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The northern Adriatic continental shelf hosts several coralligenous reefs rising from the
sedimentary bottom and characterized by three main benthic assemblages, respectively,
dominated by algal turfs, encrusting calcareous rhodophyte (ECRs) or erect sponges.
Bioconstruction and bioerosion processes have been investigated using recruitment
travertine limestone tiles deployed in a random site for each main benthic assemblages
off Chioggia, 6.1–14.4 km offshore and 20.2–25.4 m depth. Tiles were retrieved
after 3 and 12 years and analyzed by X-ray computed tomography (CT), allowing
for non-destructively identifying and quantifying deposited and eroded limestone. The
main builders were ECRs, serpulids, bryozoans, barnacles, and the bivalves Anomia
ephippium, while the most effective borers were sponges from the genus Cliona and
the bivalve Rocellaria dubia. The deposition of limestone after 12 years was greater at
the site MR08 dominated by ECRs (12.52 ± 2.22 kg m−2), intermediate at the site
P213 dominated by erect sponges (4.20 ± 1.24 kg m−2), and lower in the site P204
dominated by algal turfs (2.20± 0.72 kg m−2). At MR08, the deposition rate did not vary
much over time (from 1.295 ± 0.270 to 1.080 ± 0.198 kg m−2 a−1), while in the other
two sites, it significantly slowed down after the first survey period: from 0.952 ± 0.199
to 0.350 ± 0.103 kg m−2 a−1 at P213, and from 1.470 ± 0.462 to 0.203 ± 0.058 kg
m−2 a−1 at P204. The amount of eroded limestone increased with the exposure time,
with no significant differences among sites, from 1.13 ± 0.29 to 10.39 ± 1.14 kg m−2

on average at 3 and 12 years, respectively. The bioerosion rate also increased with the
exposure time and was slightly higher at MR08 (from 0.682± 0.208 to 1.105± 0.088 kg
m−2 a−1), mostly eroded by Cliona rhodensis in addition to C. viridis, compared to P204
(from 0.267 ± 0.078 to 0.676 ± 0.172 kg m−2 a−1) and P213 (from 0.179 ± 0.065
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to 0.816 ± 0.171 kg m−2 a−1). Overall, bioconstruction has overcome the bioerosion
processes in 3 years. In 12 years, the estimated net balance was essentially nil at
all sites. Combining field experiment and CT analysis, this study provides the first
quantification of the bioerosion and bioconstruction processes in the northern Adriatic
coralligenous reefs, a fundamental step toward their conservation.

Keywords: Mediterranean Sea, ecological processes, accretion, biogenic structures, recruitment panels, 3D
visualization, climate change, mesophotic

INTRODUCTION

The northern Adriatic continental shelf hosts many mesophotic
biogenic reefs, arrayed on the sedimentary bottom (see the
“NorthernAdriatic_Reefs” compilation at the Marine Geoscience
Data System, MGDS1); and characterized by very heterogenous
benthic assemblages (Ponti et al., 2011; Falace et al., 2015).
Despite the great spatial variability of their benthic communities,
these reefs can be considered as peculiar coralligenous “banks”
(sensu Ballesteros, 2006) ranging in size from a few to thousands
square meters and distributed between 15 and 40 m depth,
where twilight conditions occur due to high water turbidity,
with a mean light attenuation at the bottom of 1–2% of the
surface irradiance (Ponti et al., 2011). The coralligenous reefs
are among the richest, most diverse, and threatened habitats
in the Mediterranean Sea. They are considered a “hot spot”
of species diversity, shaped by bioconstruction and erosion
processes, geological events, human impacts, and climate changes
(Ballesteros, 2006). Coralligenous assemblages are exposed to
anthropogenic disturbances (Claudet and Fraschetti, 2010; Coll
et al., 2010, 2012) such as nutrient enrichment (e.g., Gennaro
and Piazzi, 2011; Piazzi et al., 2018), increases in water turbidity
and sediment deposition rates (e.g., Balata et al., 2005; Mateos-
Molina et al., 2015), invasion by non-indigenous species (e.g.,
Piazzi and Balata, 2008; de Caralt and Cebrian, 2013), mechanical
damages by anchoring, fishing nets and divers frequentation (e.g.,
Bavestrello et al., 1997; Hinz, 2017), and by climate change-
related disturbances like exceptional storms (Teixido et al., 2013),
acidification and thermal anomalies (Martin and Gattuso, 2009;
Turicchia et al., 2018; Garrabou et al., 2019).

Coralligenous reefs dynamic results from the interplay
between the building activities, mainly by the multi-stratified
accretion of the encrusting calcareous rhodophytes (ECRs),
and physical and biological eroding processes (Cerrano et al.,
2001; Ingrosso et al., 2018). The biogenic reef accretion and
its persistence over time depend on the predominance of
the bioconstruction over dissolution and bioerosion processes
(Garrabou and Ballesteros, 2000; Cerrano et al., 2001).

ECRs are the major builders of Mediterranean coralligenous
reefs, contributing to limestone deposition. However, many
sessile invertebrates with calcified skeletons (e.g., scleractinian
corals, bryozoans, serpulid polychaetes, and bivalves) also play an
important role in the bioconstruction process of the coralligenous
reef by increasing and consolidating the limestone structure
(Ballesteros, 2006; Ingrosso et al., 2018).

1https://www.marine-geo.org/tools/search/entry.php?id=NorthernAdriatic_Reefs

On the other hand, bioerosion is a widespread ecological
process that acts at different spatial and temporal scales. It can
alter habitat structure and destroy consolidated hard substrate
(Davidson et al., 2018). Internal bioerosion (sensu Neumann,
1966) is generally due to a suite of endolithic organisms,
including both microborers (<100 µm large) and macroborers
(>100 µm; Tribollet and Golubic, 2011). Usually, the bioerosion
processes on new substrates show a temporal succession that
begins with microborers, settling within 1 year (Tribollet and
Golubic, 2005; Färber et al., 2015; Grange et al., 2015), and
continue with macroborers, which become dominant after 2–
3 years (Bromley et al., 1990; Casoli et al., 2016b, 2019).
Macroborers comprise various organisms from a wide range of
taxonomic groups, including sponges (e.g., Rosell and Uriz, 2002;
Calcinai et al., 2011), polychaetes (e.g., Hutchings, 2008; Casoli
et al., 2019), sipunculids (e.g., Risk et al., 1995; Gherardi and
Bosence, 2001), and bivalves (e.g., Schiaparelli et al., 2005; Casoli
et al., 2016b).

Most of the few long-term experiments to simultaneously
measure both bioconstruction and bioerosion processes have
been conducted in tropical habitats (e.g., Silbiger et al., 2014,
2016). Although some medium- and long-term field experiments
on bioerosion processes have been carried out also in the
Mediterranean Sea (Bromley et al., 1990; Casoli et al., 2016b,
2019; Färber et al., 2016), these processes have never been
investigated on coralligenous reefs of the northern Adriatic Sea,
whose formation and maintenance of the diversity are poorly
known. The purpose of this study is to shed light on the
bioconstruction and bioerosion processes taking place in the
main coralligenous reef typologies occurring in the northern
Adriatic continental shelf.

Various methods allow to compute accretion and bioerosion
rates in the field and in the lab, ranging from measuring the
change in weight, height, volume, or density of experimental
block to impregnating samples with resins to obtain casts or using
different X-ray configurations (reviewed in Silbiger et al., 2016).
Nowadays, the use of experimental blocks, of the same material or
mineralogically similar to the substrate to be studied is the most
used approach (Färber et al., 2016; Silbiger et al., 2016). However,
separating and measuring the two processes simultaneously is
very challenging. For this purpose, imaging methodologies in
3-dimensions (3D) based on computed tomography (CT) are
very promising (Rossi et al., 2021). In the present study, the
bioconstruction and bioerosion rates and their net balance on the
northern Adriatic coralligenous reefs have been investigated in a
field experiment using travertine limestone tiles as recruitment
panels with two exposure times: 3 and 12 years. Shapes and
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volumes of the external biological limestone deposits and the
internal bioerosion traces were non-destructively identified and
measured through high-resolution CT.

MATERIALS AND METHODS

Study Area and Experimental Sites
In the coralligenous reefs off Chioggia and Venice (northern
Adriatic Sea) 3 main typologies of benthic assemblages have been
recognized. The reefs differ in the relative abundance of ECRs,
algal turf, sponges, and colonial ascidians. As a general pattern,
reefs closer to the coast are dominated by algal turfs, while
those further away are dominated either by ECRs or by erect
sponges (Ponti et al., 2011). Based on these findings, three sites
were randomly chosen, each to represent a different assemblages
typology: site P204 dominated by algal turfs, P213 dominated by
erect sponges, and MR08 dominated by ECRs. In addition to the
benthic assemblage typologies, the sites differ in their position,
depth and distance from the coast, elevation and extension of the
reef, and surrounding sediments’ characteristics (Table 1). P204
was closer to the coast, shallower and much larger and higher
than the other two and was surrounded by muddy sediments rich
in organic matter. P213 had the deepest and smallest reef. MR08
had slightly less distance from the coast and depth than P213;
however, it was surrounded by less muddy sediments but richer
in organic matter. Detailed bathymetric and geomorphological
maps of this sites are available at the MGDS (Ponti, 2020a,b).

The chemical-physical and biological characteristics of the
waters have been obtained from the daily Mediterranean Sea
Physics Reanalysis (Spatial resolution 0.042◦ × 0.042◦, Temporal
coverage 1987–2019; Escudier et al., 2020), and the daily
Biogeochemical Reanalysis (Spatial resolution 0.042◦ × 0.042◦,
Temporal coverage 1999–2019; Teruzzi et al., 2021) models, and
from the Mediterranean Sea Reprocessed Remote Sensing Multi
Satellite observations (Spatial resolution 1 × 1 km, Temporal
coverage 1997–2020; GOS Group, 2021; Supplementary
Figures 1–7). According to the climatic analysis, the P204 site,
which is shallower and closer to the coast, is usually exposed to
temperatures 1–2◦C higher than the others in summer, while it
is affected by less salty waters in winter. Alkalinity is generally
slightly higher at the MR08 site. P204 site experiences a greater
reduction of dissolved inorganic carbon in late summer and
generally shows a higher concentration of nitrate, ammonium,
and phosphate. This leads to higher phytoplankton biomass,
especially in spring, and a higher net summer primary production
in surface waters. According to the attenuation coefficient of light
at 490 nm from satellite observations, higher surface turbidity is

usually measured at P204, which is closer to the coast compared
to MR08 and P213. However, these satellite measures do not
consider the seasonal water column stratification and the bottom
nepheloid layers often occurring in the area due to sediment
resuspension, especially at P213 which can be also considered
very turbid (Ponti M., personal observations).

Experimental Design
In August 2005, forty-eight rough travertine tiles
(15.0 × 11.5 × 1.0 cm = 172.5 cm3) were deployed 30–50 cm
apart at each site on top of the reef (i.e., P204 at ∼18 m depth,
and P213 at ∼24 m, MR08 at ∼21 m; Figures 1A,B). Travertine
was chosen because it is a limestone characterized by a high
porosity that provides a substrate suitable for many species living
in the area, including endobionts, and it is also commercially
available in customizable sizes. Each tile was anchored to the
bottom using stainless steel washers and nails passing through
a central hole (Ø 1.0 cm) and positioned horizontally to avoid
any effect due to the substrate orientations (Glasby and Connell,
2001; Virgilio et al., 2006). Four travertine tiles from each site
were randomly retrieved in August 2008 and in August 2017,
3 and 12 years after deployment, respectively, to quantify the
bioerosion and bioconstruction processes. The other tiles were
used in previous studies (Fava et al., 2016) or left in place for
further investigations. Altogether 24 tiles were analyzed. Before
collection, each tile was photographed underwater using a Canon
PowerShot G15 digital camera, equipped with an aluminum
underwater case and an INON D2000 S-TTL strobe (Figure 1C).
Tiles deployment and retrieving were performed by scuba
scientific divers using enriched air nitrox (EAN32).

Sample Analysis
The surface of each tile was inspected under a stereomicroscope
(Leica Wild M3B and Nikon SMZ1500) to classify to the
lowest possible taxonomic level all visible organisms depositing
limestone. Traces of all perforating organisms were recorded,
and when present and accessible, the organisms occupying holes
have been extracted. In particular, the boring sponges’ tissues
were taken from the oscula and ostia protruding for identification
through analysis of the spicules (Hooper and Van Soest, 2002)
under a light microscope (Nikon ECLIPSE 50i).

After drying (80◦C for 24 h), each tile was scanned using an
experimental CT system composed of a microfocus X-ray source
(X-ray tube Kevex PXS10-65W), a flat-panel digital detector
(VARIAN PS2520D, CsI conversion screen, 1,536 × 1,920
pixels) with a pixel size of 127 µm, and a precision rotation
stage (Physik Instrumente M-038). An X-ray source voltage
of 130 kV and a current ranging from 50 to 180 µA were

TABLE 1 | Location of the study sites (geographical coordinates, datum WGS84), and their distance from the coast, surrounding seabed depth (referred to the mean
lower low water), area and max elevation of the reefs, mud and organic matter (as a percentage of loss on ignition at 450◦C in 8 h) in the surrounding sediments.

Site Lat N Lon E Coast distance Seabed depth Reef area Elevation Mud Organic matter

P204 45◦ 12.674′ 12◦ 23.076′ 6.1 km 20.2 m 276,297 m2 2.2 m 38.79% 4.46%

P213 45◦ 10.270′ 12◦ 31.013′ 14.4 km 25.4 m 1,288 m2 1.2 m 19.37% 1.82%

MR08 45◦ 13.831′ 12◦ 29.354′ 13.8 km 22.2 m 2,096 m2 1.5 m 7.76% 4.98%
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FIGURE 1 | Sites’ location and experimental setup. (A) Map of the study area showing the three experimental sites (P204, P213, MR08), yellow dots, and the main
northern Adriatic Sea coralligenous reefs off Chioggia and Venice, green dots (Mercator Projection, Datum WGS84). (B) Example of travertine tiles arrangement at
P204 study site. (C) Example of travertine tile exposed for 12 years at MR08 site.

used, and the beam was filtered with a 1.5–3 mm thick
aluminum foil. The radiographic projections were acquired
over 360◦ with 0.4◦ angular increments. Tomographic images
were reconstructed using PARREC software developed in-house
(Brancaccio et al., 2011). The resulting isotropic voxel size in the
adopted configuration was 0.1 mm.

Post-processing of high-resolution CT data (DICOM format
files) was conducted using the AMIRA-Avizo software by Thermo
Fisher Scientific. No filters were used for volume data processing.
The limestone deposits and erosion traces left by different
organisms were identified and manually separated in the 3D

images (objects segmentation) according to their shape and
density, and uniquely labeled. Segmentation was done using
the brush tool from the segmentation editor suite interactively
every third slice, with subsequent interpolation and check on
intervening slices (Ruthensteiner and Heß, 2008). The built and
eroded volumes per organism in each tile were quantified with the
material statistics module, which allow to calculate the volume in
voxel for each separated and labeled object.

Based on their shape and size, the main macro-bioerosion
traces left by organisms’ activities were identified in terms of
ichnotaxa, i.e., taxa based on the fossilized work of the organisms
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(descriptions and identification keys from: De Groot, 1977;
Bromley and D’Alessandro, 1983, 1984, 1989, 1990; Kelly and
Bromley, 1984; Gravina et al., 2019; Wisshak et al., 2019).
Whenever possible, ichnotaxa have been attributed to the
boring organisms found in the holes and crevices, allowing
to associate the bioerosion morphologies to the responsible
living species. Ontogenetic phases of boring sponge traces were
determined according to Bromley and D’Alessandro (1984) and
Bromley and D’Alessandro (1989); while the corresponding
ontogenetic phases of living sponges were assessed inspecting
tissues, following Hooper and Van Soest (2002).

Data Analysis
The overall percentages of bioconstruction and erosion ascribable
to each taxon (or ichnotaxon) were calculated with respect to the
initial volume of the tiles, taking into account the preexisting
natural fractures of the travertine. Not having high-resolution
CT images of the tiles before the deployment, the preexisting
fractures inside each tile were assessed at the end of the exposure
time within non-eroded portions, assuming a similar amount in
the whole tile. However, being the natural fractures a possible
preferential corridor for borer organisms, this procedure may
lead to an underestimation of the preexisting cavities in the most
eroded portions.

Limestone rocks density ranged from 2.3 to 2.7 g cm−3

according to their porosity (Schön, 2011); the initial mean density
of employed travertine was 2.5 g cm−3, corresponding to the
porosity of 7%, which is in the range of travertine building stones
(García-del-Cura et al., 2012; Chentout et al., 2015).

Volumes measured in voxels were converted to cm3. The
limestone gain and loss (g) were obtained by multiplying,
respectively, the final built and the eroded volumes (cm3) by the
compact limestone density (2.7 g cm−3). The results were divided
by the tile surface and expressed in limestone mass deposited
or eroded per area (kg m−2). Bioconstruction and bioerosion
mean annual rates (kg m−2 a−1) were calculated by dividing the
limestone gain and loss per square meter by the exposure time
(i.e., 3 or 12 years). In the bioconstruction and erosion graphs,
the percentage of the experimental tiles initial volume has been
reported on the secondary axis.

Differences in built and bioeroded mass per area of each
taxon (or ichnotaxon) and in bioconstruction and bioerosion
rates among sites (Si: 3 levels, fixed), between exposure time (Et:
2 levels, fixed) and in their interaction (Si × Et) were assessed
by two-way crossed analysis of variance (ANOVA, α = 0.05;
Underwood, 1997). Cochran’s C-test was used to check the
assumption of homogeneity of variances and, when necessary,
data transformations were applied. In the ANOVA, when the
term Si× Et was significant, the Student–Newman–Keuls (SNK)
test was used for post hoc comparisons.

The mean percentage bioconstruction-bioerosion net balance
was assessed for each site after the 3- and 12-year exposure times.
Differences from zero were tested with a t distribution (α = 0.05).

The statistical analyses were performed in R (R Core Team,
2019) with GAD, a specific package for general ANOVA designs
(Sandrini-Neto and Camargo, 2012). Mean values were always
reported along with their standard errors (s.e.).

RESULTS

Bioconstruction
The main contributors to limestone deposition were ECRs
(Figure 2A), the bivalve Anomia ephippium Linnaeus, 1758
(Figure 2B), serpulid polychaetes (mainly Spirobranchus triqueter
(Linnaeus, 1758) and Serpula concharum Langerhans, 1880;
Figures 2C,D, respectively), bryozoans [including species
belonging to Cyclostomatida and Cheilostomatida, like Figularia
sp., Callopora sp., and Celleporina sp. and Schizomavella
(Schizomavella) linearis (Hassall, 1841); Figure 2E], and the
barnacles Verruca stroemia (O.F. Müller, 1776). When these taxa
were over-growing on each other, the single taxon cannot be
distinguished on CT images because the limestone they deposit
has similar density. For the bioconstruction budget they were
collectively categorized as “encrusting organisms.” The mean
limestone deposited per area by these encrusting organisms were
3.71 ± 0.77 kg m−2 after 3 years of exposure and 2.20 ± 0.72 kg
m−2 after 12 years at the P204 site; 2.86± 0.60 and 4.20± 1.24 kg
m−2 at P213; and 3.88 ± 0.81 and 12.52 ± 2.22 kg m−2 at
MR08 (Figure 3A).

Occasional large contributions to bioconstruction came from
the Pacific oyster Magallana gigas (Thunberg, 1793), which shells
were found at the P204 site, including a large shell on a tile
retrieved after 3 years of exposure (Figure 2F), and some smaller
ones on three out of four tiles after 12 years (0.24 ± 0.10 kg
m−2 limestone deposited in 12 years). At MR08, after 12 years,
three out of four tiles showed shells of vermetid snails Thylacodes
arenarius (Linnaeus, 1758), accounting for a mean limestone
deposit of 0.45 ± 0.41 kg m−2. Note that vermetid snails can
easily develop on both sides of the tiles (Figures 2G,H, top and
bottom view, respectively).

The total limestone deposited per area were 4.41 ± 1.39 kg
m−2 after 3 years of exposure and 2.44 ± 0.70 kg m−2 after
12 years at the P204 site; 2.86 ± 0.60 and 4.20 ± 1.24 kg m−2

at P213; and 3.88 ± 0.81 and 12.97 ± 2.37 kg m−2 at the
MR08 site (Figure 3A). The ANOVA tests on the mean limestone
deposited, both as a whole and by encrusting organisms, detected
significant differences in the interaction across sites and exposure
time (Table 2A). In both analyses, post hoc SNK tests revealed not
significant differences in limestone deposition among sites at 3-
year exposure time, and between 3 and 12 years at P204 and P213.
Conversely, at 12 years, the whole bioconstruction, and that due
to encrusting organisms, at MR08 were significantly higher than
in the other two sites and compared to the 3-year exposure.

After 3 years of exposure, the mean bioconstruction annual
rate ranges from 0.952 ± 0.199 kg m−2 a−1 at P213 to
1.470± 0.462 kg m−2 a−1 at P204, while after 12 years, it ranged
from 0.203± 0.058 kg m−2 a−1 at P204 to 1.080± 0.198 kg m−2

a−1 at MR08 (Figure 4A). ANOVA test detected a significant
effect of the interaction between the years of exposure and the
study sites on the bioconstruction annual rate. According to the
SNK tests, the bioconstruction annual rates after 3 years were
not significantly different among the three sites. Those estimated
at 12 years were significantly lower than after 3 years, both at
P204 and P213, while no significant decrease was observed at
MR08 (Table 3).
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FIGURE 2 | Computed tomography graphic reconstruction of calcareous organisms grown on travertine tiles. (A) Coverage of encrusting calcareous rhodophytes
(pink) at MR08 after 12 years. (B) A shell of Anomia ephippium at P204 after 3 years. (C) Serpulid polychaetes tubes (mainly Spirobranchus triqueter) at P204 site
after 3 years. (D) Tubes of the serpulid polychaetes Serpula concharum at MR08 after 12 years. (E) The encrusting bryozoan Schizomavella (Schizomavella) linearis
which covered the serpulid polychaetes tubes at MR08 after 3 years, in green traces of boring sponges inside the tile. (F) A shell of Magallana gigas found at P204
after 3 years. (G,H) The shell of the vermetid Thylacodes arenarius (bright orange) in the same tile (top and bottom view, respectively) at MR08 after 12 years, in
green traces of boring sponges inside the tile. Scale bars are 1 cm long.

Bioerosion
Inside the experimental tiles ten different ichnotaxa were
identified, five of which were attributed to sponges, four to
burrowing worms, and one to endolithic bivalves. Identified
ichnotaxa and the related living species, including sponge
ontogenetic phases, were reported in Table 4.

Cliona viridis (Schmidt, 1862) was recognized as a trace maker
differentiable from the Entobia ichnogenera: Entobia cateniformis
Bromley and D’Alessandro, 1984 (Figures 5A,B), Entobia cf

ovula Bromley and D’Alessandro, 1984 (Figure 5C) and Entobia
cf laquei Bromley and D’Alessandro, 1984 (Figure 5D) both in
tiles of 3 and 12 years of exposure at all the study sites.

Cliona rhodensis Rützler and Bromley, 1981 was found
only in 4 tiles (three at MR08 and one at P213). It
was recognized as the trace maker of Entobia cf paradoxa
Bromley and D’Alessandro, 1984 in one tile after 3 years at MR08
(Figure 6A) and in two after 12 years at P213 and MR08, and of
Entobia cf magna Bromley and D’Alessandro, 1989 only in one

Frontiers in Marine Science | www.frontiersin.org 6 January 2022 | Volume 8 | Article 790869

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-790869 January 24, 2022 Time: 14:22 # 7

Turicchia et al. Northern Adriatic Bioconstruction/Bioerosion Processes

FIGURE 3 | Mean (± s.e.) limestone deposited (A) and eroded (B) per area
(kg m−2) by different organisms at each study sites (P204, P213, MR08) and
per exposure times (3 and 12 years) measured in the experimental tiles.
Percentage axes represent the relative contribution to the bioconstruction and
bioerosion, in volume, compared to the initial size of the experimental tiles.

12-year-old tile at MR08 (Figure 6B). C. viridis and C. rhodensis
were observed competing for the substrate in the same tile
(Figure 6B).

Traces of burrowing worms belonging to the ichnogenera
Caulostrepsis Clarke, 1908 (Figure 7A), Trypanites Mägdefrau,
1932 (Figure 7B), Maeandropolydora Voigt, 1965 (Figure 7C)
and Maeandropolydora cf decipiens Voigt, 1965 (Figures 7C,D)
have been identified both in tiles exposed for 3 years and
those for 12 years at all the study sites. The burrowing worms’
bioerosion traces penetrated from the top or bottom side into the
core of the tile (Figures 7A–C). However, it was impossible to
identify the worm species because no organisms were retrieved
from the holes. The ichnogenera Caulostrepsis, Trypanites,
and Maeandropolydora have been collectively categorized as
“burrowing worm traces” for bioerosion balance.

Clavate bivalve boring traces belonging to the ichnogenera
Gastrochaenolites Leymerie, 1842 occur in all the tiles at
different densities. The organism responsible for these boring
was Rocellaria dubia (Pennant, 1777), whose 8-shaped siphonal
apertures were observed in the topsides and on the edges of the
tiles (Figures 7E,F).

Bioerosion varied among sites, with the exposure period
and taxa involved (Figure 3B). Overall, the eroded limestone

significantly increased from 3 to 12 exposure years, with no
relevant differences among sites (Table 2B). On average, it was
0.80 ± 0.24 and 8.11 ± 2.06 kg m−2 at P204, after 3 and 12 years
of exposure, respectively; 0.54 ± 0.19 and 9.79 ± 2.06 kg m−2 at
P213; and 2.04± 0.63 and 13.26± 1.06 kg m−2 at MR08.

The most effective borer was the sponge C. viridis, which was
able to dissolve 0.71 ± 0.25 kg m−2 after 3 years of exposure
and 7.56 ± 2.23 kg m−2 after 12 years at P204; 0.41 ± 0.17, and
6.65 ± 2.96 kg m−2 at P213, respectively, after 3 and 12 years;
and 1.11 ± 0.48 and 7.56 ± 2.90 kg m−2 at MR08. A significant
increase was observed over time with no differences among sites
(Table 2B). C. rhodensis dissolved 5.60 ± 3.75 kg m−2 after
12 years at MR08.

The limestone removed by burrowing worms significantly
increased between years of exposure (Table 2B), and it
was 0.004 ± 0.002 kg m−2 after 3 years of exposure and
0.025 ± 0.015 kg m−2 after 12 years at P204; 0.031 ± 0.018
and 0.073 ± 0.045 kg m−2 at P213; and 0.015 ± 0.004 and
0.049± 0.028 kg m−2 at MR08.

On average, R. dubia was significantly more effective in
burrowing tiles at P204 and P213, with no difference over time
(Table 2B). This bivalve was able to remove 0.083± 0.032 kg m−2

of limestone in 3 years and 0.416 ± 0.189 kg m−2 in 12 years at
P204; 0.100 ± 0.032 kg m−2 and 0.149 ± 0.075 kg m−2 at P213;
and 0.002± 0.008 kg m−2 and 0.037± 0.056 kg m−2 at MR08.

The bioerosion rate significantly increased over time and, in
general, was significantly higher at MR08 compared to the other
two sites (Table 3). After 3 years, it ranged from 0.179± 0.065 kg
m−2 a−1 at P213 to 0.682 ± 0.208 kg m−2 a−1 at MR08, while
after 12 years, it ranged from 0.676 ± 0.171 kg m−2 a−1 at P204
to 1.105± 0.088 kg m−2 a−1 at MR08 (Figure 4B).

Bioconstruction–Bioerosion Net Balance
The mean bioconstruction-bioerosion net balance apparently
shows positive values after 3 years of exposure and negative
values after 12 years at all study sites (Figure 4C). However, due
to a large variability among tiles, according to the t-test (95%
confidence interval), the net balance was significantly higher than
zero only at P213 (p < 0.05) and MR08 (p < 0.01) after 3 years.
All the other estimated mean balances were not significantly
different from zero.

DISCUSSION

In the northern Adriatic coralligenous reefs, the main builders
are represented by ECRs, the bivalve Anomia ephippium,
serpulid polychaetes, bryozoans, and barnacles. The present study
shows that in the first 3 years, albeit sustained by different
species compositions, total bioconstruction and its annual rate
were almost the same at all sites. The differences between
bioconstruction at the different sites become evident by analyzing
these processes on a longer time scale. In 12 years, limestone
deposited is much greater in the reef characterized by a higher
abundance of calcareous algae (MR08) than in the other reefs. At
MR08, the annual bioconstruction rate estimated in 12 years is
equal to that estimated in 3 years, resulting in an almost constant
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TABLE 2 | Results from ANOVA tests on bioconstruction (A) and bioerosion (B) in terms of kg m−2.

(A) BIOCONSTRUCTION

Source df Total bioconstruction Encrusting organisms

MS F p MS F p

Site (Si) 2 2.374 8.42 0.003** 2.54 11.01 0.001***

Exposure time (Et) 1 1.357 4.81 0.042* 1.36 5.91 0.026*

Si × Et 2 2.270 8.05 0.003** 2.03 8.81 0.002**

Res 18 0.282 0.23

Transf. (Cochran’s C-test): Square root (p-value: 0.7374) Square root (p-value: 0.5305)

SNK test, Si × Et: 3 years: MR08 = P204 = P213 3 years: MR08 = P204 = P213

12 years: MR08 > P204 = P213 12 years: MR08 > P204 = P213

MR08: 12 years > 3 years MR08: 12 years > 3 years

P204: 12 years = 3 years P204: 12 years = 3 years

P213: 12 years = 3 years P213: 12 years = 3 years

(B) BIOEROSION

Source df Total bioerosion Cliona viridis Rocellaria dubia Burrowing worms

MS F p MS F p MS F p MS F p

Site (Si) 2 22.55 3.35 0.058 ns 1.48 0.10 0.907 ns 0.19 6.05 0.010** 0.03 2.76 0.090 ns

Exposure time (Et) 1 514.40 76.51 0.000*** 257.47 17.16 0.001*** 0.14 4.38 0.051 ns 0.07 6.36 0.021*

Si × Et 2 7.61 1.13 0.344 ns 0.27 0.02 0.982 ns 0.04 1.23 0.316 ns 0.00 0.05 0.951 ns

Res 18 6.73 15.00 0.03 0.01

Transf. (Cochran’s C test): None (p-value: 0.2236) None (p-value: 0.3258) Square root (p-value: 0.06027) Fourth root (p-value: 0.7207)

SNK test: P204 = P213 > MR08

Transformation and results of the Cochran’s C test on homogeneity of variances are reported. Post hoc SNK tests were summarized. Significant levels: ns, not significant;
*p < 0.05; **p < 0.01; ***p < 0.001.

rate over time. On the contrary, in the other two sites, the annual
rates estimated in 12 years were significantly lower than those
of the first 3 years. These different bioconstruction performances
could be due to the differences in species assemblages inhabiting
the study sites (Ponti et al., 2011). Indeed, the tiles deployed
at MR08 after 12 years on the top side were totally covered
by a thick layer of calcareous algae, mainly Lithophyllum
incrustans Philippi, 1837, Mesophyllum sp. and Peyssonnelia
sp. (Ponti et al., 2014). This result is consistent with the
observations on other Mediterranean coralligenous reefs, whose
formation and maintenance are mainly attributed to calcareous
algae belonging to the genera Lithophyllum, Lithothamnion,
Mesophyllum, Neogoniolithon, and Peyssonnelia (Garrabou and
Ballesteros, 2000 and references therein). However, the growth of
calcareous algae is complex as it can be characterized by periods
of growth and shrinkage due to competitive interactions and
disturbance events (Steneck, 1986).

The benthic assemblages at P204 and P213 were characterized
by higher abundances of fast-growing species, including algal
turfs, that may have outcompeted calcareous algae for space,
limiting their settlement and growth, as often occurs in
rocky coastal bottoms affected by high rates of sediment
deposition (Airoldi, 2003). Space competitors include also
serpulid polychaetes, which are important players in developing
and maintaining the biogenic reefs (Laborel, 1987; Cocito, 2004;
Casoli et al., 2016a). They act as secondary builders by shaping

the seafloor and as binders by coating and fastening other tubes
or partially filling crevices (Sanfilippo et al., 2013; Gravina et al.,
2021). Indeed, serpulid polychaetes were abundant both on the
top and bottom sides of the tiles; however, at MR08 after 12
years, on the top side, they were completely overgrown by
calcareous algae.

Among the other builders, the solitary vermetid gastropods
Thylacodes arenarius were only found after 12 years of exposure
at MR08 on the top and bottom sides of the tiles. T. arenarius
is a subtidal species that lives on hard substrates in dim light
conditions and relatively calm waters (Calvo and Templado,
2005). Usually, individuals are covered by calcareous algae,
sponges, bryozoans, and other organisms, and in fact here their
shells were entirely overgrown by the ECRs.

Finally, at the site near the coast (P204), the proximity to
the donor populations could have favored the settlement of fast
calcifying organisms like the non-indigenous oyster, Magallana
gigas (Bayne, 1999).

In the northern Adriatic coralligenous reefs, boring sponges
represent the main cause of bioerosion. They can penetrate and
erode limestone materials such as rocks, corals, and mollusk
shells (Glynn and Manzello, 2015). They produce a vast system
of branched and interconnected galleries in the substrate and at
the same time communicate with the surface through numerous
openings. The distribution, abundance, and erosion rates of
boring sponges can be affected by environmental factors such
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FIGURE 4 | Mean (± s.e.) annual bioconstruction (A) and bioerosion (B) rates
(kg m−2 a−1 and % a−1), and annual bioconstruction-bioerosion net balance
(C) (kg m−2 a−1 and % a−1) measured on the experimental tiles for each site
after 3 and 12 years of exposure (dashed line marks zero net balance).
Percentage axes represent the relative contribution to the annual
bioconstruction and bioerosion rate and net balance, in volume, compared to
the initial size of the experimental tiles.

as nutrients, temperature, turbidity, light, depth, and pH (e.g.,
Schönberg, 2008; Calcinai et al., 2011; Nava and Carballo, 2013;
Silbiger et al., 2014; Marlow et al., 2018). The activities of boring
sponges shape the coralligenous habitats by eroding the substrate
and creating shelters for organisms (Cerrano et al., 2001; Calcinai
et al., 2015), but at the same time they reduce the mechanical
stability of the reef (Scott et al., 1988).

Cliona viridis was the dominant agent of erosion into the
experimental tiles (up to 28% of the initial volume, on average
over 12 years). This species is regarded as one the most abundant
and effective borer in the Mediterranean Sea (Rosell et al.,
1999; Bertolino et al., 2013), especially in the northern Adriatic
mesophotic reefs (Ponti et al., 2011). Species from the Cliona
viridis complex commonly displays high bioerosion rates, up to
28 kg m−2 a−1 (Schönberg et al., 2017 and references therein).
It should be noted that the erosion produced by this species,
although increased over time, was substantially the same at all
sites. Although many boring sponges can be negatively affected
by high sediment deposition and water turbidity, either by
preventing settlement, hampering vital physiological function or
controlling survivals (Nava and Carballo, 2013; Bell et al., 2015;
Marlow et al., 2018), C. viridis seems to be tolerant to high

levels of turbidity (<4 m visibility) and sediment deposition
(Carballo et al., 1994, 1996; Carballo, 2006). Conversely, Cliona
rhodensis was mainly found at MR08, where the water turbidity is
on average lower than the other sites (Ponti et al., 2011). That
is in agreement with the higher sensitive against turbidity and
sedimentation of C. rhodensis than C. viridis (Carballo et al., 1994,
1996).

Burrowing worms, mainly spionids, sabellids, and cirratulids,
are usually important in the early stage of erosion (Hutchings,
2008) and appeared to benefit from the substrate modifications
provided by encrusting epibenthos (Casoli et al., 2019; Gravina
et al., 2019). Although CT images revealed traces of boring
polychaetes into the tiles, it was impossible to attribute the marks
left to the responsible species. The mean limestone removed
by burrowing worms increased with increasing time exposure
and was almost the same at all sites. According to previous
study, burrowing worms remove fewer amounts of limestone
than sponges; however, by burrowing, they modify and weaken
the substrate and, because of their short life span, facilitate the
bioerosion of other organisms by leaving their burrows vacant for
other borers (Hutchings et al., 1992).

Rocellaria dubia is one of the most common endolithic
bivalves in the Mediterranean Sea. It prefers horizontal or slightly
inclined surfaces and high sediment deposition (Schiaparelli
et al., 2003). It can occur in high density both in the natural
and artificial substrate (Schiaparelli et al., 2005; Casoli et al.,
2016b). It is easily recognizable through its 8-shaped calcareous
holes emerging from the substrate. Despite its wide diffusion
and ecological importance, its biology and autecology are poorly
known. Its planktonic larvae can settle in crevices or holes in the
substrate and then efficiently excavate limestone (Morton et al.,
2011; Ponti et al., 2015; Casoli et al., 2016b). R. dubia siphons
have been observed both on the top and lateral side of the tiles.
The mean limestone removed by R. dubia into the experimental
tiles varies among the study sites. It was higher at P204 and
P213, characterized by high water turbidity and sedimentation
rates. That could be related to the tolerance of this species to
high sedimentation rates, thanks to its long siphons protected by
aragonitic siphonal tubes (Morton et al., 2011) and the possible
competition with boring sponges at MR08. Noteworthy, the
mean limestone removed did not increase by increasing the
exposure time, confirming that R. dubia is a fast borer (Casoli
et al., 2016b) and may have reached its maximum density in
the first 3 years.

Considering the overall process, the mean bioerosion rate
seems to increase over time, and it was higher at MR08. This may
be due to the firm establishment of the sedimentation tolerant
Cliona viridis boring sponge at all the sites, while at MR08 it
may have been further promoted by less sedimentation. This has
provided the boring sponge C. rhodensis with suitable habitat.
Moreover, the higher abundance of calcareous algae has in turn
provided an additional substrate for long-term bioerosion.

In this field experiment, bioconstruction has overcome the
bioerosion processes only in the short term (3 years) and only
where the calcareous algae find better conditions for settlement
and growth. In the relatively long term (12 years), bioerosion
equals the bioconstruction processes at all study sites, with
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TABLE 3 | Results from ANOVA on bioconstruction and bioerosion rate.

Source df Bioconstruction rate (kg m−2 a−1) Bioerosion rate (kg m−2 a−1)

MS F p MS F p

Site (Si) 2 0.220 4.24 0.031* 0.447 5.57 0.0131*

Exposure time (Et) 1 0.982 18.88 0.000*** 1.439 17.92 0.0005***

Si × Et 2 0.203 3.90 0.039* 0.032 0.40 0.6743 ns

Res 18 0.052 0.080

Transf. (Cochran’s C test): Square root (p-value: 0.216) None (p-value: 0.447)

SNK test: 3 years: MR08 = P204 = P213 Si: MR08 > P204 = P213

12 years: MR08 > P204 = P213

P204: 3 years > 12 years

P213: 3 years > 12 years

MR08: 3 years = 12 years

Transformation and results of the Cochran’s C test on homogeneity of variances are reported. Post hoc SNK tests were summarized. Significant levels: ns, not significant;
*p < 0.05; ***p < 0.001.

TABLE 4 | Ichnotaxa identified in the experimental tiles with the corresponding living species.

Ichnotaxon Sponge trace
phase

Attributed
species

Living sponge
phase

P204 P213 MR08 Example in figure (site;
year of exposure)

Entobia cateniformis A–D Cliona viridis α +/+ +/+ +/+ 5A (P213; 3)
5B (P204; 3)

Entobia cf ovula A–C Cliona viridis α –/– +/– +/– 5C (MR08; 3)

Entobia cf laquei A–D Cliona viridis α–β +/+ +/+ +/+ 5D (P204; 12)
6B (MR08; 12)
7A (MR08; 12)

Entobia cf paradoxa D Cliona rhodensis α–β –/– –/+ +/+ 6A (MR08; 3)

Entobia cf magna D Cliona rhodensis β —/— –/– –/+ 6B (MR08; 12)

Caulostrepsis – Burrowing worms – –/+ +/+ +/+ 7A (MR08; 12)

Trypanites – Burrowing worms – +/+ +/+ +/+ 7B (MR08; 12)

Maeandropolydora cf
decipiens

– Burrowing worms – –/– +/+ –/– 7D (P213; 12)

Maeandropolydora – Burrowing worms – –/+ +/+ +/+ 7C (P213; 12)

Gastrochaenolites – Rocellaria dubia – +/+ +/+ +/+ 7E (P213; 12)
7F (P204; 12)

For each site (P204, P213, MR08), the finding at 3/12 years is indicated by symbol +. The number of the figure showing an example is reported along with the
corresponding site and year. Ontogenetic sponge trace phases: A, slender exploratory canals; B, camerate forms begin to swell locally to form chambers; C, large area
of boring where radiating form of the system is still visible; D, new branches continue to be inserted in the space between the main branches, and the radiating pattern
is obscured (Bromley and D’Alessandro, 1984). Ontogenetic phase of living sponges: α, excavating growth forms; β, encrusting growth forms (Hooper and Van Soest,
2002).

a substantially null net result in terms of limestone budget.
Although the external volume of the concretion may increase,
its interior gradually empties, and the lower structural resistance
could lead to subsequent collapses and compactions.

These observations lead to hypothesize in the investigated
northern Adriatic coralligenous reefs a steady state, resulting
from the net balance between bioconstruction and bioerosion,
regardless by their differences in benthic assemblages. However,
this result must be taken with caution due to the high variability
observed among the individual experimental units, which are
small in volume, and the relative shortness of the study period,
which, although long for a field experiment, is not comparable
with life span of these reefs, estimated in 5–7,000 years (Gordini
et al., 2012; Tosi et al., 2017). Furthermore, due to the spatial and
temporal scale adopted in the experiment, the results achieved

cannot consider the effect of disturbances such as the worsening
of environmental conditions or mechanical damage to the reefs
caused by trawling that, with some gear, can displace and crumble
square meters of reef in seconds.

The benthic assemblages of the northern Adriatic
coralligenous reefs are characterized by high spatial heterogeneity
and relatively low temporal variability (Ponti et al., 2011).
Multiple interacting abiotic and biotic factors are affecting the
structure of these communities over space and time. The spatial
distribution of the three main types of benthic assemblages found
has been related to geographic and environmental variables, like
distance from the coast, depth, water turbidity, and sediment
load (Ponti et al., 2011; Curiel et al., 2012; Falace et al., 2015).
However, settlement and recruitment processes, related to the
reproduction strategies, dispersive capacity, and distance of
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FIGURE 5 | Computed tomography graphic reconstruction of Cliona viridis bioerosion traces in travertine tiles. (A) Entobia cateniformis at P213 after 3 years of
exposure. (B) Entobia cateniformis at P204 after 3 years of exposure. (C) Entobia cf ovula at MR08 after 3 years of exposure. (D) Entobia cf laquei at P204 after 12
years of exposure. Scale bars are 1 cm long.

FIGURE 6 | Computed tomography graphic reconstruction of boring sponges’ traces in travertine tiles left by C. rhodensis, in orange, and C. viridis, in green. (A)
Entobia cf paradoxa at MR08 after 3 years of exposure. (B) Entobia cf magna and Entobia cf laquei at MR08 after 12 years. The steel washer used to anchor the tile
to the seabed, and subsequently incorporated into the bioconstruction, is also visible. Scale bars are 1 cm long.

the donor populations, play a fundamental role in structuring
these communities (Fava et al., 2016). Moreover, these reefs
are impacted by various anthropogenic disturbances like
dystrophic crises mostly related to eutrophication (Kollmann
and Stachowitsch, 2001; Zuschin and Stachowitsch, 2009;
Tomasovych et al., 2017), and intense trawling activities and
littering (Pranovi et al., 2000; Melli et al., 2017). Ultimately, the
long-time persistence and development of these biogenic reefs
rely on the dynamics between bioconstruction and bioerosion
processes. When the activities of boring organisms exceed
the actions of builders, these reefs risk a shift from builder-
dominant to a boring-dominant, leading to an unbalance
of net accretion, as already occurred in many tropical coral

reefs (e.g., Rose and Risk, 1985; Ward-Paige et al., 2005;
Marulanda-Gómez et al., 2017).

The present study provides the first baseline knowledge
on the bioerosion and bioconstruction dynamics over space
and time in the northern Adriatic Sea coralligenous reefs.
This was achieved by coupling a field experiment with
high-resolution computed tomography, which allows to
investigate the interior of the substrates in a non-destructive
way offering new opportunities and novel perspectives on
ecological researches (Gutierrez et al., 2018). The method
applied is very promising, however there is room for
improvement. Manual segmentation of CT 3D models can
be time-consuming and challenging, and semi/automated
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FIGURE 7 | Computed tomography graphic reconstruction of burrowing worms and endolithic bivalves’ traces in travertine tiles. (A) Caulostrepsis traces, in blue,
surrounded by Entobia cf laquei traces, in green, at MR08 after 12 years. (B) Burrowing worms traces’ (Trypanites traces indicated by arrows), in blue, at MR08 after
12 years. (C,D) Maeandropolydora traces (Maeandropolydora cf decipiens Voigt, 1965; a, b and c, in blue) at P213 after 12 years. (E) Gastrochaenolites traces at
P213 after 12 years, in red. (F) Detail of Gastrochaenolites traces at P204 after 12 years. Scale bars are 1 cm long.

methods, like those realized by Titschack et al. (2015) and
Färber et al. (2016), should be further implemented to separate
and distinguish interconnected empty spaces putatively due
to different species based on the corresponding traces. The
procedure could be achieved using supervised machine learning
algorithms and methods for shape recognition and segmentation
(Rossi et al., 2021).

The experimental material adopted (i.e., travertine) can
influence the bioconstruction and bioerosion rates (Calcinai
et al., 2008). Travertine is a porous limestone characterized
by natural fractures, which made the experiment more
realistic. However, as suggested by Silbiger et al. (2016),
an initial scan of the experimental tiles would have been
preferable to quantify the volume of the natural fractures
and their role as a possible preferential corridor for
borer organisms.

The ichnotaxonomy approach, originally developed as a
hierarchical classification system for fossil traces, poses some
limits when applied to investigate current bioerosion processes.
Ichnogenera and ichnospecies identification are often tricky

because the pattern of erosion morphology may have been
affected by the microtexture of the calcareous substrates (e.g.,
Calcinai, 2004; Calcinai et al., 2008), and the traces made
by different organisms were often merged into a network of
connected cavities, a likely consequence of several generations of
traces of endoliths (Färber et al., 2016).

However, combining CT and morphological taxonomy on
sampled organisms made it possible to attribute different
bioerosion traces (ichnotaxa) to the boring species. Six
out of the nine identified ichnotaxa were attributed to 3
living species. It was acknowledged that Cliona viridis and
C. rhodensis could produce different traces, depending on their
ontogenetic phase.

CONCLUSION

Manipulative field experiments using artificial substrates (e.g.,
travertine) that resemble natural ones, combined with CT
technology, allow exploring the mechanisms underlying the
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formation and maintenance of biogenic reefs. However, much
of these processes remain to be investigated, especially in
coralligenous and other temperate reefs typologies. With an
increasing number of coralligenous reefs being subjected to
anthropogenic disturbances in the Mediterranean Sea (Micheli
et al., 2013; Bevilacqua et al., 2018), the balance between
bioconstruction and bioerosion may be changed in favor of
erosion with severe consequences for their conservation.

The implementation of experimental and innovative
approaches could help the design of appropriate conservation
strategies of coralligenous habitats in the Mediterranean Sea
that are characterized by long-lived species, high spatial
variability, and limited temporal changes (Teixidó et al., 2011)
and are among the most vulnerable habitats (Ponti et al.,
2021) to the current increases of anthropogenic disturbances
and climate change.
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