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Polychaetes of the genus Sabellaria (Annelida, Sabellariidae) are gregarious
bioconstructors that build reefs by assembling rigid tubes with sand grains in shallow
waters. Sabellarid bioconstructions provide important ecosystem services such as
sediment stabilization, water filtration and the mitigation of coastal erosion as well
as nursery areas, shelter and feeding grounds for several marine species. Moreover,
sabellarid reefs are exposed to both natural and anthropogenic disturbance and
are therefore listed by international directives among the marine habitats deserving
protection. We conducted a pilot study to assess the feasibility of habitat restoration with
the sabellarid reef through a novel transplantation method. Fragments of S. spinulosa
reef were collected at 1 m depth, fixed using epoxy putty into terracotta vases and then
attached on the landward side of the two breakwaters in a coastal marine area enclosed
in a Site of National Interest (SNI) of the central-western Adriatic (Mediterranean Sea).
Overall, 14 of the 24 transplanted fragments (54.2%) survived during the study period
(17 months). The total area of the transplanted reef fragments reduced during the early
phase, appearing stable toward the end of the experiment. The transplantation method
resulted effective given the survival rate observed, however, we did not observe the
expected increase in the reef surface. Small-scale variation in environmental conditions
such as organic load, sediment granulometry and hydrodynamics might have affected
the growth capacity of the transplanted reef fragments. Further studies considering the
microscale environmental requirements of this species are needed to better understand
the feasibility of sabellarid reef restoration and its large-scale implementation.

Keywords: Sabellaria, habitat restoration, bioconstruction, environmental restoration, ross worm, honeycomb
worm, Mediterranean sea

INTRODUCTION

Marine biogenic reefs are bioconstructions typically built up by calcifying benthic organisms with
calcareous structures (e.g., calcareous algae, oysters, corals, gastropods, and serpulid polychaetes),
and resulting in complex tridimensional formations. Bioconstructions, however, also originate
from organisms with sand-binding and cementing capacities, such as the sabellarid polychaetes,
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that can actively build up reefs (Ingrosso et al., 2018). In fact,
polychaetes of the genus Sabellaria (Annelida, Sabellariidae)
are gregarious bioconstructors widely distributed worldwide
(Kirtley, 1994). They build reefs in shallow waters of various
morphologies (mushrooms, pillows, barriers, and platforms)
by assembling rigid tubes using sand grains (Dubois et al.,
2002; Pearce, 2014). After the pelagic phase, larvae settle and
metamorphosize on hard substrates (e.g., shells or rocks).
Provided the availability of sand in the surroundings, the worm
collects sediment particles with its tentacles. The building organ,
a horseshoe-shaped structure that sorts sediment grains by size,
uses these grains to create a rigid tube. The sand grains are in
fact cemented by proteinaceous adhesives and placed on the outer
edge of the tube (Vovelle, 1965).

Sabellarid bioconstructions provide important ecosystem
services such as sediment stabilization, water filtration and the
mitigation of coastal erosion (Naylor and Viles, 2000; Hendrick
and Foster-Smith, 2006; Dubois et al., 2009; Desroy et al., 2011;
Jones et al., 2020). Moreover, these complex three-dimensional
structures provide nursery and feeding grounds for several
invertebrate and fish species as well as a variety of microhabitats
for benthic invertebrates, thus supporting coastal biodiversity
(Dubois et al., 2002; Pearce et al., 2007; Plicanti et al., 2016;
Schimmenti et al., 2016; Bertocci et al., 2017a; Gravina et al., 2018;
Bonifazi et al., 2019) and ecosystem functioning (Jones et al.,
2020; Muller et al., 2021).

Sabellarid reefs can persist for many years although they are
highly dynamic structures with cyclical phases of construction
and destruction (Gruet, 1986; Porras et al., 1996; Lisco et al., 2017;
Gravina et al., 2018). Reef ’s growth occurs both for the increase
in the worm size and for the recruitment of planktonic larvae that
settle preferentially on tubes of conspecific adults (Dubois et al.,
2002; Ingrosso et al., 2018).

Reefs are exposed to both natural and anthropogenic
disturbance. Storms and extreme fluctuation of environmental
variables (i.e., salinity, temperature, hydrodynamics) may affect
these biogenic structures (Tillin and Jackson, 2018). However, the
main threats for sabellarid reef conservation are human activities,
especially those that cause mechanical disturbance. Reefs can
be significantly damaged by trampling, the use of fishing gears
(beam-trawlers), the collection of sabellarid worms used as
fishing bait, and harvesting of commercial species associated
to the reef (e.g., mussels and oysters) (Dubois et al., 2002;
Plicanti et al., 2016; Van der Reijden et al., 2019). Moreover,
the combined effects of natural and anthropogenic stressors,
may determine detrimental effects on the dynamics of these
biogenic structures (Bertocci et al., 2017b). After disturbance, the
natural recovery of damaged reefs may occur (Vorberg, 2000;
Pearce et al., 2007; Plicanti et al., 2016), albeit extreme climate
events may determine long term effects on the reef persistence
(Firth et al., 2015).

Because of their vulnerability, Sabellaria reefs are designated
as “Special Area of Conservation” in the Annex I of the
EC Habitats Directive (Council Directive EEC/92/43 on the
Conservation of Natural Habitats and of Wild Fauna and Flora).
Despite their fundamental ecological role, however, sabellarid
reefs are listed as “Data Deficient” in the European Red List of

Habitats by the IUCN (Gubbay et al., 2016). In the Mediterranean
Sea the genus Sabellaria is represented by the honeycomb worm
S. alveolata (Linnaeus, 1767) and the ross worm S. spinulosa
(Leuckart,1849). Along the Italian Peninsula biogenic reefs
formed by S. alveolata are reported along the western coast
including Liguria (Delbono et al., 2003), Latium (La Porta
and Nicoletti, 2009), Tuscany (Casoli et al., 2019), Campania
(Sanfilippo et al., 2020) and around Sicily (Bertocci et al., 2017a;
Sanfilippo et al., 2020), while S. spinulosa reefs are exclusively
reported in the Adriatic Sea along the coast of Apulia (Lezzi et al.,
2015; Lisco et al., 2017; Gravina et al., 2018), Abruzzo, Marche
and Emilia Romagna (Ingrosso et al., 2018).

Albeit the natural recovery of damaged marine ecosystems
following management and protection actions is desirable, it may
not occur, or it may be a long-lasting process (Montefalcone
et al., 2009; Possingham et al., 2015; Colletti et al., 2020).
Direct interventions like restoration actions are thus necessary
when the resilience of natural systems is seriously compromised
(Lotze et al., 2006). Ecological restoration is the process of
assisting the recovery of an ecosystem that has been degraded,
damaged, or destroyed by human activities, bringing it back as
close as possible to its undisturbed state (Society for Ecological
Restoration International Science, and Policy Working Group,
2004). Recently, ecological restoration of marine habitats and
ecosystems is receiving greater attention as a tool for preserving
marine biodiversity and rehabilitating ecosystem functioning
(Merces-project.eu, 2021).1 It, indeed, is a global project launched
by the United Nations for the decade 2021–2030 (Decade on
Ecosystem Restoration, 2021)2 and is an integral part of the
European Green Deal and the Mission Starfish 2030.3 So far,
some efforts have been made to restore degraded and threatened
marine habitats (e.g., Boström-Einarsson et al., 2020; Cebrian
et al., 2021; Montseny et al., 2021). In the Mediterranean
Sea, several studies focused on the restoration of coralligenous
formations (Fava et al., 2010; Forcioli et al., 2011; Montero-Serra
et al., 2017; Topçu et al., 2018; Montseny et al., 2019; Pagès Escolà
et al., 2020; Casoli et al., 2021), seagrass meadows (Pirrotta et al.,
2015; Alagna et al., 2019; Da Ros et al., 2021; Mancini et al., 2021;
Piazzi et al., 2021; Ventura et al., 2021), macroalgal forests (De La
Fuente et al., 2019; Tamburello et al., 2019), and other vulnerable
habitat-forming species (Baldacconi et al., 2010; Musco et al.,
2017). Despite their ecological role and fragility, sabellarid reef
habitats have been neglected in restoration studies so far. In
addition, due to its brittleness, the biogenic structure produced
by sabellarid worms appears hardly transplantable by direct
translocation and fixation as for other bioconstructions such as
corals (e.g., Musco et al., 2017). Therefore, an ad hoc method to
avoid loss or disruption of the transplanting is required.

By this pilot study, we aim to test the feasibility of
restoration of sabellarid reefs in a Site of National Interest
(SNI) of the central-western Adriatic (Mediterranean Sea),
off-limits to any human activity since 2002 and where

1http://www.merces-project.eu/
2https://www.decadeonrestoration.org/
3https://ec.europa.eu/info/publications/mission-starfish-2030-restore-our-
ocean-and-waters_en
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priority actions of environmental remediation are required by
governmental laws due the high level of degradation of the
area (Corinaldesi et al., 2022).We aim to test if transplantation
is a feasible restoration method for sabellarid bioconstructions.
Provided the effectiveness of the transplantation technique herein
developed, we hypothesized that transplanted fragments could
represent cores for the formation of new reefs.

MATERIALS AND METHODS

Study Area
The study area is located at Falconara Marittima (43◦ 39′ 02.5′′
N, 13◦ 21′ 11.1′′ E) along the western coast of the central
Adriatic Sea in the Marche region (Italy, Mediterranean Sea).
From 1919 to 1990 the area suffered from anthropogenic impact
caused by several industrial activities that contaminated the soil
and the groundwater with pyrite, phosphorus, heavy metals,
fluorides, hydrocarbons and PAHs. At present, no evident effects
of pollution on the native marine benthic biota are reported (see
Corinaldesi et al., 2022 for further details). The area is mainly
sandy, and several breakwaters protect the coast. The area is fed
by fluvial sediments from the mouth of the Esino river and is
subject to heavy storms, especially in winter, with a prevalence of
turbulence from southeast. The breakwater barriers were built to
counteract coastal erosion due to the extraction of aggregates in
the river bed and for the construction of the embankment serving
the refinery plant on the right bank of the mouth (Mancinelli
et al., 2005). The transplant experiment was set up in September
2019 and monitored until February 2021 in two breakwaters
(hereafter site A and site B), approximately 1.25 km away from
each other. The two breakwaters are about 80 m long and are
made of carbonate boulders, lasting about 100 m away from the
coast (Figure 1). The benthic assemblage associated with hard
substrates in the area, including the considered breakwaters, are
mainly represented by mussel and oyster beds mixed with algae
and small sparse sabellarid formations.

Field Activities and Transplantation
Method
In September 2019, fragments of S. spinulosa reef were collected
at 1 m depth from sabellarid formations growing associated
with coastal-defense carbonate boulders located alongshore in the
study area. The fragments were transported in aerated seawater
tanks in the facilities of the Polytechnic University of Marche.
Once in the laboratory, fragments were fixed using bicomponent
epoxy putty (Subcoat S, Veneziani Yachting Italy) into terracotta
vases (diameter 7 cm, height 6 cm). A total of 24 translocation
units (i.e., vase plus sabellarid fragment) were set up. After
24 h, once the fragments appeared well fixed into the vases, the
translocation units were transported in aerated tanks to the study
area and attached with epoxy putty on the landward side of the
two selected breakwaters, named site A and site B (Figure 2). Site
A and site B were respectively located outside and within the SNI
area. At both sites, 12 translocation units were fixed by SCUBA
divers, at 1–2 m depth, laying approximately 1 m from the sandy
bottom (Figure 1).

FIGURE 1 | Fixation of a sabellarid reef fragment inside a vase (A).
Translocation unit (B). Method used to calculate the sabellarid fragment
surface by ImageJ using a reference greed (C).

A crucial issue for the success of this transplant experiment
is the effective anchoring of the translocation units able to
persist to local hydrodynamic conditions and avoid detachment.
The underwater fixation of transplants using epoxy putty is a
critical phase in transplantation experiments since transplants
may be lost due to non-effective hardening of the bicomponent
mixture and the relatively long time needed for its complete
hardening (Casoli et al., 2021). This is particularly critical in
shallow waters as in the present case study. We did not attach
the species directly to the substrate because of the brittleness of
the biogenic structure that prevented the bicomponent putty to
effectively adhere, especially under the considered experimental
constraints. Since our experiment required the use of epoxy
putty during two phases (i.e., the fixation within the vase and
the fixation of the transplant unit to the boulders) we followed
a protocol similar to the one used by Musco et al. (2017) for
the transplant of coral nubbins, in order to limit the risk of
fragment loss in the first of the two critical phases. Moreover,
to further reduce the risk of loss, each terracotta vase was fixed
in the crevice between two boulders. To calculate the sabellarid
fragment surface, the translocation units were photographed
frontally together with a piece of rigid plastic greed (mesh size
1 cm) deployed close to the units in order to obtain the metric
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FIGURE 2 | Translocation sites A and B along the coast of Falconara Marittima (Italy, Adriatic Sea).

reference for the subsequent analyses. Pictures were taken using
a Canon G7XII in Nauticam housing equipped with Inon S-
2000 strobe soon after the transplant units were fixed to the
substrate in September 2019 (T0) and, subsequently, in February
2020 (T1), July 2020 (T2), October 2020 (T3), and February
2021 (T4). Despite photogrammetric methods resulted effective
to evaluate the three-dimensional dynamics of sabellarid reefs
(Ventura et al., 2020), the experimental constraints of the present
study (i.e., the lack of space between boulders, and necessary for
circular shooting), led us to use the fragment surface as a proxy of
the transplant growth instead of its three-dimensional shape.

During each sampling occasion the number of vases left
counted to check for the effectiveness of the anchoring method.
The number of alive sabellarid fragments (i.e., hosting alive
sabellarid worms) was also registered at each sampling time. Per
each sampling time, the surface area of the transplanted reef
fragments was calculated using the Polygon Selection function of
the ImageJ software to draw a polygon around the area including
all the tubes hosting alive sabellarid worms and considering
the metric reference used during shooting for calculating the
fragment surface (Figure 1; Abramoff et al., 2004).

Data Analysis
To check for the overall efficacy of the anchoring method, the
persistence of the vases was calculated as the ratio between
the number of vases found at T1, T2, T3, and T4, and the
original number of vases deployed at T0 (Figure 3 and Table 1).
The survival of the reef fragments was calculated as the ratio
between the number of transplanted fragments found alive at
T1, T2, T3, and T4, and the original number of transplanted
fragments (Table 1). Differences in the surface area of fragments

FIGURE 3 | Mean area (± standard error) of S. spinulosa reef fragments
sampled at the two analyzed sites during five sampling times
(T0 = September, T1 = February, T2 = July, T3 = October, and T4 = February).

among sampling times and between the two sites were tested
using a 2-way ANOVA. The analyses were carried out using
the software PRIMER 7.0.20 with the add-on PERMANOVA +
(Anderson et al., 2008).

RESULTS

The persistence percentage of the vases was 83.33% both at site A
and B since 10 of the 12 deployed vases were found attached to
the substrate at both sites (Table 1).

Overall, 14 of the 24 S. spinulosa reef transplanted fragments
(54.2%) survived during the study period (17 months). At site A,
the percentage of alive fragments that lasted for the whole study
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TABLE 1 | Vases and fragments persistence during the four sampling times.

Time Site Vases found Fragments found Vases lost in
comparison to T0

Fragments lost in
comparison to T0

Vases’ persistence in
comparison to T0 %

Fragments’ persistence
in comparison to T0 %

T1 (February) A 12 12 0 0 100 100

B 10 8 2 4 83.33 66.67

T2 (July) A 12 11 0 1 100 91.67

B 10 8 2 4 83.33 66.67

T3 (October) A 12 11 0 1 100 91.67

B 10 6 2 6 83.33 50

T4 (February) A 10 9 2 3 83.33 75

B 10 5 2 7 83.33 41.67

period was 75%, while at site B it was 41.67%. Of the 10 lost
reef fragments, 6 were not found inside the vases and 4 were lost
with their vases.

The temporal variation in the area of the transplanted
fragments between the two sites was analyzed considering the
14 fragments that survived for the whole study period. Overall,
the general pattern reveals a progressive reduction of the area
of the transplanted reef fragments. In fact, at T0 the average
area was 26.65 ± 1.57 cm2, (mean ± SE). It decreased to
23.86± 1.53 cm2 at T1, 17.46± 2.24 cm2 at T2, 15.42± 2.39 cm2

at T3 and 15.59 ± 2.54 at T4. The pattern was similar at the
two sites, albeit the reduction of the fragment area appeared
larger at site A than at site B (Figure 3). At the end of the
experiment 5 of the 14 fragments (3 in site A, 1 in site B), although
evidently including alive worms, showed less than 20% of the
initial surface. The ANOVA revealed no significant difference in
the reef fragment area between the two considered sites, while
significant differences among times were detected (Table 2). The
pairwise comparison between sampling times at each sampled
site revealed no significant difference in the fragment area
between T0 and T1 at site A, whilst significant differences were
detected when these two sampling times were pairwise compared
with T2, T3, and T4. No significant differences in the fragment
area were detected at site B in the pairwise comparison of the 5
sampling times (Table 3).

DISCUSSION

To the best of our knowledge, this study represents the first
restoration attempt of the sabellarid reef habitat. This study had
the double aim to test a suitable method for the translocation

TABLE 2 | Results of 2-way ANOVA testing for difference in fragments mean area
(cm2) among location and time of the year.

Source df MS Pseudo-F p Unique permutations

Si 1 73.2 1.2 0.2875 9831

Ti 4 347.3 9.7 0.0315 7259

Si × Ti 4 35.7 0.6 0.6806 9956

Residual 60 62.1

Si = site; Ti = Time. Significant p-values are given in bold italics.

of worm reef portions as well as to verify if sabellarid reef
restoration represents a feasible option to restore degraded
habitats and subject to anthropogenic impacts. As far as the
proposed method is concerned, the use of terracotta vases
involves two critical steps: (1) the fixation of the fragment
into the vase and (2) the fixation of the translocation unit
(vase plus fragment) to the rocky substrate in the field. In
both cases the method appeared effective. As regards the
persistence of the translocation units, twenty vases (83.33%) were
found anchored to the breakwater boulders at the end of the
experiment, while as regards the persistence of the fragments
within the vases, only 2 fragments (9.1%) were lost at T1.
The subsequent loss of other fragments was probably due to
erosion rather than to the effectiveness of the fixing method,
since the total surface area of the remnant reef fragments
showed a gradual reduction, especially from T0 to T2. In fact,
during the period between T1 and T2 (from February to July
2020) the reduction of the surface area was higher possibly
due to seasonal dynamics of the sabellarid reef that usually
undergoes erosion during winter also because of adverse climatic
conditions (Lisco et al., 2021). The fact that the transplant units
persisted after winter suggests that the translocation method
herein used may be effective for restoration purposes. It should
also be noted that variation in the erosion rate appeared site

TABLE 3 | Pairwise comparison testing differences in fragments mean area (cm2)
between sampling times at the two analyzed sites.

Site A Site B

Times t p t p

0 vs.1 0.89347 0.3786 1.0296 0.337

0 vs. 2 2.8141 0.0132 1.6679 0.1396

0 vs. 3 4.1345 0.0005 1.9275 0.0937

0 vs. 4 3.7035 0.0024 1.6685 0.1321

1 vs. 2 1.9953 0.0585 1.1558 0.2771

1 vs. 3 3.2509 0.0042 1.4731 0.1802

1 vs. 4 2.8925 0.0105 1.2111 0.2561

2 vs. 3 1.0643 0.3093 0.3134 0.7603

2 vs. 4 0.86798 0.4021 0.20521 0.8491

3 vs. 4 0.14772 0.8816 0.08406 0.9309

Significant p-values are given in bold italics.
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dependent. After July (T2) translocation units at site B appeared
more stable than at site A, where the reduction of the surface
area of the reef fragments appeared higher. Since the two
sites apparently differed only for their position with respect to
the SNI area, while environmental conditions such as depth
and exposition were similar and there was no difference in
the way the units were fixed, the observed variation could
be due to small scale alongshore variation in environmental
conditions (e.g., sediment availability, hydrodynamics, and wave
action) which may have differently influenced the growth
and erosion rates of the fragments at the two sites. In fact,
factors such as hydrodynamics and sedimentation rate play a
dual role in the reef formation that is inhibited by intense
waves and currents that cause erosion, albeit water movement
is necessary to keep the sediment in suspension and make
it available for the reef growth (Jackson and Hiscock, 2008;
Davies et al., 2009).

No significant increase nor reduction of the reef surface
area was observed throughout the rest of the experiment,
although the growth phase of Sabellaria reef in the Mediterranean
Sea is reported to occur during spring-summer both due to
somatic growth and recruitment (Lisco et al., 2017, 2021;
Gravina et al., 2018). This may suggest that the erosion
process, initially attributable to the effect of winter climatic
conditions stopped after winter but it was not counteracted
by spring growth possibly due to the natural rearrangement
of the biogenic structures adapting to the local environmental

conditions at the transplant sites. Nonetheless, the reduction
of the average fragment area appeared to stop at the end
of the experiment (T3, T4) at both sites, suggesting that the
remnant transplanted fragments reached an equilibrium with
the surrounding system. Moreover, it should be considered
that the method herein used for the growth rate assessment,
specifically the measurement of the area by frontal photographic
sampling, may have underestimated the actual three-dimensional
growth, at least for part of the transplanted fragments (see
Figure 4), since it was not possible to apply photogrammetric
methods that resulted effective in the analysis of sabellarid
reefs (Ventura et al., 2020). Although the experiment allowed
us to record a good survival rate of the transplanted
fragments (54% including all fragments containing living
worms, 37.5% if fragments having less than 20% of the initial
surface are excluded from the count), it is a matter of fact
that we did not observe the expected increase in the reef
surface, and in some cases the reduction of the surface was
particularly relevant.

Several factors may have determined the observed lack of
growth. It is well known that sabellarid reefs may suffer from
the effect of stressors and their combination (Gibb et al.,
2014; Bertocci et al., 2017b). In this experiment, the sabellarid
reef fragment may have suffered from manipulation as well
as from translocation from the donor to the recipient sites
which might have had a combined effect on the growth
capacity of the fragments. We can exclude an eventual effect of

FIGURE 4 | Example of four translocation units monitored during the five experimental times (T0 = September, T1 = February, T2 = July, T3 = October, and
T4 = February).
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the recipient rocky substrate since it is similar to the carbonatic
rock of the donor site, whilst the epoxy putty might have
had a role, albeit it was rapidly colonized by encrusting
organisms and tubes of S. spinulosa were observed to grow on
it (see Figure 4). We exclude that the sabellarid reef growth was
affected by anthropogenic contamination of the SNI area as
this has been reported to be generally lower than that expected
to induce harmful biological effects (Corinaldesi et al., 2022).
On the contrary, the fixation of the transplant units in a
sheltered microenvironment, such as the crevice between two
close boulders, might have influenced the results. In fact,
we hypothesize that small scale variation in environmental
conditions may influence the growth capacity of the sabellarid
reefs although we did not measure abiotic variables such
as organic load, sediment granulometry, hydrodynamics. It
appears therefore crucial for future experiments of sabellarid reef
restoration to consider the microscale environmental features of
the recipient sites to provide the most suitable conditions for the
development of the restored reefs.

CONCLUSION

This study provides a translocation method potentially suitable
for the restoration of the sabellarid reef habitats. Sabellaria
spinulosa appeared tolerant to stress due to manipulation and
translocation phases, appearing therefore potentially eligible
for restoration actions. The species has shown a good
survival rate in respect to the transplant phases, although
we did not register the expected growth. Further studies
considering the microscale environmental requirements of this

species are necessary to better understand the feasibility of
reef restoration.
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