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Integrative taxonomy approach
to detect spatial and temporal
variability of the Mediterranean
benthic communities through
artificial substrate units (ASUs)
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Marco Abbiati*** and Federica Costantini™**

‘Dipartimento di Scienze Biologiche, Geologiche e Ambientali, Universita di Bologna, Ravenna, Italy,
2Dipartimento di Beni Culturali, Universita di Bologna, Ravenna, ltaly, *Consorzio Nazionale
Interuniversitario per le Scienze del Mare (CoNISMa), Rome, ltaly, “Centro Interdipartimentale di
Ricerca per le Scienze Ambientali, Universita di Bologna, Ravenna, Italy

Monitoring spatial and temporal changes of marine benthic communities using
standardized procedures is essential to take necessary steps towards conservation of
marine ecosystems. In this study we combined Artificial Substrate Units (ASUs) for
sampling of benthic communities, with integrative taxonomy approach that
incorporated morphological identification of organisms and COIl DNA
metabarcoding, to characterize the diversity of communities at three locations
across the Central Mediterranean Sea (Livorno and Palinuro, Italy; Rovinj, Croatia)
in 2019 and 2020. Significant differences in the communities’ structure were
observed both at large spatial scale between sampled locations, and at small
spatial scale (less than ten kilometers) between sites. Moreover, significant
temporal variability in species richness and structure of benthic assemblages was
detected, with higher richness in 2020. Revealed variability can probably be
attributed to the peculiar geomorphological, oceanographical, and ecological
features of locations, but also to the influence of interplaying local chemical and
physical factors and biological processes such as species settlement, competition,
and migration that can act at small spatial and temporal scales. The similarity in the
species composition and community structure accessed by morphological and
metabarcoding approaches was low, with only 16% of the species (out of 133 species
identified overall) commonly detected by both approaches. This is mostly both due
to a lack of data on COIl sequences of numerous benthic invertebrates in the public
barcoding databases on the one hand, and difficulties in detecting small and cryptic
taxa through morphological analyses on the other. This suggests that combining of
two approaches is required to fully describe the biodiversity of benthic assemblages.
Finally, comparison of the spatial variability of the benthic communities’ structure
with two approaches at different taxonomic levels, indicated that genus and family
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levels give results that are consistent to those obtained by the species level. This
suggests that family level might be satisfactory in monitoring the spatial-temporal
variability of Mediterranean hard bottom benthic communities.
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marine invertebrates

1 Introduction

Characterization of marine benthic communities is
fundamental for monitoring spatial and temporal biodiversity
changes in response to climate and anthropogenic stressors (Pecl
et al., 2017; Blowes et al., 2019; Duarte C et al., 2020). While the
assessment of benthic communities can be performed using
different methods, the use of an integrative approach (Schlick-
Steiner et al., 2010) can be considered a key tool to their full
characterization (Sheth and Thaker, 2017; Daglio and Dawson,
2019). Studies that rely uniquely on the identification of the
organisms based on the morphology or on the use of molecular
tools such as DNA barcoding and metabarcoding (Valentini et al.,
2016) may lead to uncertainties in species identification and to
underestimation of species richness and thus reducing the accuracy
of the assessments (Schlick-Steiner et al., 2010). Moreover,
morphological analyses are time consuming and highly
dependent on the taxonomic expertise (de Carvalho et al., 2007),
whereas molecular identification of species depends on technical
constraints in extraction and markers variability as well as
information available in online barcoding databases (Mugnai
et al, 2021). Additionally, the two approaches can lead to a
different taxonomic resolution that can affect the detection of
significant spatial and temporal variability in the community
structure. A meta-analysis of all available studies comparing
traditional morphological methods and DNA metabarcoding by
Keck and colleagues (2022), evidenced that DNA metabarcoding
provides diversity estimates (expressed as species richness) that are
globally consistent to those obtained using traditional methods.
Nevertheless, until now, studies evaluating at what taxonomic level
(taxonomic sufficiency, see Olsgard et al,, 1998; Olsgard and
Somerfield, 2000; Lasiak, 2003) these approaches can better
capture benthic biodiversity have been scarce in the marine
realm, where they have primarily focused on diversity indices and
on north Atlantic Europe (see Cahill et al., 2018; Keck et al., 2022).
To our knowledge no studies investigate how the spatial structure of
the marine benthic communities accessed by metabarcoding, is
affected by the taxonomic resolution.

Another critical issue to address in biodiversity assessments is
the standardization of sampling, which can often result in non-
comparable and non-reproducible studies across space, time, and
research teams (Ransome et al, 2017). In this regard, the use of
Standardized Sampling Structures (SSS), such as artificial tiles
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(Underwood and Chapman, 2006) and nylon pan scourers
(namely here ASUs - Artificial Substrate Units; Schoener, 1974),
have been reported as an effective solution (Gee and Warwick, 1996;
Ransome et al.,, 2017; Di Camillo et al., 2018; Carreira-Flores et al.,
2020). ASUs, unlike artificial tiles, are easy to deploy and are formed
by interstices resembling sponges and algae holdfasts, acting as
species collectors by providing a habitat for the settlement,
recruitment, and growth of small fauna and/or taxa in their early
life stages, namely cryptofauna (Dennis and Aldhous, 2004).
Cryptofauna is a crucial component of marine hard-bottom
communities, playing a significant role in ecosystem functioning
(Monroy-Velazquez et al., 2020; Palomino-Alvarez et al., 2021). The
cryptofauna, characterized mainly by small invertebrates hiding in
crevices and niches (Dennis and Aldhous, 2004; Carvalho et al,
2019), is difficult to be sampled and analyzed, and its presence is
often underestimated during benthic surveys (Fraschetti et al., 2005;
Carvalho et al, 2019; Ip et al, 2022). Standardized sampling
structures and methods such as ASUs combined with
metabarcoding can overcome that problem. ASUs are already
used to measure diversity and community composition and
structure of benthic marine cryptofauna in different regions of the
globe, including the western Mediterranean Sea (Cahill et al., 2018;
Monroy-Velazquez et al., 2020; Palomino-Alvarez et al., 2021).
However, several regions of the Mediterranean Sea are still
scarcely known in terms of their benthic diversity. Herein, we
deployed ASUs in three distinct locations of the Central
Mediterranean Sea (Livorno and Palinuro, Italy; Rovinj, Croatia)
and we characterized the structure of benthic communities
developed in two consecutive years (2019 and 2020) using
morphological and metabarcoding approaches. Specifically, we (i)
assessed the spatial and temporal (2019-2020) variability of the
communities using a traditional approach based on morphological
characters and we (ii) analyzed the assemblages collected in 2019
using a COI metabarcoding approach to evaluate their variability at
different spatial scales. We then (iii) compared traditional
morphological identification and DNA metabarcoding and
analyzed at which taxonomic level morphological and
metabarcoding methods can detect the spatial variability of
benthic assemblages. This study will fill the current gap in the
knowledge of biodiversity of hard bottom benthic communities in
the Central Mediterranean Sea, providing a baseline for future
monitoring and will give recommendations on the most effective
methodology to be applied in future research.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1113322
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mugnai et al.

2 Materials and methods

2.1 Sampling design

The Artificial Substrate Units sample (hereafter “ASUs sample”)
was made up of three nylon pan scorers tied together with a cable tie
and attached to a stainless-steel rod that was anchored to the
substrate. ASUs samples were deployed by scuba diving at a depth
ranging from 14 to 25 m in three locations across the Central
Mediterranean Sea: Rovinj (Croatia, North Adriatic Sea), Palinuro
(Italy, South Tyrrhenian Sea) and Livorno (Italy, North Tyrrhenian
Sea). Within each location, three sites were randomly selected at some
kilometers of distance from each other: Rovinj: Piccola Figarola
(FIG), Bagnole (BAG), San Giovanni (SAN); Palinuro: Punta
Spartivento (SPA), Cala del Ribatto (RIB), Costa Azzurra (COS)
and Livorno: Calafuria (CAL), Sonnino (SON), Isola (ISO) (Figure 1,
Table S1). In each site, three ASUs samples were randomly deployed
a few meters apart from each other, in summer 2018 and recovered in
summer 2019 (Year 1), while new ASUs samples were deployed in
summer 2019 and recovered in summer 2020 (Year 2). Each ASUs
sample was recovered by placing it inside a plastic bag for preventing
the loss of organisms, paying attention not to touch the collected
sample to avoid contamination. Due to exceptional rough maritime
conditions, two ASUs samples were lost in winter 2019 (one in
Livorno, SON site, and one in Palinuro, SPA site) and two in winter
2020 (both in Palinuro, RIB site). Thus, a total of 50 ASUs samples
were processed across the two years (25 ASUs samples per each year).

10.3389/fmars.2023.1113322

In laboratory, ASUs samples were placed in 1 L plastic jars with
molecular-grade absolute ethanol, and the water content of the plastic
bag was added after sieving at 40 um sterile stainless-steel sieve. The jars
were then stored at 4°C until processing. At each step, all the
consumables were bleached to prevent sample cross-contamination.

The morphological identification of specimens was performed
on one ASUs sample (replicate) randomly chosen per each site, for a
total of nine samples per each time. The COI metabarcoding was
only performed on all 2019 ASUs samples. See Figure S1 for a
general outline about sample processing.

2.2 Morphological identification

In laboratory, the three pan scourers that made up each ASUs
sample were separated. Each pan scourer was shaken vigorously in a
bucket containing 5 L deionized water to remove loose material and
organisms. Then, each pan scourer was unraveled to pick out the
remaining organisms that remained stuck in the mesh, under
the stereoscope.

The bucket content was then sieved through embedded 500 um
and 40 um sterile stainless-steel sieves. The macrofaunal fraction (>
500 pum) was stored apart in molecular-grade absolute ethanol in a
250 mL sterile plastic jar to perform morphological identification of
the organisms. The remaining sample fraction (40-500 pm) was
stored in another sterile 250 mL plastic jar filled with 95% absolute
ethanol. To avoid any possible external contamination the bench
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FIGURE 1

Sampling locations (Livorno and Palinuro, Italy; Rovinj, Croatia; represented by dots) and relative sampling sites (represented by yellow flags in each
zoomed circle). Calafuria (CAL), Isola (ISO), Sonnino (SON), Costa Azzurra (COS), Cala del Ribatto (RIB), Punta Spartivento (SPA), Bagnole (BAG),

Piccola Figarola (FIG), San Giovanni (SAN).
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and all laboratory material used were bleached between one ASUs
sample and the other.

The organisms were initially separated under stereoscope into
four major taxonomic groups: Annelida, Arthropoda,
Echinodermata, Mollusca. All the organisms that did not fit into
these groups were placed in the “Others” group. For each taxonomic
group, the organisms were identified using stereoscope and light
microscope to the lowest taxonomic level possible with the help of
the dichotomous keys and other relevant scientific literature, and
then counted. The organisms belonging to the group “Others” were
only counted, but not identified (see Table S2 for the complete list of
taxa found in ASUs samples over the two sampling years). After
identification, all the macrofaunal organisms from each ASUs
sample were merged with their respective 40-500 um fraction for
further genetic analysis (hereafter “DNA bulk sample”).

2.3 Metabarcoding analysis

To obtain a well-homogenized product, each DNA bulk sample was
transferred into an ice blender and blended at full speed for 15 seconds.
The homogenate was poured into the 40 im mesh net and washed with
molecular-grade absolute ethanol several times. The resulting wet
homogenate was gently squished to let the aqueous phase go through
the net to dry the fraction as much as possible. This dried homogenate
was then placed in a sterile 15 ml falcon tube with molecular-grade
absolute ethanol, shaken vigorously and stored at -20°C.

The DNA extraction on about 1 ml of each sample was carried
out using the Macherey-Nagel NucleoSpin Soil kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) (Mahmoudi et al., 2011)
following the protocol provided by the manufacturer. Each DNA
extract was quantified using a Qubit 2.0 fluorometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) using the Invitrogen Qubit
dsDNA BR Assay Kit. Samples were amplified using the newly
designed degenerate primer set targeting a 313-bp fragment of
cytochrome ¢ oxidase subunit 1 (COI) (forward
IIICRrev: GGNTGAACNGTNTAYCCNCC; reverse HBR2d:
TAWACTTCDGGRTGNCCRAARAAYCA) that has been
developed to amplify a wide range of phyla across eukaryotes and
algae. Forward and reverse primers were indexed with 11-13
nucleotide long tags differentiated by at least three different
nucleotides (for details see: Corse et al, 2017), and a 0 to 3 nt
heterogeneity spacer (none/N/NN/NNN) was added to mitigate the
issues caused by low sequence diversity in Illumina amplicon
sequencing (Fadrosh et al, 2014). A unique combination of tags
was used for each sample. A high sensitivity Taq polymerase was
employed (Qiagen Multiplex PCR Kit, Qiagen, Hilden, Germany),
and the PCR reaction was performed in 15 ml of final volume (7.5 pl
of Multiplex Mastermix, 2.5 ul molecular grade water, 1.5 ul of each
10 mM primer, 2 ul of DNA) using a 2720 thermal cycler by Applied
Biosystems (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Extraction controls consisting of negative (aerosol and nuclease-free
water samples) and positive (known DNA pools of marine and
terrestrial multi-species mock communities, data available under
request to Dubut V.) controls were included in all PCR reactions.
The methodology is described in Thomasdotter et al. (in press). The
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used amplification protocol was as it follows: (i) 15 min 95°C, (ii) 5
cycles (30 s 95°C, 40 s 45°C, 1 min 72°C), (iii) 30 cycles (30 s 94°C, 40
s 48°C, 1 min 72°C), (iv) 10 min 72°C. Three independent PCR
technical replicates were made to perform post-sequencing quality
checks. Every single PCR plate content was pooled in a single 1.5 ml
sterile Eppendorf tube, according to relative sample quantification
using a Qubit 2.0 fluorometer. Bulk pools were purified using
Macherey-Nagel NucleoSpin Gel and PCR Clean-up kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA), according to
manufacturer’s protocol. Single indexing PCRs using a couple of
individual P5, and P7 Illumina adapters were performed on each
purified technical replicate pool. The total indexing PCR volume was
60 ul (19.8 pl H20, 30 pl Mastermix, 2.1 pl of each Illumina index, 6
ul cleaned PCR pool) and was performed using Thermo Scientific
Phusion High-Fidelity PCR Master Mix (Thermo Fisher Scientific
Inc., Waltham, MA, USA). The indexing PCR protocol consisted in
(i) 30 s 98°C, (ii) 12 cycles (40 s 98°C, 45 s 55°C, 1 min 72°C), (iii)
10 min 72°C. An electrophoresis run using 1.5% agarose gel was then
performed for quality checking and correct indexed DNA bands were
cut out with a scalpel and purified using Macherey-Nagel
NucleoSpin® Gel and PCR Cleanup kit, following the protocol
provided by the manufacturer. The three technical replicates were
then quantified (Qubit 2.0 fluorometer), properly diluted and pooled
at final 20 uM into a sterile 1.5 ml Eppendorf tube. A final quality
check was then performed using a Bioanalyzer 2100 (Agilent
Technologies, Inc., Santa Clara, CA, USA). The libraries were then
sent out to a sequencing facility (Cirad, https://www.cirad.fr/en,
France) and sequenced via Illumina MiSeq benchtop system using
v2 chemistry (250 bp paired-end sequencing).

2.4 Bioinformatic analysis

Raw FastQ files from Illumina sequencing were supplied to us
by the sequencing facility. Using FastQC software (Andrews, 2010),
the quality of raw sequencing files was checked. OBITools package
(Boyer et al., 2016) was used for trimming and joining forward and
reverse reads, for removing unaligned sequences and for samples
demultiplexing. The resulting 6 demultiplexed fastq files were then
merged, and the amplicon length of 313 bp £10% was selected.
Chimeric sequences were sorted out using VSEARCH (Rognes
et al,, 2016), and non-chimeric ones were clustered (97%) into
Molecular Operational taxonomic Units (MOTUs) using SWARM
(Mahe et al., 2015) with d = 1 following indication by Brandt et al.
(2021) that observed comparable OTU numbers for COI clustering
at d = 1-13. Moreover, clustering at d-values higher than 1 can led
to the loss of true species diversity, particularly for taxa known to be
poorly resolved, as in the case of those living in marine natural
habitats (Brandt et al., 2021). Singletons were removed through
Metabarpark scripts (https://github.com/metabarpark/
R_scripts_metabarpark), and the taxonomic assignment involved
RDP Classifier (Lan et al., 2012) with default parameters. The COI
barcoding reference database employed was COInr-Med+, which
includes marine-only Mediterranean taxa, basing on OBIS
(www.obis.org) and including new barcodes from central-western
Mediterranean Sea (Mugnai et al., 2023). Possible contamination of
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samples was checked removing MOTUs present in negative and
positive controls employed. All the above commands were run
individually per each of the three technical replicates, and a final
MOTUs table including mean values of the three runs was obtained.
The final MOTUs table was normalized to the minimum library size
using the online platform MicrobiomeAnalyst (https://
www.microbiomeanalyst.ca, MDP protocol), with default
normalization parameters. From this normalized MOTUs table,
taxonomic lineages were assigned and 0.8 bootstrap threshold
(Wang et al,, 2007) was chosen for the taxonomic assignments of
MOTUs per each taxonomic level (Claesson et al., 2009) (Table S3).

2.5 Data analysis

Descriptive faunal analyses of the main taxonomic groups were
done for morphology and metabarcoding datasets. Alpha diversity
as taxa/MOTUs richness (S) and faunal abundance (N) (in terms of
number of individuals and number of recovered reads per MOTUs,
respectively) were calculated for each sample. Permutational
multivariate analysis of variance (PERMANOVA; Anderson,
2017) based on Euclidean distance matrices of untransformed
data, was used to evaluate (i) spatial-temporal variability of
richness and abundance of benthic communities based on
morphology (two factors: Location and Year crossed), and (ii)
variability of richness and abundance of benthic communities at
different spatial scales based on metabarcoding data (two factors:
Location and Site nested in Location). To visualize similarity in
community structure among samples for each method and
sampling design, non-metric multidimensional scaling (nMDS)
was performed. Then, differences in the community structure for
each of the two-factor models were analyzed by PERMANOVA
based on Bray-Curtis similarity of fourth root transformed data.

The similarity percentages analysis (SIMPER; Clarke, 1993) was
performed on morphologic data to identify taxa that most
contributed to dissimilarities in community structure detected
trough morphology among Locations and Years.

To evaluate the effect of taxonomic sufficiency, the following
analyses were performed on 2019 datasets. First, the data for the
same 9 replicates used for the morphologic analysis were extracted
from the whole metabarcoding dataset. Then, a preliminary analysis to
evaluate whether the “Others” group could influence the results was
done. For each method two abundance matrices with and without the
group “Others” were built. The corresponding similarity matrices
obtained by Bray-Curtis index, were compared by RELATE analysis,
which compares pairs of similarity matrices through the Spearman
rank correlation coefficient (Rho) (Somerfield and Clarke, 1995).
Owing to the very high correlation between matrices with and
without the group “Others” for both methods, new matrices were
obtained from the initial species-per-sample matrix by aggregating
raw data at increasingly higher taxonomic levels (genus, family, order,
class, and phylum) without the “Others” group. Specifically, for the
metabarcoding dataset, we performed the aggregation matrices
starting from the species matrix obtained keeping the MOTUs by
filtering for bootstrap values > 0.80. For each taxonomic level for both
methods, similarity matrices were obtained by Bray-Curtis similarity
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after the fourth root transformation. The similarity in community
structure among Locations for each matrix was displayed by nMDS
and formal significance tests for differences in community structure
among Locations were done by one-way PERMANOVA followed by
pairwise comparison when Location factor resulted significant. The
resulting similarity matrices were analyzed by RELATE routine.
Spearman rank correlation (Rho) was calculated between the
corresponding elements of each pair of similarity matrices for
species abundances and similarity matrices derived from
abundances of higher taxonomic levels, separately for the
morphological and metabarcoding datasets, and between
morphological and metabarcoding similarity matrices at the
corresponding taxonomic levels. The inter-matrix correlations
matrix was used as input similarities in the creation of the ‘second
stage’ nMDS ordination plot (Somerfield and Clarke, 1995) to
visualize the degree of similarity among resemblance matrices
obtained using various levels of taxonomic resolution for a given
dataset, and between matrices obtained by the two methods at the
same taxonomic resolution.

All the PERMANOVA analyses were carried out using
unrestricted permutation of raw data and 9999 permutations.
When significant main factors or interactions were detected, the
specific procedure provided within PERMANOVA was used for a
posteriori pairwise comparisons. If less than 900 unique values in
the permutation distribution were available, asymptotical Monte
Carlo p-values (pMC) were used instead of permutational p-values.
All statistical analyses were carried out using the software PRIMER
(version 7.0.21) (Clarke and Gorley, 2015, www.primer-e.com),
with significant criterion for all tests set at o0 = 0.05.

Table comparing the species found by the morphological and
metabarcoding methods in 9 samples from 2019 was created. To
understand why some species were found only with one method
and not with the other, for the species detected only by morphology,
research of their COI sequences in NCBI (https://
www.ncbi.nlm.nih.gov/nuccore) and BOLD (https://
boldsystems.org/index.php) genetic databases was performed.

3 Results

3.1 Spatial-temporal variability of benthic
communities based on morphological data

A total of 1,775 and 4,037 specimens of macrofaunal invertebrates
were retrieved in 2019 and 2020 ASUs samples respectively, belonging
to 211 taxa from the four phyla: Annelida, Arthropoda,
Echinodermata, Mollusca. In general, the abundance was higher in
2020 than in 2019 (Figure 2A). In 2019 Mollusca was the most
abundant phylum in Rovinj, while Annelida was the most abundant in
Livorno and Palinuro. In 2020 mollusks were the most abundant in all
three locations, followed by annelids in Livorno and Palinuro, and
arthropods in Rovinj. Echinodermata had low abundance overall with
higher values in 2020. Taxa richness was also higher in 2020 than in
2019 (Figures 2B, 3). Annelida was the richest phylum overall,
followed by Mollusca. Echinodermata had the lowest taxa richness
across all locations and years, except for Livorno in 2019 where
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FIGURE 2

(A) Mean taxa abundance (+ SE; n = 3) of 5 main taxonomic groups across locations and years, based on morphological analyses. Individuals not
belonging to any of the four target phyla (Annelida, Arthropoda, Echinodermata, Mollusca) were only counted and included in the taxonomic group
“Others”. (B) Mean taxa richness (+ SE; n = 3) per phylum across locations and years, based on morphological analyses.

Arthropoda was the least rich group. Taxa richness was significantly
different between Locations, Years and for their interaction (Table 1).
The results of the post hoc analysis carried out on the interaction
revealed that Taxa richness in 2019 was significatively higher in Rovinj
compared to Livorno and Palinuro (ROV > LIV; ROV > PAL)
(Table 1). Moreover, in 2020 higher taxa richness were detected in
Palinuro and Rovinj in respect to 2019 (Table 1). Structure of the
faunal assemblages was significatively different between Locations,
Years, and for their interaction. Post-hoc tests evidenced significative
differences in structure of the faunal assemblages between the
locations Palinuro and Rovinj in 2019, as well as between the two
Years in Palinuro and Rovinj (Table 2). The nMDS plot confirmed
differences in the structure of the faunal assemblages between Years

60
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Taxa richness (S)

20

Livomo Palinuro
2019

FIGURE 3

Mean taxa richness (+ SE; n = 3) across Locations and Years based on morphological analyses.
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and between Locations within Years (Figure 4). In 2019, SIMPER
analysis (Table S3) evidenced the highest average dissimilarity in
community structure between Palinuro and Rovinj (68.63%). This
difference was mostly due to the higher abundance of the polychaete
annelids Filograna sp. and Vermiliopsis infundibulum (Philippi, 1844)
in Palinuro, and higher abundance of the bivalve Hiatella arctica
(Linnaeus, 1767) in Rovinj, but also due to the exclusive presence of
several species of polychaetes, crustaceans and molluscs in Rovinj.
Taxa that mostly contributed to the dissimilarity in community
structure between Livorno and Palinuro in 2019 (63.79%) were
polychaete annelids Filograna sp., V. infundibulum and
Spirobranchus cf. polytrema (Philippi, 1844) that were more
abundant or exclusive (S. cf. polytrema) in Palinuro, and

Rovinj

*
Livomo Palinuro Rovinj
2020
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TABLE 1 Results of PERMANOVA analysis and post-hoc comparisons, testing for differences in taxa richness of faunal assemblages between Locations

(Lo) and Years (Ye).

Source df S Pseudo-F Up P(MQ)
Lo 2 113.390 8.760 9767 0.004
Ye 1 813.390 62.837 8495 0.0001
LoxYe 2 85.722 6.622 9842 0.012
Res 12 12.944
Total 17
Within years

Groups t P(MC)

Livorno = Palinuro 0.949 0.400
2019 Livorno < Rovinj 3.536 0.024

Palinuro < Rovinj 6.500 0.004

Livorno = Palinuro 2.331 0.079
2020 Livorno = Rovinj 1.835 0.145

Palinuro = Rovinj 0.853 0.439
Within locations

Groups t P(MC)
Livorno 2019 = 2020 2.419 0.069
Palinuro 2019 < 2020 12.05 0.0003
Rovinj 2019 < 2020 4.347 0.011

df, degrees of freedom; MS, mean squares; F, F-ratio; Up, unique perms; P(MC), Monte Carlo probability values; t, t-statistics. Significant P-values (P < 0.05) are given in bold.

echinoderm Ophiotrix fragilis (Abildgaard in O.F. Miiller, 1789) and
the bivalve H. arctica that were more abundant in Livorno.
Dissimilarity between Livorno and Rovinj in 2019 (59.95%) was
mostly due to the exclusive presence of decapod crustaceans
Galathea sp. and Pilumnus spinifer H. Milne Edwards, 1834 and
bivalves Striarca lactea (Linnaeus, 1758) and Hiatella striata (Fleuriau
de Bellevue, 1802) in Rovinj, as well as to the higher abundance of
amphipod Jassa sp. also in Rovinj. Several other polychaete species
present exclusively in Rovinj contributed to this difference.

In 2020, the average dissimilarities in community structures
between the three locations were lower than in 2019 (Table S4). The
highest average dissimilarity occurred between Palinuro and Rovinj
(60.41%). Bivalves H. arctica and Limaria tuberculata (Olivi, 1792)
were more abundant in Rovinj, while Arcuatula senhousia (W. H.
Benson, 1842) was more abundant in Palinuro. Moreover, bivalve
Nuculidae ind. and crustaceans Tanidacea ind. were exclusively
present in Rovinj. Average dissimilarity in community structures
between Livorno and Palinuro in 2020 (59.58%) was mostly due to
the higher abundance of bivalve H. arctica and exclusive presence of
bivalve Mimachlamys varia (Linnaeus, 1758) in Livorno and higher
abundance of gastropod Jujubinus sp. and exclusive presence of
annelid polychaete Thelepus cincinnatus (Fabricius, 1780) in
Palinuro. The lowest dissimilarity in community structure in 2020
was between Livorno and Rovinj (56.10%) and was mostly due to
the higher abundance or exclusive presence of several mollusks and
crustaceans in Rovinj. Crustaceans Tanaidacea ind. and Isopoda

Frontiers in Marine Science

ind., gastropode Jujubinus sp. and bivalve H. arctica were more
abundant in Rovinj, while bivalves Nuculidae ind. were exclusively
present in Rovinj. Comparing community structure between 2019
and 2020 at each location, the highest difference resulted in Palinuro
(72.86%) (Table S4) because of the presence of the polychaete
Filograna sp. only in 2019, and the presence of crustacean Jassa sp.,
the gastropod Jujubinus sp. and the polychaetes Hesiondae ind. only
in 2020. Moreover, gastropod Bittium reticulatum (da Costa, 1778)
was more abundant in 2020. Numerous other species appeared
exclusively in 2020, contributing to the difference in community
structure between the two years in Palinuro Location. In Livorno,
the average dissimilarity in community structure between 2019 and
2020 resulted 66.54% and was mostly due to the higher abundance
or exclusive presence of several species of polychaetes, mollusks and
crustaceans in 2020. The lowest average dissimilarity in community
structures between 2019 and 2020 was noticed in Rovinj (62.18%)
and was particularly due to the higher abundance or exclusive
presence of several species of mollusks and crustaceans in 2020.

3.2 Spatial variability of the communities
based on COI metabarcoding data

A total of 13,258 MOTUs were obtained after contamination

checking and bootstrap threshold filtering procedures, dropping to
596 MOTUs after data normalization (Table S3). To better describe
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TABLE 2 Results of PERMANOVA analysis and post-hoc comparisons, testing for differences in structure of faunal assemblages between Locations

(Lo) and Years (Ye).

Source df S Pseudo-F Up P(MQ)
Lo 2 3885.3 3.131 9891
Ye 1 7864.8 6.337 9908
LoxYe 2 2583.3 2.082 9873
Res 12 1241.1
Total 17
Within years
Groups t P(MC)
Livorno, Palinuro 1.612 0.079
2019 Livorno, Rovinj 1.499 0.110
Palinuro, Rovinj 1.976 0.031
Livorno, Palinuro 1.447 0.124
2020 Livorno, Rovinj 1.433 0.128
Palinuro, Rovinj 1.673 0.064
Within locations
Groups T P(MC)
Livorno 2019, 2020 1.689 0.064
Palinuro 2019, 2020 2.057 0.025
Rovinj 2019, 2020 1.860 0.038

df, degrees of freedom; MS, mean squares; F, F-ratio; Up, unique perms; P(MC), Monte Carlo probability values; t, t-statistics. Significant P-values (P < 0.05) are given in bold.

FIGURE 4

Non-metric MDS

Transform: Fourth root
Resemblance: S17 Bray-Curtis similarity
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Non-metric multidimensional scaling (hnMDS) plot of spatial and temporal structure of cryptobenthic communities based on morphological analyses,
carried out on fourth root transformed data through Bray-Curtis similarity index.
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(A) Mean abundance of MOTUs reads (+ SE; n = 3) of 5 main taxonomic groups across locations and sites. The group “Others” includes the phyla
Bryozoa, Chordata, Cnidaria, Myzozoa, Nematoda, Nemertea, Platyhelminthes, Porifera, Sipuncula. (B) Mean MOTUs richness (+ SE; n = 3) per

phylum across locations and years.

the communities of the ASUs samples, MOTUs were then grouped
into the same five categories considered for the morphological
approach (Annelida, Polychaeta, Mollusca, Echinodermata, and
Others; see Table S5 for reads abundance per each taxonomic
level). Annelida resulted to be the most abundant phylum in all
Sites and Locations, followed by Arthropoda (Figure 5A, Table S5A).
The exception was for RIB site (Palinuro), where Arthropoda resulted
the most abundant phylum, followed by Annelida. Mollusca and
“Others” had similar abundances, and their differences in abundance
depended on sites. The “Others” group was mainly composed of
Cnidaria (60-80%) and Porifera (18-35%), followed by Chordata (1-
8%) and Bryozoa (1-3%). A very low presence of Myzozoa,
Nematoda, Nemertea and Platyhelminthes were detected as well,
albeit not accounting for more than 1% in total. After removing the
“Others” group, Arthropoda resulted the richest phylum in all sites
and locations, with higher values in Livorno, followed by Annelida
which showed the similar pattern (Figure 5B). Mollusca and
Echinodermata resulted evenly distributed across all Sites, with the
former accounting for 3-4 times more species than the latter.

Although Livorno accounted for 20% MOTUs more than
Palinuro and Rovinj (which were comparable in terms of MOTUs
richness), no significant differences in MOTUs richness were
revealed between Locations and Sites (Table 3, Figure 6).

The nMDS plot showed a relatively clear separation of the
communities’ structure among Locations, but also a high variability

within each Location (Figure 7). In fact, PERMANOVA evidenced
statistically significant differences in the structure of benthic
communities based on metabarcoding analyses across Locations
and Sites nested in Locations. Post-hoc tests indicated significant
differences between Livorno and Rovinj, and between Livorno and
Palinuro (Table 4).

3.3 Comparison between morphological-
and metabarcoding-based approaches

Before analyzing the correlation between morphological and
metabarcoding methods in detecting a spatial variability of the
communities’ structure, a preliminary analysis was carried out. A
RELATE analysis considering the 4 target phyla (Annelida,
Arthropoda, Echinodermata, Mollusca) with and without the
“Others” group was done both for morphological and
metabarcoding matrices. The correlation between “with Others”
and “without Others” matrices for the morphological method
resulted highly significant with Rho value of 0.894. Similarly, the
correlation between “with Others” and “without Others” matrices
obtained by metabarcoding approach resulted significant as well,
with Rho value of 0.763. Owing to these results, comparisons
among matrices obtained at different taxonomic resolution within
each method (morphological and metabarcoding) and between the

TABLE 3 Results of PERMANOVA analysis testing for differences in MOTUs richness of faunal assemblages between Locations (Lo) and Sites (Si).

Source df MS Pseudo-F P(MC)
Lo 2 212420 4,664 0.052
Si(Lo) 6 42917 0.205 0.968
Res 16 209.910

Total 24

df, degrees of freedom; SS, sum of squares; MS, mean squares; Up, unique perms; P(MC), Monte Carlo probability values; t, t-statistics. Significant P-values (P < 0.05) are given in bold.
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FIGURE 6
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FIGURE 7

Non-metric multidimensional scaling (hMDS) plot of cryptobenthic communities’ structure between Locations and Sites based on metabarcoding
analyses, carried out on fourth root transformed data through Bray-Curtis similarity index. Two samples were lost, one in Livorno (SON) and one in
Palinuro (SPA).
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TABLE 4 Results of PERMANOVA analysis and post-hoc comparisons, testing for differences in structure of faunal assemblages based on
metabarcoding analyses between Locations (Lo) and Sites nested in Locations (Si(Lo)).

Source df MS Pseudo-F P(MQ)
Lo 2 3497.7 2338 0.002
Si(Lo) 6 1502.3 1339 0.046
Res 16 1122.1

Total 24

Between locations

Group t P(MC)
Livorno, Rovinj 1.716 0.008
Palinuro, Rovinj 1.419 0.054
Livorno, Palinuro 1.464 0.041

df, degrees of freedom; SS, sum of squares; MS, mean squares; Up, unique perms; P(MC), Monte Carlo probability values; t, t-statistics. Significant P-values (P < 0.05) are given in bold.

two approaches at each corresponding taxonomic resolution were When comparing the MDS plots obtained from the
done without the group “Others”. morphological and metabarcoding methods at corresponding
The MDS plots obtained from fourth root transformed  taxonomic level, the spatial pattern of the community structures
abundances data of the different taxonomic levels for morphological ~ resulted different (Figure 8). This was confirmed by the very low
data appeared similar at level of species, genus, and family (Figure 8).  correlation coefficients (Table 5), below the 0.80 threshold
This was confirmed by the high correlation coefficient between species  suggested by Somerfield and Clarke, 1995.
and genus and genus and family (Table 5). The MDS plots obtained by Patterns among matrices were visualized through 2nd stage
abundance data aggregated to higher taxonomic levels (order, class, ~ MDS plot (Figure 9), where each symbol represents a similarity
and phylum) appeared to be less similar compared to those at lower — matrix, and the relative distance between symbols reflects the
taxonomic levels and the correlation coefficients between species and  degree to which the similarity matrices are correlated. The plot
higher taxonomic levels resulted lower (Table 5, Figure 8). showed a clear separation of the two methods on the first
PERMANOVA results showed significant differences in faunal  dimension and a separation of groups for taxonomic levels on
structure among Locations for all taxonomic levels (species level: ~ the second dimension. Regarding morphological approach,
Pseudo-F = 2.83, P(MC) = 0.0163; genus level: Pseudo-F = 2.542, P matrices were arranged from species to phylum in a
(MC) = 0.023; family level: Pseudo-F = 2.721, P(MC) = 0.025; order ~ progressive disposition with species, genus, and family closer
level: Pseudo-F = 3.245, P(MC) = 0.023; class level: Pseudo-F = 4.113,  to each other compared to phylum, class, and order levels. On
P(MC) = 0.022; phylum level: Pseudo-F = 17.068, P(MC) = 0.0002) the other hand, the order, class, and phylum matrices from
and pairwise comparisons were statistically significant between = metabarcoding data resulted arranged around the cluster species,
Palinuro and Rovinj for each taxonomic level, while at order, class  genus, and family.
and phylum levels differences also occurred between Livorno and The above observed patterns may be explained by comparing
Rovinj (Table S6). MDS ordinations of matrices derived from  the species found by morphological and metabarcoding methods in
metabarcoding data, after fourth root transformed abundances of  the four chosen phyla (Annelida, Arthropoda, Echinodermata,
various taxonomic levels are reported in Figure 8. They appeared very ~ Mollusca) from 9 samples (Table 6). Seventy-three species were
similar at the levels of species, genus, and family, indicating that at  identified using morphology and 81 using metabarcoding, while
these levels the overall patterns of spatial variation of community  only 21 species were detected by both methods (Table 6). Fifty-two
structure were retained, as confirmed by high correlation coefficients ~ species were detected only through morphology but not with
(Table 5). High correlation values (> 0.80) occurred only between  metabarcoding. Among them, Annelida represented 62%,
species and genus, species and family and genus and family. The MDS ~ followed by Mollusca (28%), Arthropoda (6%) and
plots obtained by abundance aggregated to order, class, and phylum  Echinodermata (4%). Of these species, 26 (50%) do not have COI
levels, appeared to be less similar compared to those at lower  sequences available neither in NCBI nor in BOLD databases. On the
taxonomic level and the correlation coefficients between species and ~ other hand, 21 species have COI sequences present in both online
higher taxonomic levels resulted <0.80 (Table 5, Figure 8).  databases, and some of them also with a high coverage in terms of
PERMANOVA revealed significant differences in faunal structure = number of sequenced individuals (e.g., arthropods Jassa marmorata
for the Location factor at species (Pseudo-F = 2.051, P(MC) =  Holmes, 1905 and Pilumnus spinifer H. Milne Edwards, 1834;
0.049), genus (Pseudo-F = 2.162, P(MC) = 0.042), and phylum polychaetes Thelepus cincinnatus (Fabricius, 1780) and
(Pseudo-F = 2.812, P(MC) = 0.049) levels. However, pairwise  Spirobranchus triqueter (Linnaeus, 1758) which is present in the
comparisons were not statistically different (Table S6). databases with its older synonym Pomatoceros triqueter (Linnaeus,
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FIGURE 8

Non-metric multidimensional scaling (hnMDS) plots carried out on
morphological and metabarcoding data based on Species (A, G),
Genus (B, H), Family (C, 1), Order (D, J), Class (E, K) and Phylum (F,
L) level.

1758); ophiuroid Ophiothrix fragilis (Abildgaard in O.F. Miiller,
1789); bivalve Arcuatula senhousia. Five of the species detected only
by morphological analyses have COI sequences available in only
one of the two databases. 60 species were detected only through
metabarcoding but not with morphological analyses. Of these, 24
species (40%) are annelids, particularly representatives of the family
Syllidae (13 species), 17 species (28%) are arthropods, 12 species
(20%) are mollusks, and 7 species (11.7%) are echinoderms. The
most unbalance between the species exclusively identified with a
single approach can be attributed to Annelida phylum
in metabarcoding.
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4 Discussion

This was the first study employing Artificial Substrate Units
(ASUs, nylon pan scourers) in multiple locations in the Central
Mediterranean Sea to assess marine benthic communities using an
integrated, morpho-molecular approach trough space and time.
Based on these results we observed significant variability in the
richness and structure of the faunal assemblages developed on
ASUs both between two consecutive years and among sites less
than ten meters a part. Moreover, despite the number of species,
genera and families detected was not so different between the
morphological and metabarcoding approach, the similarity in the
species composition and community structure assessed by the two
methods was low.

Our analyses evidenced a high temporal variation in abundance
and richness of benthic communities of the three studied locations,
with abundances doubled in 2020 in respect to 2019, and overall
richness increased by 30% in 2020, particularly in Palinuro and
Rovinj locations. The SIMPER analysis showed that dissimilarities
between Locations and Years were made up of small contributions
from many taxa. This indicated communities with a highly complex
structure, where many taxa were almost equally important for the
total species composition (Dahl and Dahl, 2002). Temporal
variation was mostly due the exclusive presence of numerous
polychaetes and mollusks as well as several arthropods in 2020
compared to 2019, which is particularly evident in Palinuro.
Observed trends could be due to the impact of abiotic factors
(both chemical and physical) that could have influenced biological
processes such as species settlement and competition (DelLaHoz
et al, 2018). During winter 2019/2020 an extreme sea storm
occurred in Palinuro, which could have damaged physically the
early-formed ASUs assemblages deployed in 2019, that could have
led to creation of free space available for the occupation of different
adult species and settlement of new larval pools in spring with, as a
consequence, increased species richness in 2020 (McQuaid and
Branch, 1985) and a change in the communities structure compared
to that of 2019. The stormy event in winter 2019/2020 could have
had consequences on primary production, sedimentation, and
consequent light privation in Palinuro, which induced changes in
species composition (Benedetti-Cecchi et al., 2000; Irving and
Connell, 2002; Terlizzi et al., 2003). In fact, several studies
evidenced that artificial substrates such as ASUs can be colonized
both by larval recruitment from the plankton and by migration of
adults and juveniles from adjacent habitats which usually act in a
very short temporal range (Chapman, 2002; Fraschetti et al., 2002;
Smith and Rule, 2002; Rule and Smith, 2005). This indicates the
efficiency of these artificial structures to detect early growing
communities, being perfectly suited for mid-term monitoring, but
maybe less suitable in long term monitoring of local assemblages
(Smith and Rule, 2002; Scribano et al., 2021). Assessing marine
communities over a temporal gradient is fundamental to establish a
baseline towards long term monitoring (Teixido et al, 2011;
Gravina et al., 2020).

The ASUs communities were significantly different between the
three locations using both methods of taxa identification.
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TABLE 5 Spearman rank correlation (Rho) values calculated between the corresponding elements of each pair of similarity matrices for species
abundances, and similarity matrices derived from abundances of higher taxonomic levels, separately for each dataset (morphological, Mor;
metabarcoding, Met), and between morphological and metabarcoding similarity matrices per each taxonomic level.

S-Mor G-Mor F-Mor O-Mor C-Mor P-Mor S-Met G-Met F-Met O-Met C-Met P-Met
S-Mor
G-Mor 0.93
F-Mor 0.77 0.84
O-Mor 0.66 0.71 0.76
C-Mor 0.55 0.58 0.59 0.90
P-Mor 0.45 0.35 0.47 0.55 0.49
S-Met 0.56
G-Met 0.52 0.94
F-Met 0.58 0.92 0.93
O-Met 0.35 0.68 0.72 0.67
C-Met 0.04 0.50 0.62 0.44 0.76
P-Met 0.36 0.44 0.47 0.42 0.27 0.47

Taxonomic levels are given by a letter: S, species; G, genus; F, family; O, order; C, class and P, phylum. Significant values (P < 0.05) are presented in bold.

Geomorphological, oceanographic, and ecological features of the
two basins of the Mediterranean Sea where ASUs were deployed
(Tyrrhenian Sea - Livorno and Palinuro, and Adriatic Sea - Rovinj)
could be drivers of these differences. The Adriatic Sea is much
shallower than the Tyrrhenian Sea and is characterized by the
presence of a less complex circulation with a cold gyre in its
northern part. An incoming current from the Ionian Sea flows
northward along the eastern coast of the basin, it deviates westward

and flows southward along the Italian coast entering the Ionian Sea.
Conversely, the Tyrrhenian Sea presents a more complex water
circulation due to the interaction of Levantine Intermediate Water
(LIW) and Tyrrhenian Deep Water (TDW) that together with the
conformation of the coast and the sea bottom create a series of
cyclonic and anticyclonic gyres that define two different
hydrodynamical provinces (Rossi et al., 2014) where Livorno and
Palinuro are located. Within locations, metabarcoding analysis

2nd stage nMDS
2D Stress: 0.08 Method
O-MET
. Morphology
Metabarcoding
G-MOR F
£-MOR C-MET
S-MOR F-MET  G-MET
S-MET
‘O-MOR
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FIGURE 9

Second stage NMDS plot showing patterns of relationship in the dissimilarity structure among the dataset in terms of taxonomic resolution (S,
species; G, genus; F, family; O, order; C, class; P, phylum) and morphological (MOR) and metabarcoding (MET) methods.
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TABLE 6 List of taxa identified to the species level by molecular metabarcoding (MET) methods and morphological (MOR) methods, in 9 ASUs

samples from 2019.

SPECIES

NCBI/BOLD

ANNELIDA

Amblyosyllis madeirensis Langerhans, 1879

Branchiomma bombyx (Dalyell, 1853)

Chaetopterus variopedatus (Renier, 1804)
Chrysopetalum debile (Grube, 1855)

Dorvillea rubrovittata (Grube, 1855)

Eunice vittata (Delle Chiaje, 1828)

Euphrosine armadillo M. Sars, 1851 NO

Euphrosine myrtosa Lamarck, 1818 NO

Eupolymnia nesidensis (Delle Chiaje, 1828) NO/YES(11)

Eusyllis assimilis Marenzeller, 1875

Eusyllis cf. assimilis Marenzeller, 1875 NO

Eusyllis lamelligera Marion & Bobretzky, 1875

Exogone naidina Orsted, 1845 NO

Glycera tesselata Grube, 1863

Gyptis propinqua Marion & Bobretzky, 1875

Harmothoe extenuata (Grube, 1840)

Harmothoe fraserthomsoni McIntosh, 1897

Harmothoe impar (Johnston, 1839)

Harmothoe spinifera (Ehlers, 1864) NO/YES(1)

Hesione splendida Lamarck, 1818 NO/YES(1)

Hesiospina aurantiaca (M. Sars, 1862)

Hydroides norvegica Gunnerus, 1768 NO

Hydroides stoichadon Zibrowius, 1971 NO

Leiochrides australis Augener, 1914 NO

Leodice harassii (Audouin & Milne Edwards, 1833)

Lumbrineris latreilli Audouin & Milne Edwards, 1833 YES(2)/YES(10)

Lysidice ninetta Audouin & H Milne Edwards, 1833

Lysidice unicornis (Grube, 1840)

Myrianida longoprimicirrata (Lopez, San Martin & Jimeénez, 1997)

Myrianida quindecimdentata (Langerhans, 1884)

Myrianida rubropunctata (Grube, 1860)

Myrianida spinoculata (Imajima, 1966) NO

Myxicola infundibulum (Montagu, 1808) YES(9)/YES(1)

Neanthes rubicunda (Ehlers, 1868) NO

Neogyptis mediterranea (Pleijel, 1993) NO

Nereis perivisceralis Claparéde, 1868 NO

Nereis pulsatoria (Savigny, 1822) NO
(Continued)
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SPECIES NCBI/BOLD
Nereis rava Ehlers, 1868 NO
Nudisyllis pulligera (Krohn, 1852)
Octobranchus lingulatus (Grube, 1863)
Odontosyllis gibba Claparede, 1863
Paucibranchia fallax (Marion & Bobretzky, 1875) NO
Phyllodoce madeirensis Langerhans, 1880
Pista cristata (Miiller, 1776) YES(1)/YES(78)
Platynereis dumerilii (Audouin & Milne Edwards, 1833)
Polycirrus aurantiacus Grube, 1860
Polyophthalmus pictus (Dujardin, 1839) YES(2)/YES(1)
Proceraea aurantiaca Claparéde, 1868
Proceraea picta Ehlers, 1864
Pseudosyllis brevipennis Grube, 1863
Pterocirrus macroceros (Grube, 1860)
Sabellaria spinulosa (Leuckart, 1849)
Serpula concharum Langerhans, 1880 NO
Serpula vermicularis Linnaeus, 1767 YES(1)/YES(1)
Spirobranchus cf. polytrema (Philippi, 1844) NO
Spirobranchus polytrema (Philippi, 1844) NO
Spirobranchus triqueter (Linnaeus, 1758) YES(160)/YES(1)
Subadyte pellucida (Ehlers, 1864) YES(1)/YES(5)
Syllides fulvus (Marion & Bobretzky, 1875)
Syllidia armata Quatrefages, 1866
Syllis columbretensis (Campoy, 1982) YES(2)/YES(1)
Syllis corallicola Verrill, 1900 NO
Syllis gerlachi (Hartmann-Schréder, 1960)
Syllis hyalina Grube, 1863
Thelepus cincinnatus (Fabricius, 1780) YES(42)/YES(55)
Trypanosyllis aeolis Langerhans, 1879 YES(1)/YES(7)
Vermiliopsis infundibulum (Philippi, 1844) NO
Vermiliopsis striaticeps (Grube, 1862) NO
ARTHROPODA
Athanas nitescens (Leach, 1814)
Calcinus tubularis (Linnaeus, 1767)
Callipallene brevirostris (Johnston, 1837)
Chondrochelia savignyi (Kroyer, 1842)
Eualus occultus (Lebour, 1936)
Eurynome spinosa Hailstone, 1835
Galathea squamifera Leach, 1814

(Continued)
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TABLE 6 Continued

SPECIES

Galathea strigosa (Linnaeus, 1761)

10.3389/fmars.2023.1113322

NCBI/BOLD

NO/YES(4)

Isias clavipes Boeck, 1865

Jassa marmorata Holmes, 1905

YES(459)/YES(428)

Monocorophium sextonae (Crawford, 1937)
Oithona similis Claus, 1866

Onychocorycaeus catus (Dahl F., 1894)

Paracalanus parvus parvus (Claus, 1863)

Periclimenes scriptus (Risso, 1822)

Pilumnus hirtellus (Linnaeus, 1761)

Pilumnus spinifer H. Milne Edwards, 1834
Pisidia bluteli (Risso, 1816)

Socarnes filicornis (Heller, 1866)

YES(71)/YES(2)

Synalpheus gambarelloides (Nardo, 1847)

ECHINODERMATA

Amphipholis squamata (Delle Chiaje, 1828)

Asterina gibbosa (Pennant, 1777)
Echinocardium cordatum (Pennant, 1777)

Genocidaris maculata A. Agassiz, 1869

Holothuria (Holothuria) mammata Grube, 1840

Holothuria (Holothuria) tubulosa Gmelin, 1791

Holothuria (Roweothuria) poli Delle Chiaje, 1824

Ophiacantha setosa (Bruzelius, 1805)
Ophiopsila aranea Forbes, 1843

Ophiothrix fragilis (Abildgaard in O.F. Miiller, 1789)

NO

YES(42)/YES(58)

Paracentrotus lividus (Lamarck, 1816)

MOLLUSCA

Aequipecten opercularis (Linnaeus, 1758)

YES(1)/YES(1)

Aplus dorbignyi (Payraudeau, 1826)
Tetrarca tetragona (Poli, 1795)

Arcuatula senhousia (W. H. Benson, 1842)

NO

YES(69)/YES(43)

Bittium latreillii (Payraudeau, 1826)

Bittium reticulatum (da Costa, 1778)

Caecum trachea (Montagu, 1803)

Episcomitra cornicula (Linnaeus, 1758)
Haliotis tuberculata Linnaeus, 1758

Hiatella arctica (Linnaeus, 1767)

Hiatella striata (Fleuriau de Bellevue, 1802)

NO

Homalopoma sanguineum (Linnaeus, 1758)

Jujubinus exasperates (Pennant, 1777)

NO
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TABLE 6 Continued

10.3389/fmars.2023.1113322

SPECIES MET MOR NCBI/BOLD
Kellia suborbicularis (Montagu, 1803) X

Lima lima (Linnaeus, 1758) X

Limaria hians (Gmelin, 1791) X

Limaria tuberculata (Olivi, 1792) X X

Mimachlamys varia (Linnaeus, 1758) X X

Modiolus barbatus (Linnaeus, 1758) X X

Murexsul aradasii (Monterosato, 1883) X YES(1)/NO
Muricopsis cristata (Brocchi, 1814) X YES(1)/YES(1)
Musculus costulatus (Risso, 1826) X

Ocinebrina aciculata (Lamarck, 1822) X

Ostrea edulis Linnaeus, 1758 X

Pinna nobilis Linnaeus, 1758 X X

Rissoa ventricosa Desmarest, 1814 X NO
Rissoa violacea Desmarest, 1814 X NO
Runcina fermginea Kress, 1977 X

Striarca lactea (Linnaeus, 1758) X YES(1)/YES(5)
Talochlamys multistriata (Poli, 1795) X NO/YES(1)
Tricolia pullus (Linnaeus, 1758) X YES(3)/YES(8)
Tritia incrassata (Strom, 1768) X YES(18)/YES(26)
Tritia mutabilis (Linnaeus, 1758) X YES(13)/YES(12)
Vitreolina antiflexa (Monterosato, 1884) X

NCBI/BOLD column evidences if COI sequences of the species detected only by morphological method, are available in NCBI and BOLD databases; the number of sequences available in each

database is indicated within brackets.

evidenced highly significant differences at scales of less than ten
kilometers in terms of community structure but not at level of
MOTUs richness. This may be due to the fact that richness index
considers only the number of taxa without considering the variation
of dominance among species within communities. Small- and large-
scale spatial variability a well documented property of hard bottom
benthic assemblages, with small-scale variability being often larger
(Hewitt et al., 1998; Menconi et al., 1999; Fraschetti et al., 2005). It is
caused by various interplaying biological (e.g., predation,
competition, recruitment) and physical-chemical (e.g., light
intensity, temperature, salinity, hydrodynamics, sedimentation,
habitat complexity) factors that are operating in marine
environment (Benedetti-Cecchi et al., 2000; Terlizzi et al., 2007;
Mikac et al., 2020). In our study spatial variability could be related
also to the different lifestyles of the taxa. For example, the colonist
polychaetes included many errant taxa (e.g., syllids, nereids,
polynoids, eunicids, phyllodocids) which were not limited by food
availability as they could freely forage beyond the ASUs. The
increased motility of polychaetes may have contributed to their
increased variation in diversity amongst sites and locations
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(Giangrande et al., 2003; Gobin and Warwick, 2006). Methods of
larval dispersal could also have contributed to the observed
variations in diversity. For example, the pelagic larvae of some
taxa add a “chance” factor to the species diversity, while other taxa
could have entered the ASUs as adults (Giangrande et al., 2017).
Our results highlight the importance of assessing biodiversity at
small spatial scales, where high trends in biological variability occur
(Coleman, 2002; Fraschetti et al., 2005; Terlizzi et al., 2005).

We concentrated our morphological identification on only four
main categories (Annelida, Arthropoda, Mollusca, and
Echinodermata), due to the lack of taxonomic expertise for other
groups and long determination procedure. On the other hand,
metabarcoding allowed to detect also other phyla like Cnidaria,
Porifera, Chordata, Bryozoa and others. Although these phyla are in
general present with lower abundance and richness, they play
important roles in the structure and functions of benthic
communities. Nevertheless, when we compared the two
approaches for the four main faunal categories, metabarcoding
identification revealed species which were not detected by the
morphological analyses. This is especially true for the groups
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which contain many small cryptic species, such as Annelids and
Arthropods whose identification by morphological analyses is very
hard (Nygren, 2014; Beermann et al., 2018). Although the number
of identified species with the two approaches was similar, slight
differences in proportions of main taxonomic groups were evident:
morphological analysis mainly detected Mollusca (44.4%) and
Annelida (42.3%), followed to by Echinodermata (11.7%) and
Arthropoda (1.5%), while metabarcoding detected mostly
Annelida (58.9%) and Mollusca (23.0%), followed by Arthropoda
(11.1%) and Echinodermata (7.0%). This result is coherent with
what found by Pearman and colleagues (2016) where Annelida
accounted for most reads in COI metabarcoding. Arthropoda as
well presented higher richness in COI metabarcoding compared to
morphological data. Discrepancy between the two datasets and
higher richness of Annelida and Arthropoda detected by
metabarcoding method might be due to the fact that these groups
contain numerous small taxa belonging also to meiofaunal fraction
(< 500 pm), like polychaetes from the family Syllidae (such as
Amblyosyllis madeirensis Langerhans, 1879, species from the genera
Myrianida and Proceraea, and others) and Crustaceans from the
orders Amphipoda (such as Socarnes filicornis (Heller, 1866)),
Copepoda (such as Isias clavipes Boeck, 1865), Pantopoda (such
as Callipallene brevirostris (Johnston, 1837)) and Tanaidacea (such
as Chondrochelia savignyi (Kroyer, 1842)). Due to their small body
size these species were possibly absent from the macrofaunal
samples analyzed by the morphological method. Similar
discrepancies in Mollusca observed by morphology but not by
metabarcoding were observed by Cahill et al. (2018), despite the
high abundance of COI sequences of this taxon in the databases
(Mugnai et al,, 2021). The number of shared species detected by
both approaches was rather low. One of the plausible reasons is that
for many species that were detected morphologically but not by
metabarcoding (precisely for 50% of those species) there is no
available data on their COI sequences in NCBI and BOLD
databases. On the other hand, as already implied, the discrepancy
in the species lists obtained by the two approaches could be
attributed to the different samples processing methods. In fact,
the low number of shared species between the two approaches could
also be connected to technical limitations of the metabarcoding
technique, from DNA extraction and library preparation to
bioinformatic. Even if species are present in the bulk sample, both
DNA extraction and PCR amplification can bring uneven yield in
terms of quantity of genetic material extracted per organism and
consequent under-amplification of its DNA. This can have
repercussions on sequencing artefacts such as mis-tagging or
pseudogenes. Moreover, the employment of different
metabarcoding pipelines such as QIIME2 (Bolyen et al., 2019) or
VTAM (Gonzalez et al., 2020) could also affect differences in the
final MOTUs dataset, particularly regarding the taxonomic
assignment, due to differences in the procedures followed by each
algorithm (Mugnai et al., 2023).

Comparing the spatial structure of the communities detected
with the two methods at corresponding taxonomic level, we have
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observed a high statistically significant correlation from species to
phylum levels within each method. Nevertheless, according to
Somerfield and Clarke (1995) that affirmed that results are still
fine when correlations assume values below 0.80, our outcomes
suggest that the family level gives a better result for the two datasets
in detecting the spatial structure of the communities across
locations. Moreover, the 2™ stage MDS very well highlighted that
the two approaches allow to detect different spatial structures at all
different taxonomic resolutions, suggesting that taxonomic
sufficiency works differently for the two methods. In fact, despite
the number of identified species with the two approaches was
similar (73 by morphology, 81 by metabarcoding), only 21 of
them (15.8%) were commonly detected by both approaches. Of
the species identified by both methods, 12 were barcoded by
Mugnai et al. (2023) and employed in the customized, local COI
database, suggesting again the importance of enriching the local and
global barcoding databases by combining both morphological and
metabarcoding analyses (Mugnai et al., 2021).

The results obtained using morphology, support the use of
higher taxonomic levels to detect changes in the structure of benthic
communities. In fact, PERMANOVA detected differences in
community structure between Palinuro and Rovinj even at
phylum level. From order to phylum resolution, differences
occurred also between Livorno and Rovinj. Putting the threshold
for sufficient condition for the adoption of the TS approach,
correlation index Rho > 0.7 (Somerfield and Clarke, 1995; Heino,
2010), high correlation occurred among species, genus, and family.
So, for the morphological dataset, coarsening taxonomic resolution
to the genus and family preserved the capability to detect spatial
variability in community structures using ASUs.

Also results obtained by metabarcoding approach showed a
different pattern. In fact, very high correlation values (Rho > 0.80)
were obtained comparing species, genus, and family matrices,
indicating that the coarser taxonomic resolutions on the levels of
genus and family were consistent in capturing the community
structure variability. Despite the high correlation among species,
genus, and family, PERMANOVA main test detected difference for
location factor only at species and genus levels, and pairwise
comparisons did not show statistical differences between
locations. These results may be due to the dominance of few
species and genera across all samples in all locations like for
example the polychaete Hesiospina aurantiaca (M. Sars, 1862)
and the bivalve Limaria tuberculata (Olivi, 1792).

In conclusion, our study showed that the family level may be
satisfactory for monitoring the spatial variability of hard bottom
benthic communities, in agreement with Cahill et al. (2018). The
integration of the two techniques of metabarcoding and
morphology-based identification proved to be exhaustive and
reliable for characterizing marine benthic assemblages using
ASUs as well as for estimating their spatial and temporal
variability. Beside the low common species detected, both
methods revealed high large scale spatial variability in the
structure of the benthic communities. With morphology, the
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prevalence of polychaetes Filograna sp., Vermiliopsis infundibulum
and Spirobranchus cf. polytrema retrieved in Palinuro in 2019 could
have prevented the colonization of other organisms during early
settlement phases, such as mollusks and echinoderms, which in fact
resulted higher in 2020, with Annelida decreasing consequently. A
similar trend is noticeable in Rovinj, where Annelida (mainly
Polychaeta) are known to be early recruiters together with
Mollusca (Fortic et al., 2021). It is not surprising the high
prevalence of Annelida, as their individuals are frequently
associated with algae such as Ericaria amentacea (C.Agardh)
Molinari & Guiry, 2020 (Fraschetti et al., 2002) and the ASUs
structure is actually mimicking the filamentous algae. In addition,
the plastic material of ASUs seems not to negatively influence
neither the structural diversity nor the settlement of the organisms
(Pitacco et al., 2013). Among annelids the family Syllidae resulted
the most abundant in both sampling years and locations, as
previously reported by Mikac et al. (2020).

From this study we can affirm that both morphological and
metabarcoding approaches are affordable in different ways in
characterizing marine benthic communities, albeit suffering from
different weaknesses. The most evident one when dealing with
morphological identification of individuals is the slow and
cumbersome process of following dichotomous keys to define the
identity of the organism (de Carvalho et al., 2007; Troudet et al.,
2017). Although this process can be faster while advancing with
personal experience, the specialization of a taxonomist is usually
limited to few taxonomic groups. In addition, the occurrence of
cryptic species can lead to misidentification of the organisms or to
the impossibility of assigning the species level. We also must
consider that different operators can introduce biases during the
identification of the organisms. Most of these limitations can be
overcome by the metabarcoding approach, which is faster and less
dependent from the operator’s expertise (Porter and
Hajibabaei, 2018).

The low percentages of occurrence of the phylum
Echinodermata detected by the metabarcoding could be both
linked to low barcoding knowledge (Mugnai et al., 2021) and to
the lacks in proper primer design (Hoareau and Boissin, 2010).
Unfortunately, this statement can be extended to many other
invertebrate groups, and biodiversity studies relying only on
metabarcoding can lack detailed resolution, particularly at lower
taxonomic levels. Moreover, when employing only a specific
molecular marker, we can underestimate the presence of other
organisms in our samples. Albeit the COI is the most used
molecular marker to assess metazoans (Andujar et al, 2018),
lacks in COI barcoding repositories are evident (Weigand et al.,
2019; Duarte S. et al., 2020; Mugnai et al., 2021). To properly assess
marine communities, a multi-marker approach must be encouraged
(Compson et al., 2020; Liu and Zhang, 2021, Mugnai et al. in prep).
Alternatives could be the whole genome sequencing (Arredondo-
Alonso et al,, 2021) and the genome skimming approaches (Coissac
et al., 2016; Trevisan et al.,, 2019), which can provide wider and
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more exhaustive knowledge of the assessed communities, and
whose costs are becoming more and more accessible. Moreover,
the use of different DNA extraction kits, metabarcoding pipelines
and algorithms for taxonomic assignment could be employed to
seek for discrepancies in identified taxa and resolution at lineage
level (Mugnai et al., 2023).
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