplidium coeruleum Lahille, 1890 X X – –

– Aplidium densum (Giard, 1872) – X – –

– Aplidium ocellatum (Monniot C. and Monniot F., 1987) – X – –

– Ascidia conchilega Müller, 1776 X X – –

– Ascidiella aspersa (Müller, 1776) X X – –

– Botrylloides leachii (Savigny, 1816) X X – –

– Botryllus schlosseri (Pallas, 1766) X X – –

– Ciona intestinalis (Linnaeus, 1767) X X – –

– Clavelina lepadiformis (Müller, 1776) X X – –

– Diplosoma listerianum (Milne Edwards, 1841) X X – –

– Didemnum coriaceum (Drasche, 1883) X – – –

– Distaplia bermudensis Van Name, 1902 X X – –

Ecteinascidia turbinata Herdman, 1880 – X – –

– Halocynthia papillosa (Linnaeus, 1767) – X – –

– Lissoclinum perforatum (Giard, 1872) X X – –

– Lissoclinum weigelei Lafargue, 1968 X X – –

– Microcosmus polymorphus Heller, 1877 – X – –

– Microcosmus squamiger Michaelsen, 1927 – X – –

– Microcosmus vulgaris Heller, 1877 X X – –

– Perophora multiclathrata (Sluiter, 1904) X X – –

– Phallusia mammillata (Cuvier, 1815) X X – –

– Polyandrocarpa zorritensis (Van Name, 1931) X X – –

– Pyura dura (Heller, 1877) – X – –

– Styela canopus (Savigny, 1816) – X – –

– Styela plicata (Lesueur, 1823) X X – –

– Trididemnum cereum (Giard, 1872) X X – –

– Trididemnum inarmatum (Drasche, 1883) – X – –

Cnidaria Aglaophenia picardi Svoboda, 1979 X X – –

Bougainvillia muscus (Allman, 1863) – X – –

Clytia hemisphaerica (Linnaeus, 1767) – X – –

– Eudendrium racemosum (Cavolini, 1785) – X – –

– Exaiptasia diaphana (Rapp, 1829) X X – –

– Halecium petrosum (Stechow, 1919) – X – –

– Halecium pusillum (M. Sars, 1857) – X – –

– Hydrozoa sp. – X – –
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TABLE 4 | (Continued)

Structuring fauna Associated fauna

Phylum Species Vertical collectors Hard substrates Vertical collectors Hard substrates

– Obelia dichotoma (Linnaeus, 1758) X X – –

– Sertularella ellisii (Deshayes and Milne-Edwards, 1863) – X – –

Echinodermata Antedon mediterranea (Lamarck, 1816) – – X X

– Arbacia lixula (Linnaeus, 1758) – – – X

– Arbaciella elegans Mortensen, 1910 – – X –

– Ophiothrix fragilis (Abildgaard in O.F. Müller, 1789) – – X X

– Paracentrotus lividus (Lamarck, 1816) – – X X

– Psammechinus microtuberculatus (Blainville, 1825) – – X –

Mollusca Anadara transversa (Say, 1822) – – X –

– Anomia ephippium Linnaeus, 1758 X X – –

– Anomia sp. (Linnaeus, 1758) – X – –

– Arca noae Linnaeus, 1758 X X – –

– Arcuatula senhousia (Benson, 1842) – – X –

– Bittium reticulatum (da Costa, 1778) – – X –

– Bolinus brandaris (Linnaeus, 1758) – – X –

– Clanculus crociatus (Linnaeus, 1758) – – X –

– Cratena peregrina (Gmelin, 1791) – – X –

– Crimora papillata Alder and Hancock, 1862 – – X –

– Doto cervicenigra Ortea and Bouchet, 1989 – – X –

– Eulima glabra (da Costa, 1778) – – X –

– Fissurella nubecula (Linnaeus, 1758) – – – X

– Flexopecten glaber (Linnaeus, 1758) – – X X

– Gouldia minima (Montagu, 1803) – – X –

– Haminoea hydatis (Linnaeus, 1758) – – X –

– Haminoea navicula (da Costa, 1778) – – X –

– Hexaplex trunculus (Linnaeus, 1758) – – X X

– Hiatella arctica (Linnaeus, 1767) X – – –

– Hiatella rugosa (Linnaeus, 1767) – X – –

– Lima lima (Linnaeus, 1758) – – – X

– Limaria hians (Gmelin, 1791) – – X X

– Limaria tuberculata (Olivi, 1792) – – X X

– Mimachlamys varia (Linnaeus, 1758) X X – –

– Modiolula phaseolina (Philippi, 1844) X – – –

– Modiolus barbatus (Linnaeus, 1758) X X – –

– Musculus costulatus (Risso, 1826) X – – –

– Musculus subpictus (Cantraine, 1835) – X – –

– Mytilaster minimus (Poli, 1795) – X – –

– Mytilus galloprovincialis Lamarck, 1819 X X – –

– Ostrea edulis Linnaeus, 1758 X X – –

– Pappilicardium papillosum (Poli, 1791) – – X –

– Parvicardium exiguum (Gmelin, 1791) – – X –

– Philinopsis depicta (Renier, 1807) – – X –

– Pinctada imbricata radiata (Leach, 1814) X X – –

– Pinna nobilis (Linnaeus, 1758) – – – X

– Pusillina lineolata (Michaud, 1830) – – X –

– Talochlamys multistriata (Poli, 1795) – – – X

– Vermetus triquetrus Bivona-Bernardi, 1832 – X – –

Platyhelmintes Stylochus (Stylochus) pilidium (Goette, 1881) – – X –

– Thysanozoon brocchii (Risso, 1818) – – X –

Porifera Aplysilla rosea (Barrois, 1876) – X – –

– Clathrina coriacea (Montagu, 1814) – X – –

– Crambe crambe (Schmidt, 1862) – X – –

– Haliclona (Reniera) cinerea (Grant, 1826) – X – –

– Haliclona mediterranea Griessinger, 1971 – X – –

– Haliclona sp. – X – –

– Hemimycale columella (Bowerbank, 1874) – X – –

– Hymeniacidon perlevis (Montagu, 1814) – X – –

– Leucandra crambessa Haeckel, 1872 – X – –

– Leucandra pumila (Bowerbank, 1866) – X – –
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TABLE 4 | (Continued)

Structuring fauna Associated fauna

Phylum Species Vertical collectors Hard substrates Vertical collectors Hard substrates

– Oceanapia isodictyiformis (Carter, 1882) – X – –

– Oscarella lobularis (Schmidt, 1862) – X – –

– Paraleucilla magna Klautau et al., 2004 X X – –

– Sarcotragus spinosulus Schmidt, 1862 – X – –

– Sycon ciliatum (Fabricius, 1780) – X – –

– Sycon sp. – X – –

– Tethya meloni Corriero et al., 2015 – X – –

Sipuncula Phascolosoma (Phascolosoma) granulatum Leuckart, 1828 – – X –

– Aspidosiphon (Aspidosiphon) muelleri Diesing, 1851 – – X –

– Golfingia (Golfingia) vulgaris (de Blainville, 1827) – – X –

Biodiversity on the Vertical Collectors
In December 2019, 14 months after the placement of the
experiment, the vertical collectors appeared fully colonized
by sessile macroinvertebrates, especially mussels and sabellid
polychaetes (Supplementary Figure 1) with a lower contribution
of macroalgae. Macroalgae occurred especially during the pioneer
phase of colonization as algal turf and disappeared very early,
while abundant taxa present in late stages of the fouling
community were the red alga Spyridia filamentosa (Wulfen)
(Harvey, 1833), seasonally abundant in the superficial area of the
collectors, and Dictyota dichotoma (Hudson) (J.V. Lamouroux,
1809) with sparse talus along with all the collectors.

Chordata (Ascidiacea) was the most represented taxon with
19 species, while Porifera was represented by the only alien
species Paraleucilla magna (4.5%) (Klautau et al., 2004). The
most abundant invertebrate species were M. galloprovincialis,
covering more than 50% of the collectors at the surface, and
S. spallanzanii becoming dominant deeper, covering 64.2%
of the substrate. Other abundant species were the ascidians
P. mammillata, S. plicata, and D. coriaceum (9.5, 12.7, and 2.8%
of cover, respectively). M. galloprovincialis, S. spallanzanii, and
P. mammillata are typical species of the Mediterranean fouling
communities; other notable mollusks were O. edulis and L. hians.

Several alien species also contributed to the total biodiversity,
e.g., the sabellids B. boholense, B. luctuosum, the hydroids
H. elegans and H. dirampha, the calcareous sponge P. magna,
the ascidians P. zorritensis (Van Name, 1931), D. bermudensis
(Van Name, 1902) and S. plicata, the bryozoan Celleporaria
brunnea (Hincks, 1884), the bivalve P. radiata, and the
crustaceans Balanus trigonus (Darwin, 1854) and Caprella scaura
(Templeton, 1836).

At the end of the first annual cycle, together with the sessile
filter-feeder sessile species forming a secondary substrate on the
collectors and considered structuring taxa of the community,
a large number of vagile species were found on the collector
in the trapped mud of the interstice created by encrusting
organisms. They were mainly echinoderms and crustaceans
collected throughout the entire length of the collector. As regards
crustaceans, the anomuran decapod Pisidia bluteli (Risso, 1816)
(synonym of P. longimana) and the shrimp Athanas nitescens
(Leach, 1814), which are reported to be common on hard artificial
reefs and detritic bottoms, especially on oyster and mussel beds

(Santelli et al., 2013; Ferreira and Tavares, 2020) was the most
abundant species. Amphipods and isopods were also collected
in large numbers that include species characteristic of both hard
and soft bottom in marine confined areas and lagoons, e.g.,
Elasmopus rapax (Costa, 1853), Ericthonius punctatus (Spence
Bate, 1857), Maera inaequipes (Costa, 1857), Cyathura carinata
(Krøyer, 1847), together with hard bottom species associated with
ascidians and sponges, e.g., Leucothoe spinicarpa (Abildgaard,
1789), Monocorophium sextonae (Crawford, 1937), and some
alien species, e.g., C. scaura and Paracerceis sculpta (Holmes,
1904; Forniz and Sconfietti, 1983; Cantor et al., 2009; Fernandez-
Gonzalez and Sanchez-Jerez, 2014, 2017). Remarkable were
the records of the echiuran Bonellia viridis and of some
gastropod nudibranch species, i.e., Cratena peregrina (Gmelin,
1791), Crimora papillata (Alder and Hancock, 1862), and Doto
cervicenigra (Ortea and Bouchet, 1989), which are specialized
predators of colonial organisms). Concerning vagile polychaetes,
most of the species, e.g., Ceratonereis costae (Grube, 1840),
Harmothoe extenuata (Grube, 1840), Lysidice ninetta (Audouin
and H Milne Edwards, 1833), Nereis rava (Ehlers, 1868),
Platynereis dumerilii (Audouin and Milne Edwards, 1833),
Polyophthalmus pictus (Dujardin, 1839), are commonly found
on infralittoral rocky bottoms (Mikac et al., 2020), while
some species, such as Cirriformia tentaculata (Montagu, 1808)
and Naineris setosa (Verrill, 1900), were typical of the soft
bottom, the latter is an alien species, recently recorded and
spread in muddy sediments of several Mediterranean sites
(Khedhri et al., 2014).

Features of the Hard Substrate Community Under the
Cages
The multivariate PERMANOVA test (Table 5) showed that the
development of the macrofouling assemblage was significantly
affected by the sampling time, stations, and their interaction
(SxSt; pseudo F = 4.7564; p < 0.01) without any relationship with
Seasons. The post hoc pairwise test highlighted that all the stations
in 2018 had a different composition while in 2019 the differences
remained within the stations subjected to the bioremediation
treatment (A3 and A6) and within the control stations (B3
and B6) with no differences between the treatment and control
stations except in one case [A6, B6, p (perm) = 0.0045]. At
the end of the experiment, in 2020, all the stations, both the
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TABLE 5 | Results from permutation analysis of variance (PERMANOVA) analysis
of hard substrates under the cages.

Source df MS Pseudo-F P(perm)

St 3 9168.7 11,517 0.0001

S 2 10,845 13,623 0.0001

StxS 6 3786.6 4.7564 0.0001

Res 60 796.11

Total 71

Significant values of p are given in bold.

treatment and the control ones, showed to diverge, without any
recorded significance.

As for the general presence of species, at the beginning of
the observations (2018), before the positioning of the IMTA
system, the artificial hard substrates present under the cages were
highly heterogeneous and sparsely populated by macrobenthic
organisms with large portions of the substrate covered by
sediments. The community was dominated by bivalves, especially
M. galloprovincialis and large solitary or colonial ascidians,
mainly, Pyura dura (Heller, 1877), S. plicata, Microcosmus spp.,
D. bermudensis, all of them define together about 80% of
the entire macrobenthic community. The algal contribution
was practically absent with no difference between the stations
investigated (treatment vs. control). One year after the start
of the bioremediation experimental plant, the community has
undergone an evolution toward greater specific diversity, a
reduction in the coverage of the initially dominant species in the
treatment area (about 60%), and a shift toward the communities
characterizing the control stations. In the control ones, no
changes have been registered as shown in Table 6. In particular,
tubicolous polychaetes (S. spallanzanii and B. luctuosum) and
new ascidians (genera Distaplia, Botrylloides, and Aplidium) were
added to the initial community. The alien bivalve P. radiata was
added to the mollusks previously found, with a high number
of small specimens and much larger and still numerous in
the following year (2020). In 2020, a greater complexity and
heterogeneity was observed in the samples from the treatment
area, detecting a community in which mussels have reduced in
number, facilitating the entry of different species of sponges,
colonial bryozoans, and colonial ascidians. The control areas have
also shown in the last period a constant community structure in
terms of the number of species and coverage.

From a taxonomic point of view, overall, a total of 124 taxa
were detected on hard substrates under the cages during the
studied period. The most represented taxa were Tunicata and
Annelida (26 and 24 taxa, respectively) followed by Mollusca
and Porifera (20 and 17 taxa, respectively), less represented were
Crustacea, Bryozoa, Cnidaria, and Echinodermata (Table 4 and
Figure 4).

The total number of taxa detected on hard substrates under
the cages showed an increase from 2018 to 2020 passing from
86 to 111. Although the overall increase does not seem obvious,
the taxa richness showed a continuous increase in the treatment
area (A3 and A6 stations), while in the control area (B3 and B6
stations), the number of taxa remains almost constant during

TABLE 6 | Results from one-way ANOVA test (treatment vs. control) on the
number of taxa of hard substrates under the cages.

Source SS df MS F P-value

Treatment

Sampling time 1,474,667 2 737.3333 8.475096 0.00852

Error 783 9 87

Control

Sampling time 32.16667 2 16.08333 2.643836 0.124958

Error 54.75 9 6.083333

Significant values of p are given in bold.

the entire period of study (Figures 4A,B). This increase in the
treatment area was mainly attributable to species detected in the
summer samples where the number of taxa passed from 45 in
2018, to 83 in 2019, up to 96 in 2020, with some taxa, such as
annelids, bryozoans, mollusks, poriferans, and ascidians almost
doubling the number of species. By contrast in the control area,
the number of taxa shows small fluctuations over time with a
considerable decrease during the summer of 2020 (Figure 4). It
is also worth noting the increase in the number of taxa recorded
in the treatment area of the winter samples, which went from 57
in 2018 to 85 in 2020.

Sessile structuring species under the cages can be mainly
ascribed to a typical fouling community of confined
environments as observed on the collectors as well, with
the addition of species typical of the hard bottom of less transient
communities, such as poriferans (Table 4). This community was
mainly characterized by a high number of exclusive bryozoans,
namely, C. brunnea, Cradoscrupocellaria bertholletii (Audouin,
1826), Crisia denticulata (Lamarck, 1816), Crisia fistulosa (Heller,
1867), Crisularia aperta (Hincks, 1886), and 14 exclusive species
of poriferans not found on vertical collectors. Lastly, hydroids
and serpulidae were also well represented.

As shown in Figure 4B, at the end of the observations, in
the treatment area, annelids, mollusks, and bryozoans were the
main groups showing a noticeable increase in the number of
species. As regards sessile structuring organisms, its increasing
was especially due to B. calathus, Scrupocellaria scruposa
(Linnaeus, 1758), and Savignyella lafontii (Audouin, 1826) as
regards bryozoans; Lissoclinum weigelei (Lafargue, 1968) and
D. bermudensis as regards ascidians, this last becoming very
abundant at present; again Eudendrium racemosum (Cavolini,
1785), Halecium petrosum (Stechow, 1919), H. pusillum (M.
Sars, 1857) as regards hydroids; and lastly to several sponges,
such as Clathrina coriacea (Montagu, 1814), Crambe (Schmidt,
1862), Haliclona mediterranea (Griessinger, 1971), Sarcotragus
spinosulus (Schmidt, 1862), and Sycon ciliatum (Fabricius, 1780).
The increase in species richness is, however, also due to
associated fauna.

Vagile fauna showed on the contrary a taxonomic pattern
poorer in species than the vertical collectors even if partially
overlapped. As already mentioned, excluding some cases, such
as N. setosa, the vagile fauna found here is not typical of
confined environments.
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FIGURE 4 | The trend in macrobenthic taxa detected during the 3 years of study on the hard substrates under the fish cages in the treatment (A3 and A6) and
control (B3 and B6) sampling points (A) and its composition (B). W = winter; S = summer.

The multivariate analysis conducted on species diversity
among samples is well evident in Figure 5 where the points
concerning the control and treatment area appeared clearly
separated at the beginning of the investigation (2018 and part of
2019) and resulted again separated in 2020. Indeed, the analysis
showed three clusters: A first one containing the station-points
of the treatment area (of the year 2018 and winter 2019), which
appeared separate on the left of the plane; the second cluster

located in the middle that includes the stations of the control
area for the years 2018 and 2019 (winter); and the third more
conspicuous cluster embracing all the stations relative to the year
2020 and the summer of 2019. The MDS plot confirmed the
species most responsible for the distinction of clusters, among
which most of the Porifera species for the third cluster.

The changes that occurred in the environment after the
placement of the bioremediating collectors were highlighted from
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FIGURE 5 | Non-metric multidimensional scaling (nMDS) plots showing the hard substrate with species characterizing the different sampling periods as overlay
vectors. Wi = winter; Su = summer.

some photographs, which show as the particulate was higher in
2018 (Supplementary Figure 2).

DISCUSSION

The analysis of biodiversity in the IMTA plant area of the Mar
Grande of Taranto showed a high number of species for both
the two examined artificial substrates, vertical collectors hanging
from buoys, and artificial hard substrates on the bottom under the
cages. Although major differences have been highlighted between
the two communities, in terms of the number and composition
of species, also relevant similarities have been revealed due to
a high number of ascidian species and the high abundance of
S. spallanzanii and M. galloprovincialis. Artificial hard substrates
on the bottom showed a higher number of sessile species, while
vagile forms, mostly amphipods inhabiting the amount of mud
trapped in the interstices among sessile species, were more
abundant on vertical collectors. Such vagile faunal composition
corresponds to that of typical fouling and/or infralittoral hard
bottom assemblages affected by mud deposition (Giangrande
et al., 2020a; Mikac et al., 2020).

Differences in the composition of sessile fauna between the
two substrates can probably be attributed to the different degree
of maturity of the communities under the cages when compared
to that on the vertical collectors. In the first case, the high
number of bryozoans and especially of poriferans, the latter
uncommon in the fouling communities of Mar Grande of Taranto
(Giangrande et al., 2021c), attested to the advanced stage of
the assemblage on the artificial hard substrates under the cages;
while the only sponge P. magna, together with the typical fouling
elements C. coriacea and S. ciliatum (Longo et al., 2004; Longo
and Pronzato, 2011), highlighted the early stage of developing

community on the vertical collectors. Indeed, the immersion time
of vertical collectors placed during the activity of the Remedia
Life is certainly shorter than that of the substrates present under
the cages. Although not easily estimated, the latter have been
present in the area for at least 10 years and in any case much older
than the collectors.

The study of collector colonization indeed suggested the
residence time as one of the main drivers in the observed
patterns, promoting both the coverage and the number of species
increasing in time, as highlighted by other studies on fouling
communities (Anderson and Underwood, 1994; Underwood and
Chapman, 2006; Antoniadou et al., 2010, 2011; Pierri et al., 2010).

Multivariate analysis showed that the immersion duration
and depth had a significant effect on the fouling community
development of the collectors. In the beginning, few pioneer
species, e.g., the bryozoan B. calathus and the ascidian
A. conchilega growing on the considerable algal felt, settled on
the collectors at all depths and in all long-lines, contributing to
the similarity among samples. Later in the colonization stage,
the benthic assemblages differentiated mostly according to depth.
By contrast, the LL factor did not affect species composition
and abundance, except for the one difference observed in LLA,
where the highest macroalgal bloom occurred in April probably
affected the settlement of benthic species. Major differences in the
LL assemblages were recorded during the first and intermediate
stage of colonization, as those between the LLC and LLA LLs,
due to the abundance of colonial ascidians, mainly D. coriaceum,
D. listerianum, and B. leachii, which probably recruited in
springtime. These species acted as early successional species and
rapidly covered bare substrate, but only for a short time due to
the weak competitive capacity, as already observed by Worcester
(1994) and Stachowicz et al. (2002). At an advanced stage, the
benthic assemblage on the long-lines converged to a “stable
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state,” which is dominated by the late-successional species, i.e.,
M. galloprovincialis and S. spallanzanii.

Such a “stable point” was reached after a period of 9 months
when the community was characterized by an assemblage typical
of the shallow depth, 0–3 m, dominated by M. galloprovincialis,
and a deeper assemblage (3–10 m depth) dominated almost
exclusively by sabellid worms. This community pattern remained
unchanged until the collector removal in December 2019 and
so it was considered the final stage of the fouling community
on the collectors.

It is worth noting that an identical pattern of succession
has been observed during the following years, 2020 and 2021,
throughout the study period. The observed pattern of community
development agreed with previous studies, which highlighted the
relevant role of the availability of propagule over time and in
depth in influencing the fouling community and this latter in
turn in influencing the subsequent community phases (Lezzi and
Giangrande, 2018). Besides the final assemblages, clearly agreed
to the succession endpoints observed in the same period and
in the same area by Lezzi and Giangrande (2018). It is however
noteworthy that while Lezzi and Giangrande (2018) reported
the alien sabellid Branchiomma boholense plays a dominant role
in the colonization process, in this study, the native sabellid
Sabella spallanzanii remained the dominant species throughout
the present investigation, with other sabellids act as associated
species. Further studies showed the late-successional stages to be
dominated by species particularly efficient in the use of available
energy (Anderson and Underwood, 1994; Antoniadou et al.,
2010, 2011; Cifuentes et al., 2010).

Overall, after 1 year of immersion, each vertical collector
was revealed to be centralizers of biodiversity, being capable of
attracting propagules of a large number of both sessile and vagile
species. Hard bottom communities under the cages indicate as
the macroinvertebrates settled on above vertical collectors can
enhance local biodiversity. They are active in the extraction of
the particulate matter from the water column and therefore
favor the enhancement of the most suitable environment for the
benthic organisms on the sea bottom. According to this pattern of
increasing efficiency, the biodiversity of the artificial hard bottom
under the cages showed a remarkable increase from the year
2018 (before placement of bioremediators) and 2019–2020 (after
the placement of bioremediators) (Table 6). Last but not least,
the appearance of several species of Porifera that are not part
of confined nutrient-rich waters further confirms this scenario,
showing a shift from a fouling community to a hard substrate
community more typical of natural wild environments.

Sabella spallanzanii, the dominant species on the bare
collectors (Giangrande et al., 2020b), is one of the most efficient
species in removing particulate organic matter from the water
column (Giangrande et al., 2005; Licciano et al., 2005; Cavallo
et al., 2007; Stabili et al., 2010, 2014). The collector immersion
in the month of October, which corresponds to the spawning
period of S. spallanzanii, drove the success of this species in
substrate colonization. The full coverage of the collectors by
sabellids resulted in a very efficient tool for bioremediation
purposes since the worms located in depth can also intercept the
wastes produced by mussels and so well addressed one of the

main targets of the Remedia Life Project. Besides, also the role
of Porifera was relevant in cleaning the water around the cages,
particularly, removing the bacterial component (Stabili et al.,
2006, 2008; Longo et al., 2010, 2016).

Major effects of bivalve culture on benthic macrofauna (Fabi
et al., 2009; McKindsey et al., 2012; Drouin et al., 2015) and on
the water column are well known (Prins et al., 1997). Variations
in benthic communities among locations are largely due to two
main mechanisms: the addition of artificial substrates linked
to the farming and the increasing organic load. Similarly, to
the mussel farms, the mariculture facilities add considerable
physical structure, such as ropes and anchor blocks, which result
in available substrate for sessile hard bottom organisms. When
fouled, such structures promote an increase in the abundance
and diversity of fauna on-farm sites when compared to non-farm
sites (Dumbauld et al., 2009; Forrest et al., 2009; McKindsey et al.,
2011; Drouin et al., 2015).

More artificial structures mimicking natural reefs could be
added under the cages, providing new habitats suitable for a
rich benthic assemblage development. The restoration associated
with aquaculture involving the use of artificial structures is an
extension of the pioneer concept of the artificial reefs (Relini
et al., 2007, 2012) and represents a new application of the
artificial structure philosophy (Giangrande et al., 2021c). The
original purposes of the artificial reefs were the enhancement
of fishery and the improvement of coastal management, as
the protection of the seabed from illegal fishing and the
increase of wild fish populations (Bombace et al., 1994; Relini
et al., 2012). The artificial structures applied to the sustainable
aquaculture have the additional functions of nursery areas,
protection of biodiversity, and habitat for recreational activities.
Benthic artificial structures were, however, rarely associated to
IMTA that demonstrating as organisms are able to successfully
exist in high enrichment areas as long as suitable habitat
and environmental conditions can be maintained (Robinson
et al., 2011). Some interesting experiments carried out in the
central Adriatic Sea where submerged structures were coupled
with off-shore mussel farming increasing mussel productivity
(Fabi and Spagnola, 2001).

In our experimental system, the marked changes in species
composition that have occurred over time on the artificial hard
bottom structures under the cages in the treatment site have
been demonstrated by the multivariate analysis results. These
highlighted the clear distinction of the ex ante samples of the
treatment area from the control samples, while a high similarity
resulted between the treatment samples and control samples
at the end of the study. Moreover, we demonstrated, on the
one hand, that the biodiversity of the site was increased by the
addition of the artificial substrate and, on the other hand, that
the action on the water column due to the filtering activity of the
fouled structures increases the biodiversity also on the artificial
structures on the sea bottom. Confirming this, our further data,
still under investigation (Borghese et al., in prep.1), suggested

1Borghese, J., Arduini, D., Del Pasqua, M., Gravina, M. F., Musco, L., and
Giangrande, A. (in prep). Evaluating the Bioremediation Effect of an Innovative
IMTA System in the Mar Grande of Taranto (Mediterranean Sea, Italy).
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that a noticeable improvement in the quality of both the water
column and soft bottom communities under the cages is due
to the filtration by the fouler organisms. Indeed, the particulate
matter from the aquaculture activity has been demonstrated to be
intercepted by the fouler on vertical collectors and transformed
into their biomass, with an estimated production of about 6 Q
of polychaete worms and 400 L of sponges at each annual cycle.
In addition, the LL structures also acted as a mechanical filter
capable of trapping about 600 kg of suspended particulate matter
per year (Giangrande et al., 2020a).

We also proved that the best bioremediation performance
of the ideated IMTA system was reached by the addition of
172 vertical collectors for Porifera rearing to the 196 bare
collectors for sabellids, mollusks, and ascidians here investigated
(Giangrande et al., 2020a). We supposed that the combined
actions of all these filter feeder invertebrates resulted in a very
efficient bioremediation rate, with a clarification of the water
column, that allows the amelioration of the bottom benthic
assemblage observed on the artificial substrates under the cages.
Furthermore, the very abundant muddy-tube builder amphipods
found on the collectors may also have an active role in removing
the suspended sediment and the organic particles from the water
column and so might be efficient contributors to bioremediate
the seawater (Gonzalez-Silvera et al., 2015; Fernandez-Gonzalez
et al., 2018; Giangrande et al., 2020b).

Lastly, despite the fouling development has always been
considered a negative factor for the mariculture production
(Fitridge et al., 2012), our study proved that the fouling also has
a positive effect on the ecosystem quality and thus supports the
mariculture activities.

CONCLUSION

The ideated IMTA system in the area of the Mar Grande
of Taranto provides promising clues that combined with
aquaculture activities can improve the environment. Indeed, our
study suggested that in the Mediterranean semi-enclosed areas,
the IMTA can effectively couple production with restoration
purposes. The vertical collectors placed around the cages as
support for bioremediators can increase the biodiversity, with
positive effects also on the fauna of the hard substrates on
the bottom. The filtration activity of the foulers settled on
the collectors reduces the supply of nutrients sinking toward
the bottom, reducing the surplus of organic load and creating
better conditions for the benthic organisms settled under the

cages. When artificial structures are also placed under the
cages, mimicking natural reefs, they act as restorative structures,
providing new habitats suitable for a rich benthic assemblage
development, obviously characteristic of the surrounding habitat.
These “underwater gardens” play manifold roles: from the supply
of larvae for the fauna of the vertical collectors to the creation of
submerged structures, i.e., artificial reefs, capable to attract fishes
and underwater tourism. At the same time, the fouling settled
on the vertical structures placed around the fish cages increase
the production of the area, as the fouling organisms consume the
wastes from the in-shore mariculture plants for their food and
so transforming the wastes into the biomass of economic value.
Despite the great effort required for collector management, this
technology opens new perspectives on the challenges related to
the use of the by-product biomass.
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