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Abstract: The polychaete worm Sabellaria alveolata builds shallow-water aggregates of tubes by
agglutinating sands using a secreted glue. Sabellarid bioconstructions represent fragile and dynamic
habitats that host numerous associated organisms, playing a key ecological role. A two-year study
on bioconstructions from three Sicilian sites (Simeto, Portopalo, and Falconara) investigated the
balance between reef status and environmental parameters through a geochemical comparison of
biocement tube portions and the surrounding waters. Water pollution by heavy metals, which is
monitored in marine waters, is a result of river, domestic, and industrial discharges. The major
constituents from the biocements of the three sites showed concentrations comparable to those in the
seawater, while trace elements (Cr, Ni, Cu, Zn, and As) showed concentrations significantly higher
than the mean seawater composition. These similar trends confirm a close dependence between
the presence of trace elements (metals) in the seawater and the subsequent bioaccumulation in the
biocement produced by the worm. The results also showed that Ca and Mg are fractionated by
biocement independent of their water concentrations, in contrast to the trace elements. Further
studies addressing the biomineralization processes and the relative fractionation of trace elements
in Sabellaria biocement will allow it to be validated as a valuable proxy for short- and long-term
environmental studies.

Keywords: Sabellaria alveolata; agglutinated tubes; biomineralization; trace elements; geochemistry;
seawater composition; environmental pollution; Mediterranean Sea

1. Introduction

Sabellaria alveolata [1] is a gregarious polychaete sabellariid that lives in tubes of sediment
agglutinated using a particular proteinaceous glue secreted by specialized glands [2–5]. The
species forms bioconstructions in mesolittoral–upper infralittoral bottoms dominated by
high hydrodynamic energy, where it captures suspended sand grains to build its aggregated
tubes [6–9].

S. alveolata is distributed in the temperate eastern Atlantic, from Morocco to the
northern coasts of the British Islands [7,10–17], with the largest reefs mainly developed on
the British [18] and French coasts [8,15,19,20]. The species is also present in the western
Mediterranean. In particular, it is most common on the Tyrrhenian Italian coasts [9,21,22]
and the southern Sicilian coasts (Strait of Sicily) [23–28].

Like all Sabellariidae, Sabellaria builds bioconstructions up to 1 m high and hundreds
of square meters wide, thus modifying the morphology of substrates, stabilizing beach sed-
iments, and protecting the coast from wave action [29–31]. They are ephemeral structures
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subject to physical damage caused by meteorological events such as extreme storms [32,33],
which can cause their severe reduction or disappearance in a very short time [7]. However,
Sabellaria is capable of constructing tubes to repair small damaged areas of bioconstruction
within a few weeks or months [11,34,35], but heavier impacts may take years to decades to
repair [16].

Sabellaria bioconstructions play a very important ecological role since they represent a
habitat that hosts a great variety of benthic organisms, thus enhancing biodiversity on the
sea bottom where they are found [13,26,36].

The functional role played by sabellariid reefs and the diverse and severe threats they
are subjected to make them valuable and vulnerable marine habitats. For this reason, they
are considered by European Union (EU) legislation to be priority habitats and are included
in the Habitats Directive (Directive 92/43/EEC) and the European Red List of Habitats [37].

Coastal ecosystems are highly impacted by humans and represent the end points of
many substances released by human activities [38], including toxic metal contaminants
from agricultural, industrial, and urban activities [39]. Although polychaetes have fre-
quently been used as a representative group to assess the health of benthic ecosystems
and to analyze the effects of pollutants in the water column and in sediments [40–47],
very few studies are known for Sabellariid worms, particularly on trace metals found
in their soft bodies [48–50]. To date, no studies have investigated the presence of trace
elements in the biocement of their tubes and possible correlations of the composition of
these biopolymers with the chemistry of the surrounding seawaters. The biocement has
solely been investigated in terms of the composition, structure, and distribution of the
agglutinated grains [2,3,8,51–53], except for in Pacific Phragmatopoma californica, whose
technique of gluing has been investigated [5,54–59]. The biocement is composed of proteins
and divalent cations, and it provides the adhesion of the sandy elements of the tube, which
rapidly solidify after contact with seawater [56].

In the past decades, the biomineralization processes and the chemical relationship
between the elemental concentrations of biominerals and environmental water have been
extensively investigated. These studies revealed surprising information on the relationships
between metal contents, some physico-chemical parameters of seawater, and the occurrence
of abnormalities in the organisms [50,60–67]. Research has been based on the soft tissues
of recent organisms (i.e., bivalves, mollusks, fishes, and green and red algae) [68–73] and
on fossilized hard tissues [69,74–76]. Indeed, major, minor, and trace constituents are
incorporated into the soft and hard tissues of organisms directly from seawater, reflecting
the seawater’s composition, the physical conditions, and the biological control during
their growth.

This evidence has not been investigated in Sabellariid biocement. Therefore, this study
aimed to be the first attempt to investigate whether the composition of biocement can mirror
that of the environmental water. For this purpose, portions of S. alveolata bioconstructions
and water samples in their surroundings were collected at three coastal sites in eastern and
southern Sicily in order to (a) estimate the quantitative concentrations of various elements
on selected spots on tubes of biocement of S. alveolata from the three investigated sites;
(b) assess and compare the chemical compositions of the environmental waters; (c) compare
data from the biocement and the water; and (d) evaluate whether the fractionation of
biocement elements was in equilibrium with the water solution in order to detect possible
new biological proxies that are useful for environmental monitoring and the reconstruction
of past geochemical seawater conditions.

2. Study Areas

The study areas were located in the western Mediterranean Sea along the southeastern
Sicilian coast (Figure 1a,b). One of the three sampling sites was placed on the Ionian coast
(Simeto mouth: Figure 1c), while the other two were located on the coast of the Strait of
Sicily (Portopalo: Figure 1d; Falconara: Figure 1e). Although the three sites were different
geomorphologically, they all neighbored a sandy beach (Figure 1c–e). A wide shelf with
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shallow bottoms is typical of the southern Sicilian side [77], while a very narrow shelf with
a rocky and steep seafloor occurs along the Ionian coast. The Simeto mouth area, however,
compared to the rest of the Ionian coast, has extended soft bottoms due to an abundant
sediment load [78].

Version April 14, 2023 submitted to Journal Not Specified 2 of ??

Figure 1Figure 1. (a,b) Study areas (white squares) in the Mediterranean Sea, with the locations of the
S. alveolata on the Sicilian coasts: (c) Simeto mouth, (d) Portopalo, and (e) Falconara. The maps (c–e)
are from Google Earth. Asterisks indicate sampling sites.

Simeto (37◦24′11.4′ ′ N; 15◦05′30.3′ ′ E). This site included a sandy beach in front of the
Simeto mouth, the greatest watercourse of Sicily, running from the Nebrodi Mountains,
and the smaller San Leonardo River, running from the Hyblean Plateau [79,80]. The mouth,
together with the nearby wetlands (humid areas), is an area of strong naturalist importance
in terms of the geomorphological, faunal, and floristic aspects. It has been protected, from
a naturalistic point of view, since it was established as an oriented nature reserve in 1984.

The area is a delta coast that is currently formed by a very narrow beach of coarse-to-
fine sands. Discontinuous levels of recent terraced fluvial sands and silts crop out together
with sandy beach deposits. More inland, they overlay Pliocene calcarenites and clays
and Holocene alluvial sands and clays. The human-induced changes in the equilibrium
regulating the sediment supply to the coast during the last century in the high part of the
Simeto drainage basin caused strong erosion with marked coastal land loss.

In this area, strong coastal erosion has occurred for several years [80]. The beach has a
high receding rate due to the decrease in the sediment supply and the consequent erosional
wave action along the coast. This exposed the oldest sandy levels of the beach, removing
the primary cover of the modern beach. Locally, the strong erosive action of the waves and
river have exhumed the lower indurated levels of the beach, consisting of discontinuous
levels of cemented sandy deposits (beach rocks) [78].

The bottom in front of the shoreline is sandy–muddy and slopes very weakly offshore,
with a depth of 1 m about 50 m from the coast. A natural islet with yellow Pliocene sands at
its base largely surrounded by large breakwaters occurs ca. 80 m offshore. Sabellaria biocon-
structions (Figure 2a) are distributed along a submerged sandy curb connecting the coast
to the islet at depths from 45 m to 60–70 m, and they have pillow-like morphologies [25].
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Figure 2Figure 2. Bioconstructions of S. alveolata at the three Sicilian sites and related sampled portions:
(a,d) pillow-like morphology (Simeto), (b,e) crust-like morphology (Portopalo), (c,f) bank-like mor-
phology (Falconara). Scale bars: 1 cm.

Portopalo di Capo Passero (36◦39′3.9′ ′ N, 15◦4′37.6′ ′ E). The site was in a sub-flat
rocky area with sparse vegetation and numerous greenhouses. The coast consists of a rocky
headland bordering a wide beach to the east. The outcropping rock includes Miocene
limestones of the Climiti Mounts Formation with the Melilli Member given by whitish
calcarenites and calcilutites with microfauna (Burdigalian–Serravallian) locally overlaid
by Upper Pleistocene to Holocene dunes and modern beach deposits [81]. The rocky
bottom slopes very weakly offshore, with a depth of 1.5 m at about 50 m from the coast,
and shows a dense algal cover and thin discontinuous deposits of organogenic sands [82].
The S. alveolata bioconstructions (Figure 2b) are distributed immediately east of the rocky
headland, from 1 m to 7 m of depth, and have a crust-like morphology [82].

Falconara (37◦06′28.1” N, 14◦03′06.9” E). The site was in the Gulf of Gela, within a
coastal area that is a Natura 2000 site and a site of community importance (S.C.I.) due
to the presence of rare and threatened species and natural habitats such as dune ridges.
The entire coastal area is subject to retreat due to strong exposure to wave motion and the
presence of tourist complexes and greenhouse-crop systems that have occupied the spaces
between the ancient dune cordons [83,84]. The Salso River and three torrents flow within
this area, but they pass through predominantly evaporite rocks (mainly gypsum), resulting
in high-solute but low-sediment loads [85]. Geologically, the rock outcrops are Lower
Pliocene marls (Trubi). In addition, brecciate limestone (base limestone) and grey-white
laminate limestones crop out. They are overlaid by Middle–Late Pleistocene marine terrace
deposits consisting of brown-yellow-colored sands with elongated quartzarenite pebbles.
Recent aeolian sands and dune and beach sands are the present-day deposits [77]. The area
comprises a narrow sandy beach delimited eastward by the Falconara Castle promontory
that projects offshore for a few meters where a large rock (13 × 23 m) is located. It is
articulated and jagged and has a tunnel perpendicular to the coast with a vault about 2 m
high. Sabellaria bioconstructions are located within the tunnel and locally around the rock
itself, 4 m away from the shoreline. The bioconstructions have a bank-like morphology
(Figure 2c).

3. Materials and Methods

Samples from S. alveolata bioconstructions were collected from autumn 2020 to autumn
2022 at three different sites on the Sicilian coasts (Figure 1): Simeto, at 45 m from the
coastline and a 40 cm depth; Capo Passero, at 1 m from the coastline and a 30 cm depth;
and Falconara, at 4 m from the coastline and a 60 cm depth.
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For each site, a non-invasive method of sampling very small portions of bioconstruc-
tions was performed using gloves, a small hammer, and a chisel. The samples were stored
in zip bags and transported to the Laboratory of Palaeontology and Palaeoecology of the
Department of Biological, Geological and Environmental Sciences (University of Catania),
where they were gently washed under fresh water and air-dried.

Small fragments of the tubes were studied using an optical microscope (Zeiss Axioplan
II Imaging, Oberkochen, Germany) at up to 40×magnification. After reflected light char-
acterization, the samples were used for scanning electron microscope (SEM) observations
and electron probe microanalyzer (EMPA) microanalyses. The samples were carbon-coated
for the EPMA microanalyses and gold-coated for the SEM morphological study. The SEM
apparatus was an FEI Philips ESEM-FEG Quanta 200 F operating at 15 kV with a working
distance between 10 and 15 µm. The EMPA was a JEOL—JXA 8230 operating at 15 kV with
a probe current of 10 nA, a working distance of 11 mm, a take-off angle of 40◦, and a live
time of 50 s.

The seawater near the sampled bioconstructions was collected from the three sites four
times (in duplicate) in September/October 2020, April/May 2021, July 2021, and October
2021. To make the data processing and the interpretation as complete and exhaustive
as possible, the seawater analyzed in this work was compared with the world mean
composition proposed in previous investigations [86,87].

Physico-chemical parameters, including temperature, pH, Eh, and electrical conductiv-
ity, were measured in the field using portable instruments. Three pH buffers with nominal
pH values of 4.01, 7.01, and 10.01 at 25 ◦C were used for pH calibration at each sampling
site [88,89].

The total alkalinity was determined via acidimetric titration, using 0.05 N HCl as a
titrating agent and methyl orange as an indicator [90,91].

Water samples were filtered in situ through a membrane with a 0.4 µm pore size.
Samples for the determination of anions were stored without additional treatments, whereas
samples for the determination of cations and trace constituents were acidified after filtration
via the addition of suprapure acid (1% HNO3). All the samples were stored in polyethylene
bottles (previously washed in dilute HNO3 and rinsed with Milli-Q demineralized water)
and were kept in cold (4 ◦C) and dark conditions before the analyses. The concentrations
of F−, Cl−, Br−, SO4

2−, NO3
−, PO4

3−, Na+, K+, Mg2+, and Ca2+ were determined using
HPLC (DIONEX ICS-1100, Sunnyvale, CA, USA). Trace elements were analyzed using a
quadrupole inductively coupled plasma-mass spectrometer (ICP-MS, Perkin Elmer/SCIEX,
Elan DRCe, Waltham, MA, USA) with a collision reaction cell capable of reducing or
avoiding the formation of polyatomic spectral interferences.

The data quality of the major components was evaluated using the charge balance,
which was within ±5% for all samples. The precision and accuracy for the minor and trace
elements was checked against the NIST1643f standard reference solution. Deviations from
the certified concentrations were lower than 5% for all samples. All chemical data were
determined in the laboratory of the DiBEST of the University of Calabria and are reported
in Tables 1 and 2.

4. Results and Discussion
4.1. Biocement: Morphological and Chemical Analysis

In the agglutinated tubes of the three sampled bioconstructions, the analyzed bioce-
ment was spread above the sandy elements with small glue spots that were yellowish to
light brown in color, sub-millimeter in size, and barely or not at all detectable by the naked
eye (Figure 3a–c).

Particles constituting the tube wall adhere to each other and are held together by
droplets or strips of biocement. Small spots of glue fix sub-spherical grains to each other,
and adhesion points often show meniscus shapes, which mold the local morphology of
grains, when they detach (Figure 3c). Conversely, relatively squat grains and flat fragments
with straight edges are fixed to each other with continuous strips of glue that suture their
edges. The distribution pattern of glue spots was the same in all observed samples, whereas
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there were slight differences in their sizes and especially their abundances on individual
sediment elements. Glue spots were, on average, smaller in diameter in the Simeto samples
(ca. 60 µm) and larger in Portopalo (ca. 100 µm) (Figure 3d–f). Glue strips had, on average,
slightly shorter lengths at Falconara (ca. 170 µm) than at Portopalo and Simeto (ca. 200 µm).
Biocement was more abundant among the elements in the Portopalo and Simeto tubes,
while it was less present in the Falconara tubes. In fact, individual grains had, on average,
more glue spots at Portopalo (8) and Simeto (6) and very few glue spots at Falconara (3–4).

Version April 14, 2023 submitted to Journal Not Specified 4 of ??

Figure 3Figure 3. (a) Apertural edge of an S. alveolata tube with obvious brown spots of biocement on some
grains (Simeto); (b) detail of a tube wall with numerous biocement portions on sandy elements;
(c) sand grains with biocement spots showing meniscus surfaces as they mold the morphology of the
adjacent detached grains; SEM images of single biocement portions and related internal vacuolar
structures from Portopalo (d,g), Simeto (e,h), and Falconara (f,i). The outer surface (white arrows) is
indicated in (h). Scale bars: (a) 1 mm; (b) 500 µm; (c) 200 µm; (d) 20 µm; (e,f) 10 µm; (g–i) 2 µm.

The biocement appeared as a solid foam, showing numerous spherical 0.2–10 µm
wide pores or bubbles. It revealed comparable foam-like textures, regardless of the position
along the tube. Bubbles had a homogeneous organization and distribution (Figure 3g–i).
Both biocement spots and strings were thicker (ca. 20 µm) along their outer margins and
became thinner (<1 µm) at the contact points of the grains. The major elements consistently
observed in the cement from the three sites were C, N, O, Na, Mg, P, S, Cl, K, and Ca
(Table 1). Furthermore, some traces of Al, Si, and Fe were found, which could have been
unrelated to biocement but related to the influence that the substrate has on it. The variation
in the concentrations of the elements was due to the uneven thickness and morphology
of the grains and cements. Na and Cl derive from small salt crystals mineralized among
the cells of the glue, whereas other elements are localized within the organic biomolecules
of the biocement: Mg, Ca, and K are most likely complexed to the cement, while P and
N are likely part of the covalent structure of the biocement rather than elements that are
complexed to the cement. Sulfur was analyzed in small amounts only at some points inside
the biocement. Its concentration never exceeded 1.06 wt%. The concentration of C was
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higher in the biocement (average of 44.69 wt%) than in the carbonate substrates, despite
the uniform graphite coating of the samples, proving the organic nature of the glue.

Table 1. Average chemical compositions (weight percentage—wt%) of the analyzed biocement from
the Portopalo, Simeto, and Falconara samples.

C N O Na Mg Al Si P S Cl K Ca Fe

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

Portopalo 42.80 12.18 21.70 3.25 3.10 0.26 0.38 2.86 0.80 4.90 0.20 7.12 0.06
Simeto 44.70 13.08 22.14 1.52 3.22 0.11 0.31 6.34 0.79 2.79 0.12 4.70 0.02

Falconara 38.31 10.97 28.62 1.95 1.99 1.41 3.08 4.03 0.66 2.17 0.27 5.46 0.74

The trace elements present in the analyzed biocement from all three sites were B, U,
Sr, Zn, Ni, Cu, and Cr (Table 2). There were slight differences in the average percentages:
(a) the Portopalo biocement had the highest mass percentages of Zn (average of 0.018 wt%),
U (average of 0.038 wt%), and Ni (average of 0.012 wt%); (b) the Simeto biocement had the
highest mass percentages of Cu (average of 0.010 wt%) and Sr (average of 0.018 wt%); and
(c) the Falconara biocement had the highest mass percentages of B (average of 0.308 wt%)
and Cr (average of 0.005 wt%).

Table 2. Averages of the mass percentages of the trace elements in the biocement sampled in summer
2021 at the three sites.

B Sr Cu Zn U Cr Ni

wt% wt% wt% wt% wt% wt% wt%

Portopalo 0.299 0.016 0.006 0.018 0.038 0.002 0.012
Simeto 0.103 0.018 0.010 0.014 0.023 0.004 0.003

Falconara 0.308 0.011 0.009 0.008 0.010 0.005 0.011

4.2. Local Seawater Composition and Comparison with Biocement

The mean seasonal physico-chemical seawater parameters (pH, electrical conductivity
(EC), and temperature) for each site are summarized in Table 3. Falconara, Portopalo, and
Simeto showed comparable mean values, with temperature ranges between 19.4 ◦C and
28.1 ◦C, pH values from 8.2 to 8.5, and EC values in a range between 41.3 mS cm−1 and
57.8 mS cm−1. As expected, samples collected in the summer period showed the highest
temperature values. On the other hand, the pH and EC values did not exhibit correlations
with specific seasons.

Table 3. Physico-chemical parameters and concentrations of major components of seawater sampled
at the Portopalo, Simeto, and Falconara sites. HCO3 represents alkalinity in mg of HCO3 L−1. Each
seasonal value represents the average of the two samples that were collected. n.d.= not detected.

ID Sampling
Period T pH EC Ca Mg K Na Cl SO4 HCO3 F− Br

◦C mS/cm mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1

Falconara Autumn 2020 24.1 8.4 56.9 618.5 1119.0 337.0 9046.9 21,766.9 2602.1 151.8 12.8 67.3
Falconara Spring 2021 24.1 8.2 44.6 521.4 1506.1 490.8 11,721.3 21,712.1 2465.4 158.6 14.1 64.6
Falconara Summer 2021 25.5 8.2 44.9 585.8 1504.9 441.5 12,419.4 26,157.9 2772.6 183.1 25.5 68.7
Falconara Autumn 2021 19.4 8.3 47.1 646.7 1471.0 479.2 11,761.7 21,629.7 2652.8 158.6 n.d. 59.4

Portopalo Autumn 2020 26.9 8.5 57.8 571.2 1133.9 351.2 9534.9 21,985.2 2623.8 154.1 8.9 70.9
Portopalo Spring 2021 22.9 8.3 45.1 842.4 1585.1 512.0 11,701.5 21,293.4 2675.6 122.0 13.4 71.7
Portopalo Summer 2021 27.2 8.3 45.9 649.6 1548.8 448.0 12,742.9 27,273.1 2723.8 198.3 13.2 64.9
Portopalo Autumn 2021 22.7 8.2 47.3 587.4 1487.2 451.8 12,052.2 24,159.0 2610.3 146.4 11.0 66.0

Simeto Autumn 2020 23.0 8.3 57.1 631.6 1145.3 350.5 8963.3 21,492.8 2622.4 157.1 11.4 63.8
Simeto Spring 2021 22.1 8.2 41.3 759.6 1438.2 467.1 10,944.5 19,631.3 2067.4 183.1 20.7 63.0
Simeto Summer 2021 28.1 8.2 43.3 605.8 1453.4 416.7 12,096.1 25,313.1 2647.6 225.8 16.2 68.5
Simeto Autumn 2021 22.8 8.2 45.2 832.2 1406.8 413.7 11,558.5 23,082.0 2443.5 173.9 14.5 61.3
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The concentrations of the major and trace chemical components of seawater are shown
in Tables 3 and 4. Overall, samples collected during the summer season showed the highest
average values. This trend was mainly recognizable for elements such as Na (>12,000 ppm)
and Cl (>25,000 ppm), which showed the lowest values in autumn and spring, respectively.
A high concentration reflects the most intense evaporative effects and the reduced input of
fresh water from the main rivers during the prolonged summer period. Calcium increases
were recorded for the Portopalo and Simeto sites, mainly in the spring period, in contrast
to Falconara, where the lowest values were found.

Table 4. Concentrations of trace chemical components of seawater sampled at the Falconara, Portopalo,
and Simeto sites. Each seasonal value represents the average of the two samples that were collected.

ID Sampling
Period Li B Cr Ni Cu Zn As Se Rb Sr Ti

µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1 µg L−1

Falconara Autumn 2020 227.9 5980.4 109.9 24.1 51.2 345.5 117.4 701.4 132.2 9153.2 672.8
Falconara Spring 2021 210.0 5989.4 75.4 27.1 54.9 332.6 69.1 734.6 136.9 9194.9 653.2
Falconara Summer 2021 210.1 6063.6 101.1 35.0 64.1 269.9 75.0 775.8 128.5 9466.0 635.5
Falconara Autumn 2021 191.3 6020.3 25.8 90.3 216.9 623.9 48.4 346.0 133.2 9144.3 674.7

Portopalo Autumn 2020 222.0 6066.1 106.3 31.9 50.8 385.3 97.9 718.7 141.0 9393.2 700.1
Portopalo Spring 2021 217.9 6048.7 97.6 24.9 56.8 421.2 91.3 718.6 133.4 9567.5 685.5
Portopalo Summer 2021 223.1 6327.6 87.2 31.1 62.9 325.8 81.9 791.8 138.1 9635.5 671.8
Portopalo Autumn 2021 201.2 8038.4 65.0 137.2 268.9 8090.7 54.2 361.6 120.7 8701.2 688.1

Simeto Autumn 2020 216.1 6181.1 94.4 23.3 55.9 271.7 86.1 722.4 134.7 9321.8 675.5
Simeto Spring 2021 192.8 5381.4 78.6 23.8 48.7 289.5 76.7 694.5 117.8 8420.3 603.1
Simeto Summer 2021 223.9 6525.2 108.2 29.5 59.0 291.7 70.9 681.9 130.8 9260.7 615.5
Simeto Autumn 2021 187.6 6954.8 23.8 74.9 270.3 7508.9 50.7 307.2 112.9 8236.4 600.3

Sulphate did not show a trend but had a clear decrease during spring. In this latter case,
secondary processes, such as the bacterial reduction of sulphate ([89–92] and references
therein), probably mask any possible trend linked to dilution processes.

The Ca/(Ca + Mg) ratio was calculated for both the biocement and the average values
(all seasons) of the three seawater samples (Figure 4). Seawater collected in Portopalo,
Simeto, and Falconara showed slightly different ratios of 0.32, 0.34, and 0.30, respectively.
On the other hand, the Ca/(Ca + Mg) ratios of the three biocements showed an opposite
trend from that found in seawater, with values of 0.70, 0.59, and 0.73 for the Portopalo,
Simeto, and Falconara biocements, respectively (Figure 4). The opposite trend confirmed
that the fractionation of such elements during the formation of biocement is independent
of the seawater composition in terms of the major constituents.

Regarding the minor and trace constituents, Sr and B showed the highest concentra-
tions of the entire set of elements, with mean values of ~9000 mg L−1 and ~6000 mg L−1,
respectively. Sr and Se showed trends comparable to those identified for the major elements
(e.g., Na and K), with maximum average values in summer for all three sampling sites. B
and Zn showed significantly higher values in autumn 2021 in Portopalo and Simeto. This
trend also characterized the Ni and Cu concentrations at all three sites. The anomalous
concentrations recognized for the three transition metals (Ni, Cu, and Zn) were probably at-
tributable to local anthropogenic contamination processes due to their proximity to disused
or still active industrial areas. For the other trace elements, no trends were evident.

To detect any anomalies from the expected composition of average seawater, the abso-
lute concentrations were normalized to the mean seawater concentration (data from [87]).

By normalizing the mean values of the pH and major constituents with those of
average seawater, they were comparable to each other (Figure 5) except for calcium and
bicarbonate, while Cl and SO4 were somewhat comparable. The concentrations of Ca and
HCO3 are controlled by calcite dissolution/precipitation processes, while Cl and SO4 are
probably affected by dilution/evaporation and bacterial reduction processes, respectively.
B, Cr, Ni, Cu, Zn, and As showed much higher concentrations than the average seawater
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by up to three orders of magnitude. These anomalies were found in all sampling periods.
The values were variable, but they were always much higher than the expected averages.Version April 14, 2023 submitted to Journal Not Specified 5 of ??

Figure 4
Figure 4. Comparison of the Ca/(Ca + Mg) ratios between the sabellariid biocement and the seawater
close to the bioconstructions of the three sites. Note the inverse trend of the concentrations of Ca and
Mg between the biocement and the seawater.

Version April 14, 2023 submitted to Journal Not Specified 6 of ??

Figure 5Figure 5. Mean seawater-normalized diagrams (data from [87]) of the physico-chemical parameters
and major and trace constituents of samples collected at the Falconara (a,b), Simeto (c,d), and
Portopalo (e,f) sites during Autumn 2021, Spring 2022, Summer 2022, and Autumn 2022.
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The values of the average concentrations of B, Cr, Ni, Cu, Zn, and As in the biocement
were also normalized against the average seawater concentrations (Figure 6).

Version April 14, 2023 submitted to Journal Not Specified 7 of ??

Figure 6Figure 6. Mean seawater-normalized diagrams (data from [87]) of the concentrations of B, Cr, Ni, Cu,
Zn, and As present in (a) seawater and (b) biocement sampled at the three sites.

A comparison of the normalized values in seawater and biocement (Figure 6a,b),
despite the significantly higher ratios found in the solid fraction, showed a very good corre-
lation between the different constituents. In the diagrams, comparable trends, characterized
by positive peaks for Cr and Cu (and partly Zn) and negative peaks for B, Ni, and Zn, can
be observed. These trends, in contrast to the findings for the major constituents, confirm a
close dependence between the availability of trace elements (metals) in the formation area
and subsequent bioaccumulation in the produced biocement.

4.3. Sabellariid Biocement as a New Environmental Proxy

The biocement is secreted in viscoelastic forms by the organisms but solidifies rapidly
after contact with seawater and is thus in equilibrium with the external environment.
In terms of biomineralization processes, it represents an intermediate product between
controlled and influenced processes. Biomineralization is a generic term to indicate min-
eralization processes associated with biotic activity, and it has been studied extensively,
mainly in carbonate rocks [93–95]. The formation of biominerals can be (i) controlled
directly by organisms, such as in the skeletal formation of most organisms; (ii) induced
by microbial communities by indirect precipitation mediated by their metabolic activities;
or (iii) influenced by organic matter, with mineral formation on organic surfaces [96–104].
In all these cases, the formation of biominerals also depends on the chemical, physical,
and climatic conditions of the environment [93,105]. These products are a direct marker of
biological activity, and together with the soft tissues of the organisms, they are key elements
in the study of the biological processes and past environmental conditions [106,107].

Recently, ref. [50] studied the bioaccumulation of trace metals in the tissues of poly-
chaetes (S. alveolata), examining the relationships between the metal contents and physico-
chemical parameters of seawater. Their study revealed differences in the mean concentra-
tions of trace metals (Fe > Al > Zn > Cu > Cd > Cr > Pb > Ag) between the investigated
sites, seasons, and sites/season related to interactions between physical, chemical, and
physiological factors. In their study, the authors found a positive correlation between Fe,
Cu, and dissolved oxygen and a negative correlation between dissolved oxygen, Zn, and
Al, indicating that a reduction in dissolved oxygen in the surrounding environment can
promote the bioaccumulation of these two metals by S. alveolata. Furthermore, the authors
defined a continental origin for elements such as Al and Fe (the same continental inputs)
and an urban source for Cd, Cr, and Cu, while for Zn they hypothesized both origins. Their
study demonstrated that most metals showed a seasonal trend of bioaccumulation, with
high concentrations mainly in winter and summer. Bioaccumulation is therefore influenced
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by interactions between physical (salinity, pH, temperature, etc.), chemical (metal concen-
tration, speciation, etc.), and physiological factors linked to the organism itself ([50] and
references therein). Regarding physical factors, the pH parameter is significantly affected by
the presence of metals, as recorded by [108], who noted a negative correlation between pH
and the contents of Cu, Pb, and Cr in Mytilus galloprovincialis on the Casablanca coastline
(Atlantic coast of Morocco). This evidence was verified using data from actual mussels
and was reported by [70,71], who stated that the availability of metals increases when the
environment is alkaline, while it decreases when pH values are low. Indeed, a decrease in
pH can increase the solubility of these metals and subsequently increase their accumulation
in the skeletal fraction. Moreover, ref. [73] reported a positive correlation between the Zn
bioaccumulated in the bivalve Lithophaga and the pH of seawater. As a result, the skeletal
composition reflects that of the surrounding seawater, even if through their direct control
the organisms may produce the mineral in disequilibrium with the medium of the water,
thus representing an affordable environmental and paleo-environmental proxy.

Considering the organic nature of the sabellariid biocement, this component can
be considered an “atypical” biomineralization product that reflects the double role of
the organisms and the environment in its solidification. For this reason, we consider
it a mutually controlled and influenced product that incorporates some trace elements
in equilibrium with the surrounding seawater during the phase of solidification. This
characteristic makes the sabellariid biocement a new affordable environmental and paleo-
environmental proxy and a new tool for monitoring activities. The composition and
morphology of most metazoan skeletons utilized thus far are directly controlled by the
organisms and may not reflect the medium of the water in which the organisms live.
Furthermore, as biocement is a solid component, it has a good possibility to be preserved
in a subfossil state in the sedimentary environment and, different from the soft tissues that
degrade quickly after the deaths of the organisms, may preserve the seawater chemical
composition for hundreds or thousands of years.

4.4. Ecosystem Biodiversity

For its capability to build bioconstructions, S. alveolata can be considered an ecosystem
engineer species capable of increasing the heterogeneity of primary substrates and creating a
peculiar physical and biological habitat for a large variety of organisms [13,15,17,36,109,110].
These bioconstructions and the associated biota play key roles in ecosystem functioning,
delivering services such as nutrient cycling, biofiltration, sediment trapping, and coastal
erosion protection [19,26,111]. In the dynamic coastal system, S. alveolata reefs are highly
vulnerable structures that undergo natural cycles of growth (progradation) and decline
(retrogradation) [112], depending on a balance between biological and physical factors,
such as recruitment of the S. alveolata larvae, competition with other invertebrates, the
occurrence of epibionts, hydrodynamic forces, water temperature, and local environmental
conditions [3,26,109,110,112]. In addition, the degradation of these fragile habitats, leading
to serious impacts on biodiversity, has recently been a consequence of environmental pertur-
bations due to direct or indirect anthropogenic pressures such as mechanical disturbances
due to trampling and fishing as well as the organic enrichment and pollution of surround-
ing waters [13,15,19,35,36]. The study of the state of health of these bioconstructions is
therefore a priority, and the search for new proxies aimed at understanding the relationship
between bioconstructions and water chemistry goes in this direction.

5. Concluding Remarks

Geochemical analyses of the major constituents of the studied marine sites showed
concentrations that were largely comparable to the mean seawater composition but with
slight seasonal effects. The latter factor could be related to the greater evaporative effects
characterizing the Mediterranean basin and the reduced input of fresh water from the main
rivers during the prolonged summer period.
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Geochemical analyses of trace elements of the three sites showed concentrations that
were significantly higher than the mean seawater composition. The chemical variations ob-
served during the different sampling periods were compared to the chemical compositional
characteristics of the biocement to investigate the possible fractionation of perturbating
elements (pollutants) on this bioproduct and the role played by the chemistry of the for-
mation environment on the growth of the sabellariid bioconstructions. The comparison
of the Ca/(Ca + Mg) ratio calculated using the average values of both the seawater and
biocement from the three sites showed opposite trends between the ratios of the Ca and
Mg concentrations of biocement and seawater from the same sites. The data showed that
Ca and Mg are fractionated by biocement independent of the concentrations present in the
formation environment, in contrast to the trace elements (Cr, Ni, Cu, Zn, and As), which
showed good correlations.

Among the three sites, Falconara showed the lowest normalized average trace element
values, while Simeto and Portopalo had the highest average values of Zn overall. This
trend was also observed in the biocements, where the highest percentage of zinc was found
in the samples from Simeto and Portopalo. These data indicate a correlation between the
chemistry of the trace elements in biocement and that of the seawater. Such high values of
Zn at all three sites suggest elevated environmental pollution caused by waste incineration
as well as industrial and other wastewater. Water pollution due to heavy metals has been
observed in coastal marine waters as a result of river, domestic, and industrial discharges.

The results of the geochemical studies highlight the importance of the environmental
monitoring of waters to identify possible perturbations (pollution) that could affect the
state of health of the complex and fragile habitats of S. alveolata and the associated biota.

Geochemical water analyses have been addressed for the first time to monitor their
correspondence with the biocement of the biogenic reef in S. alveolata, a habitat considered
“Data Deficient” by the European Red List of Habitats [37].

Even if further studies will be necessary to prove if the fractionation of pollutant
elements (Cu, Zn, Cr, and Ni) in the biocement is in balance with the water concentration,
the good correlation of the chemical composition between the waters and the biocement of
S. alveolata suggests that the latter is a potential good proxy for environmental studies and is
capable of recording short- and long-term variations in the geochemistry of the surrounding
marine environment. This could be significant in the case of long-term variations recorded
in the cement after its fossilization.
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