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Abstract

Coastal ecosystems represent an inestimable source of biodiversity, being among the most
productive areas on the planet. Despite the great ecological and economic value of those
environments, many threats endanger the species living in this ecosystem, like the rapid warming
and the sea acidification, among many other. Benthic calcifying organisms (e.g. mollusks, corals
and echinoderms) in particular, are among the most exposed to those hazards. These organisms
use calcium carbonate as a structural and protective material through the biomineralization
process, biologically controlled by the organism, but nevertheless, strongly influenced by the
environmental surroundings. Evaluating how a changing environment can influence the process
of biomineralization is critical to understand how those species of great ecological and economic
importance will face the ongoing climate change.

This thesis investigates the mechanism of biomineralization in different mollusks’ species
of the Adriatic Sea, providing detailed descriptions of shells skeletal, biometric and growth
parameters. Applying a multidisciplinary and multi-scale research approach, the influence of
external environmental factors on the process of shell formation has been investigated. To achieve
this purpose analysis were conducted both on current populations and on fossil remain, which
allows to investigate ecological responses to past climate transitions. Mollusks’ shells in fact are
one of the best tools to understand climate change in the past, present and future, since they record
the environmental conditions prevailed during their life, reflected on the geochemical properties,
microstructure and growth of the shell. This approach allowed to overcome the time scale limit
imposed by field and laboratory survey, and better understand species long term adaptive response
to changing environment, a crucial issue to define proper conservation and management strategies.

Furthermore, the investigation of fossil record of mollusks assemblages offered the
opportunity to evaluate the long-term biotic response to anthropogenic stressors in the north
Adriatic Sea.
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Chapter 1. General introduction



Biomineralization is a dynamic physiological process that lead to the formation of well-organized
mineralized structure by a living organism (Dauphin, 2016; Lowenstam & Weiner, 1989b). Under
strict biological control, organisms selectively extract specific elements from the surrounding
environment and incorporates them into functional structures (Ren et al., 2011). The obtained
biominerals are composite materials formed both from a mineral phase and an organic matrix with
a specific hierarchical structure. The high level of control over the composition, structure, size,
and morphology of biominerals results in complex materials with unique properties that strongly
contrast with those of geological minerals and often surpass those of synthetic analogues
(Lowenstam & Weiner, 1989). Biomineralization is a widespread phenomenon that involves 55
phyla from all five kingdoms in the biosphere, from bacteria and archea to eucaryotic organisms,
including protists, chlorophyll plants, algae, fungi and metazoans (Knoll, 2003). More than 60
distinct types of biominerals can be found in nature, with a wide range of functions like tissues
support, UV protection, shelter against predation, nutrition, reproduction, gravity, light or
magnetic field perceptions, storage of mineral ions (Weiner & Dove, 2003a). A distinction is often
made between biologically induced versus biologically controlled biomineralization. The former
generally refers to side-products of metabolism that are dependent on environmental conditions
and often not significantly different to the inorganic minerals themselves, whereas the latter are
products of specialized, genetically controlled metabolic processes and are generally distinct from
their inorganic counterparts (Dhami et al., 2013; Lowenstam, 1981; Lowenstam & Weiner, 1989b;
Marin et al., 2012a; Perry et al., 2007; Schneidermann & Harris, 1985; Weiner & Dove, 2003b).
The most abundant biogenic minerals found in nature are calcium carbonate structures, produced
by marine and freshwaters organisms like mollusks, corals, sea urchins, sponges, and crustaceans
for structural, protective and mechanical functions (Lowenstam & Weiner, 1989b). CaCOs3
stuctures also forms gravity sensors in marine and land animals and is part of the photosensory
organ in brittlestars (Aizenberg et al., 2001; Lowenstam & Weiner, 1989b).

Calcium carbonate is present in nature in six different structural forms, three anhydrous crystalline
polymorphs referred to as calcite, aragonite, vaterite, and three hydrated forms: amorphous
calcium carbonate (ACC), calcium carbonate monohydrate, and calcium carbonate hexahydrate.
Calcite and aragonite are the most common form of CaCOs crystals in nature because are more
stable than the other polymorphs (Jamieson, 2004). Vaterite is rare in nature because of is low
stability in solution where spontaneously becomes calcite or aragonite (Ren et al., 2011). The other
three crystalline forms are monohydrate CaCQOgs, produced by a limited number of organisms,
hexahydrate CaCOs, which is not present in the biological world and ACC. This latter is

particularly important, since it is often used by organisms either as an integral constituent of a
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biomineral or as a precursor phase to calcite or aragonite, as observed in some mollusk larva
(Addadi et al., 2003; Beniash et al., 1999; Weiner et al., 2009; Weiss et al., 2002). Organisms have
the ability to genetically control which polymorph to precipitate (Weiner & Dove, 2003a).
Because of their persistence in the fossil record, biominerals provide a major archive of the
evolutionary history of life and environments on Earth, thus representing a precious reservoir of
information about the past (Addadi & Weiner, 2014; Epstein & Lowenstam, 1953).

The mineralization of mollusk’s shell

Mollusks are considered model organisms to study biomineralization since they produce many
different shell types, are easily accessible, and have a rich and well documented fossil record. They
also produce the highest diversity of biominerals of any animal group, both in terms of the mineral
type deposited and the function of the materials themselves (Lowenstam & Weiner, 1989b).
Among the wide range of calcium carbonate morphologies produced by mollusks (e.g. pearls,
epithelial spicules, scales and plates, and others) the shell, that supports those soft-bodied
organisms and protects them from predation and desiccation, is the principal and most known.
The mollusk shell is typically an organo-mineral composite, where the mineral phase represents
the dominant fraction, associated to a minor organic part called shell organic matrix, accounting
for 0.1-5% of the shell weight and composed of proteins, polysaccharides, and lipids (Furuhashi
et al., 2009). The adjunction of organic components to a mineralized structure enhances the
mechanical properties to the whole biomineral (Marin et al., 2012a). The mollusk shell represents
an ideal example of a biologically-controlled mineralization (Lowenstam & Weiner, 1989b; Mann,
1993), and fulfils the criteria defined for this type of biogenic product: its synthesis requires a
specialized macromolecular machinery; furthermore, the formed minerals are produced in a closed
system, not in direct contact with the environment; in addition, the mineral synthesis is an active
process; the formed minerals exhibit shapes, different from that of their chemically-produced
counterpart; finally, all the steps of the mineral synthesis are mediated by the shell matrix (Marin
et al., 2012b). In spite of being a minor component, the shell matrix plays a critical role in crystal
nucleation events and crystal growth (Kong et al., 2009; Marin et al., 2012a; Suzuki et al., 2009;
Zhang et al., 2006). The exact mix of these proteins with calcium carbonate crystals significantly
influences the particular shell microstructure (Clark, 2020).

A common trait between the huge amount of different architecture and pattern found in mollusk
shell is that they all are composed of multiple layers (generally two to five) of calcium carbonate

polymorphs, and an organic external layer, the periostracum. Those layers can have different
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microstructure, on the base of the arrangement of singles calcium carbonate nanometric units.
These arrangements are classified on the base of their morphology, and include prismatic,
spherulitic, crossed-lamellar, homogenous, and nacreous forms (Carter & Clark, 1985; Chateigner
et al., 2000, among others). The association of two or more mineralized layers with different
microstructures and different carbonate polymorphs within a shell, results in a biomaterial with
improved mechanical properties which combines toughness and flexibility.

Furthermore, the presence of interfaces between layers of different textures prevents the
propagation of fractures throughout the whole thickness of the shell. Hierarchy in
biomineralization largely explains how complex shapes and amazing optical or mechanical
properties can emerge from a coarse material— calcium carbonate—which is abundant at the
surface of the Earth, but which never exhibits such remarkable properties when precipitated

without any control of a biological system (Marin et al., 2012a).

Biomineralization and climate change

Rising temperatures and ocean acidification are predicted to severely impact coastal ecosystem
and their services in the next century. Calcifying macroinvertebrates such as mollusks, corals and
echinoderms rely on calcium carbonate exoskeletons for structural support and mechanical
strength (Addadi & Weiner, 2014) and are considered among the most exposed to those hazard
(Cooley & Doney, 2009; Harley, 2011). Morphology, mineralogy and chemistry of biologically
formed CaCOs skeletons are largely dependent on both biology and environmental surroundings,
with structural proteins and enzymes that act as keys to controlling internal conditions and that
respond to external environmental parameters (Falini et al., 1996).

Changes in the calcium carbonate saturation state, with a subsequent decrease in the concentration
of available carbonate ions in seawater and higher dissolution rates of CaCOs3 (especially its more
soluble polymorph aragonite), as well as high magnesium calcite are expected results of ocean
acidification trends (Morse et al., 2006; Zeebe, 2012). These will result in a general decrease in
the production and accumulation of marine biogenic carbonates, less favourable conditions for
biogenic calcification and severe impacts on marine calcifiers and marine biogenic processes, with
different calcareous organisms being affected in different ways. Moreover, temperature rise is
expected to accompany current ocean acidification with severe impacts already documented for
several marine areas (Barnes & Peck, 2008; Schofield et al., 2010). Beside ocean acidification and
warming, other environmental factors, such as solar radiation, salinity, oxygen and food
availability, all can influence energy expenditure in marine organisms, especially in temperate
seas, where marine organisms show marked seasonal patterns in growth, reproduction and
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abundance (Fitzer et al., 2014; Gazeau et al., 2013; Kroeker et al., 2010; Mancuso et al., 20193;
Pfister et al., 2016; Thomsen & Melzner, 2010; Waldbusser et al., 2013).

Quantifying the effect of near future climate change on marine calcifying organisms requires long-
term multi-generational studies for assessing their adaptability to changing environmental
conditions (S. Watson, 2012). While laboratory studies enable the isolation of a specific stressor,
field studies are necessary to widely understand the effects of stressors in a natural and more
complex system. Nevertheless, the time required to detect long-term population dynamics can be
prohibitive (Hofmann et al., 2010; Pfister et al., 2016). In this light, well-resolved, fossil-rich
sedimentary successions record ecological responses to past climatic shifts, far beyond the limited
timescales of direct ecological monitoring, typically restricted to the most recent decades (e.g.,
(Dillon et al., 2020; Kidwell, 2015; Tomasovych et al., 2020a). As major calcareous organisms
with an extensive fossil record, marine calcifying organisms can be considered valuable recorders
of past environmental change in marine habitats (Bemis et al., 1998; Chauvaud et al., 2005; Lutz
& Rhoads, 1980; Schone & Gillikin, 2013; Vihtakari et al., 2017). In particular, mollusk shells
archive historical data due to their seasonal deposition of carbonate material, retaining high-
resolution temporal records of the ambient physical and chemical conditions during growth (Klein
et al., 1996; Purroy et al., 2018; Schone et al., 2003).

Research objectives

The objective of this Thesis was to investigate the effect of environment on the biomineralization
process of mollusk species of ecological and economical relevance in the Adriatic Sea. Analysis
were conducted both on current populations and on fossil ones, which allow to investigate long-
term ecological dynamics with respect to past climate transitions.

The main project described in this thesis aimed to investigate the biomineralization dynamics of
different populations of the bivalve Chamelea gallina (Linnaeus, 1758) in the Northern Adriatic
Sea, along a temporal gradient of 8,000 years.

C. gallina is a valuable economic species in the Mediterranean Sea, expected to be severely
impacted by numerous anthropogenic stressors that threaten the biological and economic
sustainability of its fishery. It seems to be particularly sensitive to environmental changes, showing
shell morphology variations in response to environmental change (Gizzi, Caccia, Simoncini,
Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016a; Mancuso et al., 2019b;
Ramon & Richardson, 1992; Romanelli et al., 2009). Previous studies have mainly focused on

population dynamics, shell growth and composition of this species in the present-day



Mediterranean and along latitudinal gradients (Mancuso et al., 2019b and reference therein). In
contrast, there are no information about shell variations in relation to climate-driven environmental
change along temporal gradients. Here, the overall biomineralization process (including biometry,
skeletal parameters, microstructure characterization and calcification) of C. gallina shells were
investigated comparing fossil remains from the middle Holocene with modern specimens retrieved
in the same area (Po Adriatic system).

Four shoreface-related C. gallina horizons have being evaluated: two from the present-day
Adriatic setting and two from the Middle Holocene, when regional sea temperatures were higher
than today, thus representing a possible analogue for the near-future global warming.

The investigation of the fossil record has also been used for a second project aimed to

evaluate the status of north Adriatic coastal ecosystem in response to anthropogenic stresses.
Preserving adaptive capacities of coastal ecosystems in the Anthropocene requires an
understanding of their natural variability prior to modern times. Ecological studies provide a
relatively short record by which to measure ecosystem changes and disentangling present-day
natural factors from anthropogenic forcing is often a challenging, if not impossible, task.
Geohistorical data, including the youngest fossil record, are thus needed to understand the status
and variability of marine ecosystems prior to major phases of human impact. The Adriatic Sea is
being affected by multiple anthropogenic stressors and has already been highly impacted by human
activities. Habitat loss and degradation, pollution, eutrophication, overfishing, and invasive
species are major causes of changes in the Adriatic coastal ecosystems, with many of these
pressures operating for decades or centuries.
In this study, aimed at providing a deeper historical perspective, we compared mid-late Holocene
assemblages preserved in the subsurface stratigraphic record of the Po coastal plain (Northern
Italy) with surficial assemblages that accumulated along the Po Delta and Emilia Romagna
coastline during the Anthropocene. Specifically, we evaluated changes in the composition of
mollusk assemblages between the present-day fluvial influenced coastal shoreface and delta front
settings with sustained sedimentary inputs (hereafter referred to as “nearshore”) and their mid-late
Holocene counterparts representing a time interval when anthropogenic pressure were notably less
significant (between ~6 and 0.5 kyr cal BP i.e., prior to the early modern period). This study
contributes to the area of near-time Conservation Palaeobiology that provides the framework
against which to evaluate extant biotic dynamics.

A further line of research here presented focuses on shells growth and properties of Mytilus
galloprovincialis from the North-western coasts of the Adriatic Sea, a bivalve mollusk with high

ecological and economical relevance. The shell has a fundamental role in the protection of the



organism, and it has been demonstrated that the mechanical and structural properties can be
influenced by various environmental factors (Bergstrom & Lindegarth, 2016a; Kroeker et al.,
2017; Telesca et al., 2018a). Despite structural, physical and mechanical properties of mussel
shells change during the ontogenesis the effect of environmental and anthropogenic stresses on the
organism at different life stages is poorly investigated. The conducted analysis aimed to provide a
detailed description of how shell feature changes during the growth of the organism, evaluating
both the mechanical properties and the biometrical, compositional and structural features of shell

along different stages of life, i.e. juvenile and adult.
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Abstract

Understanding how marine taxa will respond to near-future climate changes is one of the
main challenges for management of coastal ecosystem services. Ecological studies that investigate
relationships between the environment and shell properties of commercially important marine
species are commonly restricted to latitudinal gradients or small-scale laboratory experiments.
This paper aimed to explore the variations in shell features and growth of the edible bivalve
Chamelea gallina from the Holocene sedimentary succession to present-day thanatocoenosis of
the Po-Adriatic system (Italy). Comparing the Holocene sub-fossil record to modern
thanatocoenoses allowed obtaining an insight of shell variations dynamics on a millennial temporal
scale. Five shoreface-related, C. gallina rich, assemblages were considered: two from the Middle
Holocene, when regional sea surface temperatures were higher than today, representing a possible
analogue for the near-future global warming, one from the Late Holocene and two from the
present-day thanatocoenoses. We investigated shell biometry and skeletal properties in relation to
the valve length of C. gallina. Juveniles were found to be more porous than adults in all horizons.
This suggested that C. gallina promoted an accelerated shell accretion with a higher porosity and
lower density at the expense of a mechanically fragile shells. A positive correlation between sea
surface temperatures and both micro-density and bulk density were found, with modern
populations being less dense, likely due to lower aragonite saturation state at lower temperature,
which could ultimately increase the energetic costs of shell formation. Since no variation was
observed in shell CaCOs polymorphism (100% aragonite) or in compositional parameters among
the analyzed horizons, the observed dynamics in skeletal parameters are likely not driven by a
diagenetic recrystallization of the shell mineral phase. This study contributes to understand the
response of C. gallina to climate-driven environmental shifts and offers insights for assessing

anthropogenic impacts on this economic relevant species.

Introduction

Evaluating how marine ecosystems could respond to near-future global warming is critical
to design proper conservation and management strategies, especially in coastal areas with
increasing urbanization and resource overexploitation.

In the marine realm, calcifying macroinvertebrates such as corals, brachiopods and mollusks
produce hard structures for support and protection that constitute high-resolution archives

recording the environmental conditions that have prevailed during their life (Pérez-Huerta et al.,
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2018; Ye et al., 2019). Through the control exerted by intraskeletal macromolecules, mollusks can
exert imprints on calcium carbonate biomineralization (Falini et al., 2015), influencing the
polymorphism, morphology and chemistry of the shell in response to environmental changes
(Gilbert, 2001; Lowenstam Heinz Adolf & Weiner Stephen, 1989; Rahman & Shinjo, 2011).
Those biogenic structures can be useful tools to reconstruct the historical effects of climate change
on marine organisms, thus allowing a better understanding of near-future dynamics.

Quantifying the effect of near future climate change on marine calcifying organisms requires long-
term multi-generational studies for assessing their adaptability to changing environmental
conditions (S.-A. Watson et al., 2012). Nevertheless, such studies are difficult to address in
laboratory conditions. Natural latitudinal gradients could represent an alternative to laboratory
experimental studies. In fact, this methodology allows to evaluate the effects of different
environmental conditions, like temperature variations, along large-scale spatial gradients (Jansen
et al., 2007; S.-A. Watson et al., 2012). A complementary approach is to investigate the recent
fossil record. This line of research gives access to an archive of ecological responses to past climate
transitions that could elucidate near-future scenarios of marine ecosystems under global warming
(Scarponi et al., 2017; TomaSovych et al., 2020b).

During the Holocene some time intervals were warmer than the present. Of these warmer periods,
the longest was from about 9,000 to about 5,000 years before present (BP) (i.e., Holocene climate
optimum HCO), with significantly higher temperatures than today at high latitudes (up to 4 ° C
(Davis et al., 2003)). Holocene sedimentary successions are characterized by well-preserved
remains of mollusk taxa with well-known ecological needs. Thus, it preserves a centennial record
of environmental and biological dynamics that lead to present-day ecosystems. In this context, the
recent sedimentary succession of the Po-Adriatic system (Italy) has been extensively investigated
in the last decades and offers a high-resolution stratigraphic framework (for details see S1
Appendix “Geological setting”’; (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, Rossi, et al.,
2019; Amorosi et al., 1999b, 2017; Bruno et al., 2017; Frank Kenneth McKinney, 2007;
Kowalewski et al., 2015; Nawrot et al., 2018; Scarponi et al., 2017; Scarponi & Kowalewski, 2007;
Stefani & Vincenzi, 2005)). Hence, biomineralization dynamics in relation to millennial scale
climate change can here be investigated in a well-resolved climate and stratigraphic framework.
Among economically relevant mollusks of the Adriatic Sea, the infaunal venerid bivalve
Chamelea gallina seems to be particularly sensitive to environmental changes, showing shell
morphology variations in response to environmental change (Gizzi, Caccia, Simoncini, Mancuso,
Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016b; Mancuso et al., 2019b; Ramon &

Richardson, 1992; Romanelli et al., 2009). Previous studies have mainly focused on population
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dynamics, shell growth and composition of this species in the present-day Mediterranean and along
latitudinal gradients ((Mancuso et al., 2019b) and reference therein). In contrast, there are no
information about shell variations in relation to climate-driven environmental change along
temporal gradients.

This study aimed to investigate the variations in skeletal features of C. gallina assemblages during
the last 8,000 years from shoreface deposits and active shoreface settings of the Po-Adriatic system
(Italy). This allowed to assess phenotypic variation occurred in time with different environmental
conditions and determine how the impact of anthropogenic warming could affect this economically
important bivalve species in the future. Biometry, composition and crystal structure of C. gallina
shell were investigated in five shoreface-related horizons: two from the Middle Holocene, one
from the Late Holocene and two from modern thanatocoenoses. Since diagenetic processes can
occur over time, analyses of the taphonomic degradation status of the sub-fossil shells were carried

out before comparing the results with modern thanatocoenosis.

Materials and methods

Specimens collection

Sub-fossil specimens (Holocene in age) of C. gallina were sampled from cores of the
sedimentary successions of Po Coastal Plain drilled as part of a multidisciplinary project (Fig 1)
(Amorosi et al., 2004; Scarponi & Kowalewski, 2004a). Two fossil horizons were collected from
core 205-S6 (Comacchio, 44°68°N, 12°15’E), at depths of 17.2 m (code “CO1”) and 13.2 m (code
“C02”). The third sub-fossil horizon (code “CE”) was collected from core 240-S8 (Cervia
44°16'N, 12°20'E) at a depth of 13.1 m. All investigated horizons came from shoreface
depositional environments characterized by sandy substrates and estimated water depth between
~5 and 10 m. Paleoenvironmental, paleobathymetric and paleogeographic reconstructions of the
depositional environments of the Po-Adriatic system during the Holocene are detailed in previous
studies (Bruno et al., 2017; Scarponi & Kowalewski, 2004a; Warren Huntley & Scarponi, 2015;
Wittmer et al., 2014).
Modern samples of C. gallina were collected in the Northern Adriatic Sea off the coast of Goro
(MGO; 44°75°N, 12°43°E) and Cervia (MCE; 44°30°N, 12°40’E). Samplings were performed by
means of Van Veen Grab and scuba diving on the sandy bottom at 5.2 m and 5.3 m water depth.
The sampling areas are about fifty kilometers away from each other and correspond roughly to the

extraction areas of cores used in this study. Sampling operations were restricted to the top-most

34



10 cm of the taphonomically active zone (TAZ) of the sea bottom. This sampling allowed to collect
a time-averaged record of shells estimated in tens of years, following the deposition rates reported
in Trincardi et al. (Trincardi et al., 2020). This allowed a better comparison with cored sub-fossil
horizons, in which the sampled shells came from a time span of few tens of years. No living
organism was collected for this study.

Only valves of 5-30 mm length (maximum distance on the anterior-posterior axis) were considered
for the analyses. The lower limit was defined by the technical difficulties in obtaining reliable
measurements in very small specimens. The upper limit was due to the difficulty to collect whole
shells over 30 mm in the sub-fossil horizons with 90 mm cores diameter and in finding valves over
30 mm in thanatocoenoses located in C. gallina harvesting areas.

Prior to any measurements, each valve was cleaned with a toothbrush and soaked in distilled water
for two hours to remove any external residue on the shells surfaces. In addition, valves from
modern Adriatic settings were immersed in a solution of distilled water and hydrogen peroxide (5
vol.%) for 24 h to eliminate any traces of organic material on the surface (e.g., epibionts). Then,
the valves were dried in an oven at 37 °C for one night to remove any moisture that may influence

following measurements. Samples were conserved at room temperature.

Radiocarbon dating measurements

A dating was performed exploiting the high-resolution stratigraphic framework developed
for the Holocene succession of the Po Coastal Plain, which allowed to subdivide this ca. 30 m
thick sedimentary package in millennial-scale sedimentary units (parasequences in (Amorosi et
al., 2017)). Successively, radiocarbon dating was performed on five randomly selected valves to
constrain the time span of the examined sample. Radiocarbon data were calibrated with Oxcal 4.2
(Ramsey & Lee, 2013), using the Intcal13 calibration curve (Reimer et al., 2013), Delta R (AR) =
139.0 £ 28.0 and obtained from CHRONO Marine Reservoir Database, Map No 235 (North
Adriatic, Rimini, Italy).

Environmental parameters

Sea surface temperature (SST) for the Adriatic Sea in proximity of targeted shoreface
settings were obtained from the global ocean OSTIA sea surface temperature and sea ice analysis
databank (Copernicus Marine Environment Monitoring Service, n.d.). Mean annual SST was
calculated from daily values measured from January 2010 to December 2019 (number of daily

values = 3651 for each site).
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As for sub-fossil C. gallina horizons, SST estimates were based on Alkenones unsaturation index,
a widely applied proxy for past SST. Alkenones are long-chain methyl ketones synthesized by
some single-celled algae found in marine sediments and whose carbon bond saturation index varies
according to annual mean values at the SST (Conte et al., 2006). Jalali et al. (Jalali et al., 2016)
produced a high-resolution SST record of the past 10,000 years based on alkenone
paleothermometry for the central-northern Mediterranean Sea (Gulf of Lion). This site is at the
same latitude of the North Adriatic Sea and shows a comparable physiographic setting. Estimated

paleo-SST for the Gulf of Lion can be considered a reliable proxy for the study area too.

Shell parameters

Shell length (maximum distance on the anterior-posterior axis) and height (maximum
distance on the dorsal-ventral axis) were measured using ImageJ software after data capture of
each shell shape with a scanner (Acer Acerscan Prisa 620 ST 600 dpi). The shell width (maximum
distance on the lateral axis of the valve) was measured with a caliper (+ 0.05 mm).
Skeletal parameters were measured by buoyant weight (BW) analysis, using a density
determination kit Ohaus Explorer Pro balance (x 0.1 mg; Ohaus Corp., Pine Brook, NJ, USA, see
Gizzi et al. (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni,
Falini, et al., 2016b)for details).
The BW measurement was repeated three times and the average was considered for statistical
analysis. The BW technique allowed to estimate the variable of interest:
(i) micro-density or matrix density (mass per unit volume of the material which composes the
shell, excluding the volume of pores; g-cm3);

(ii) porosity: the volume of pores connected to the external surface (%);
(ii1) bulk density: the density of the valve (including the volume of pores).

Correlations analyses between SST and skeletal parameters were performed to investigate any
significant pattern developed over geological time as a function of temperature.

Differences in skeletal properties of C. gallina shells were also investigated in relation to animal
sexual maturity (reached in modern specimens after 1 year of life (Romanelli et al., 2009) and
length >18mm) in order to consider eventual differences in the biomineralization process during

different stages of the bivalve’s life cycle.
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Shell phase composition and microstructure

Nano-scale and micro-scale analyses of skeletal features were used to determine the
mineral phase and an eventual recrystallization or alteration of the samples.
Prior to the analyses, samples were soaked in an ethanol solution (10 vol.%) and immersed in a
bath sonicator (Falc Instruments S.r.l., UTA 18) for one minute. Subsequently, the valves were
treated with a sodium hypochlorite solution (5 wt.%) for one hour, rinsed with distilled water and
dried in a desiccator. About one-half of each shell was finely grounded in a mortar to obtain a
homogenous powder.
X-ray powder diffraction (XRD) analyses were performed on six specimens for each horizon, by
preparing a thin compact layer of the sample in a silica background signal free holder.
Diffractograms for each sample were collected using an X’celerator detector fitted on a
PANalytical X Pert Pro diffractometer, using a Cu-Ka radiation generated at 40 kV and 40 mA.
The data were collected within the 26 range from 20° to 60° with a step size (A26) of 0.016° and
a counting time of 60 s. Fixed anti-scatter and divergence slits of 1/2° were used with 10 mm beam
mask. All measurements were carried out in a continuous mode. The XRD patterns were analyzed
using the X Pert HighScore Plus software (PANalytical).
High-resolution synchrotron X-ray powder diffraction (HR-XRPD) measurements were
performed on three valves of the oldest horizon (CO1) and three of today's thanatocoenosis (MCE).
The analysis was carried out on ID22 beamline at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, using a monochromatic radiation of 0.49599 A. Each sample was
transferred to a 0.9 mm glass capillary and measured three times at a fast rate (10 deg-min™) at
three different locations, while being rotated. This setup makes it possible to avoid beam damage
and texture influences. Measurements were performed at room temperature and after ex-situ
heating at 300 °C for 2 h in order to examine possible influence of the intracrystalline organics on
the shell’s unit cell. The unit cell parameters were extracted using Rietveld refinement method
applied to a full diffraction pattern profile. Coherence length (nm) along specific crystallographic
directions was derived by applying the line profile analysis to a specific diffraction peak. This was
performed by fitting the diffraction peak profile to a Voigt function and deconvolution of the
diffraction peak broadening into the Lorenzian and Gaussian widths.
Fourier-transform infrared spectroscopy (FTIR) analyses were performed on twelve valves for
each site using a Nicolet 1S10 Spectrometer (Thermo Electron Corporation) working in the 4,000
400 cm range of wave numbers at a resolution of 2 cm™. The samples were analyzed as KBr

pellets using a sample concentration of about 1 wt.%.
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Thermogravimetric analysis (TGA) was used to estimate the organic matrix (OM) and the
structurally associated intra-skeletal water content of each shell. The measurements were
performed using a SDT Q900 instrument (TA Instruments). Five different valves were analyzed
for each horizons measuring 10-15 mg of sample in a ceramic crucible. The analysis was carried
out under nitrogen flow with a pre-equilibration at 30 °C, followed by a heating ramp from 30 °C
to 850 °C using a 10 °C-min heating rate.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements to evaluate
the metal content of shells were performed on valves treated with sodium hypochlorite (5 wt.%)
for 24 h, then rinsed with distilled water and dried in a desiccator. About 1 g of shell was dissolved
in 3 mL of HCIl and HNOz in a 1: 3 volume ratio, adjusting the volume with milliQ water until 5
mL. Solvents and reagents with trace analysis grade of purity were used. Three samples were
measured for each level. Each sample was measured three times, 12 s each with 50 s of prerunning,

using a Spectro Arcos-Ametek, ICP-OES with axial torch and high salinity kit.

Statistical analyses

Levene’s test was used for testing homogeneity of variance while Kolmogorov-Smirnov’s
test was used for testing normality for environmental and shell parameters. Since assumptions for
parametric statistics were not fulfilled, the non-parametric Kruskal-Wallis equality-of-populations
rank test was used. Spearman’s rank correlation coefficient was used to evaluate trend between
shell parameters and sea surface temperature. In each horizon, rank-correlations were computed
on all valves and also on two subgroups consisting of immature specimens (valve length <18 mm)
and mature ones (>18 mm (Romanelli et al., 2009)). All statistical analyses were computed using
RStudio software (RStudio Team, 2020).

Results

Dating and environmental parameters

Radiocarbon measurements ascribed two of the sub-fossil horizons to the Middle Holocene
(CO2 and CE) and one to the Late Holocene (CO1) as reported in Table 1.
According to the data reported for the Gulf of Lion, estimated and measured SST appeared to cool
down gradually moving from the oldest fossil horizon (CO1, 18.6 °C) to nowadays setting (MCE,
17.3 and MGO, 17.2 °C) (Kruskal-Wallis test, df = 4, p < 0.001; Table 1). The reconstructed SST
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trend for the Holocene showed a difference of ~1.5 °C between middle Holocene and present day,
a difference that is comparable with the current SST variation along the latitudinal gradient in the
Adriatic Sea (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni,
Falini, et al., 2016a)).

Table 1. Calibrated radiocarbon age, sea surface temperature (SST) and shell biometric

parameters.
| “C  Age SST (°C) Length Height Width Mass (q)
(ky BP) (mm) (mm) (mm)
CcOo1 49 76+01 [186+04 |176+09 |142+0.7 47+0.2 |0.66+0.07
C0O2 59 59+£01 [182+03 |17.2+08 |14.8x£0.7 43+0.2 |0.74+£0.09
CE 52 26+02 [175£05 |157+£0.7 |13.6x0.6 39+0.2 |0.47+0.06
MCE 73 modern 17.3£0.1 |16.7+£08 |13.6+0.6 40+£0.2 |0.56+0.06
MGO 68 modern 172+0.1 |17.3+08 | 14.7+0.7 43+0.2 |0.67+0.08

Values for each horizon in chronological order. Radiocarbon measurements are reported in years
“before present’ (BP). For each parameter mean value and standard error are reported. n = number

of collected specimens.

Shell parameters

All the measured shell parameters (i.e., length, height, width and mass; Tables 1 and 2)
were homogeneous among horizons (Kruskal-Wallis test, p > 0.05, Table 1). In all investigated C.
gallina assemblages, length correlated positively with height, width, and mass (S1 Fig). Shell
length correlated with skeletal parameters (i.e., bulk-, micro-density and apparent porosity) except
for apparent porosity and length of levels CO2 and MCE (S1 Fig). Skeletal parameters resulted
significantly different among stratigraphic horizons both in the whole dataset and in the subgroups
(i.e., mature and immature shells) (Tables 2 and 3).
In both cases, micro- and bulk density were positively correlated with SST, while apparent porosity
correlated negatively with SST (Fig 2). The only exception was represented by the subgroup of
mature shells, which showed no significant correlation between apparent porosity and SST (Fig.
2C).
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Table 2. Mean value and standard error of shell skeletal parameters.

Horizon “CAge |SST Micro-density Apparent Porosity | Bulk Density
(ky BP) |(°C) (g/cm?) (%) (g/cm®)

Co1 76+01 18604 2.81+0.01 10.17 + 0.55 2.52 +0.02

CcOo2 59+01 ]18.2+0.3 2.79+0.01 8.58 +0.42 2.55+0.01

CE 26+02 |175x05 2.80+£0.01 10.28 £0.72 2.52 +0.02

MCE modern 17.3+0.1 2.78+0.01 9.87+0.34 2.51+0.01

MGO modern 17.2+£0.1 2.78x0.01 11.01 £ 0.59 2.47 £0.02

KW s o m s

Values for each horizon in chronological order. K-W = Kruskal-Wallis equality-of-populations

rank test; * p<0.05, *** p<0.001.
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Table 3. Mean value and standard error of shell skeletal parameters for immature and

mature shells.

14C Age SST Micro- )
) ) Apparent Bulk Density
Horizon density b o e
(ky BP) (OC) (g/cm3) OFOSIty ( 0) (g cm )
Co1 76+0.1 186+04 (2.78+0.01 |11.81+0.8 2.45+0.03
COo2 59+0.1 182+03 |[2.77+0.01 |8.89+0.7 2.52 +£0.02
_ CE 26+0.2 175+05 (2.79+£0.01 |12.04+1.0 2.46 £ 0.03
)
<
g ~ MCE modern 17.3+£0.1 |[2.77 £0.004 [10.67+0.5 247 +0.01
= £
IS =
g ® MGO modern 17.2+0.1 [2.76 £0.004 [13.54+0.9 2.39+0.03
E §
KW **k* *k*k *k*k *k*k
co1 76+0.1 18.6 £0.4 [2.84+0.004 |8.60+0.6 2.59 +0.02
CO2 59+0.1 18.2+0.3 (2.82+0.002 |8.24+0.4 2.59+0.01
CE 26+0.2 175+05 [2.82+0.002 |6.94+0.4 2.63+0.01
g - MCE modern 17.3+0.1 (2.80+0.003 |8.86+0.3 2.55+0.01
S
= =
% © MGO modern 17.2+0.1 [2.79+0.002 |8.27+0.3 2.56 £ 0.01
S
KW *kx **k*k *kx *k*

Values for each horizon in chronological order. K-W = Kruskal-Wallis equality-of-populations
rank test; *** p <0.001.

Shell phase composition and microstructure

The conventional XRD and FTIR analyses (Fig 3) of the shells from all levels showed only
aragonite signals, no other mineral phase was detected. However, the HR-XRPD data (S2 Fig)
allowed to precisely deduce the unit cell parameters, microstrain fluctuations and crystallite size.
The heat treatment removed possible effects of the OM on the unit cell of the shells. The obtained
data revealed that the intracrystalline OM induced an elongation of both the a- and c-axes and a
contraction of the b-axis (Fig 4A). Values of the calculated lattice distortions vary from 0.15% to

0.20%, with the highest strain observed in the case of the modern sample (MCE). The line profile
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analysis allowed to derive the crystallite sizes along the <111> and <021> aragonite directions for
the MCE sample, 0.221 and 0.183 pum, and CO1 samples, 0.275 and 0.231 um, respectively. After
the thermal treatment, the crystallite sizes were 0.158 and 0.139 um for the MCE, and 0.179 and
0.171 um for the CO1, respectively. (Fig 4 B-C).

The shell’s skeletal weight loss measured by TGA before aragonite decomposition, in the
temperature range between~150 and 450 °C, differed among horizons (p< 0.05), but no correlation
with SST was found (S1 Table). The weight percentage of the OM and the associated intra-skeletal
water was slightly lower in the case of the fossil horizons, where the values varied from 1.37 to
1.72 %, as compared to that of the both modern horizons with 1.79 and 1.83 %. (S1 Table).

The metal content analysis (ICP-OES) showed no differences between the fossil and modern
horizons in the content of magnesium and strontium, two elements that may vary in response to a

diagenetic alteration occurred over time (Bruckschen et al., 1995) (S1 Table).

Discussion

This study investigated the phenotypic variation of C. gallina in relation to SST trend in
the Po-Adriatic system during the last ~8,000 years. By comparing the Holocene sub-fossil record
to modern day thanatocoenoses, has been possible to get insight on skeletal dynamics on a
millennial temporal scale. This allowed overcoming the time limits imposed by laboratory studies
and assessing how rising SST and environmental-driven changes could affect this economically
relevant bivalve in the future. The high temporal and stratigraphic resolution of the investigated
succession offered an ideal venue to explore this scenario.

On a geologic time scale, the taphonomic status of a skeletal remain could be an indicator
of its relative age (Flessa et al., 1993). This concept goes under the name of taphonomic clock
(Kidwell & Behrensmeyer, 1993). Although intriguing, the taphonomic clock shows a variable
reliability, as it is not only function of time since-death, but mainly depends on the time spent by
the skeletal remain in the taphonomic active zone (TAZ) of the sediment layer, where it is exposed
to physical and biological degradation processes (Tomasovych et al., 2017). In Holocene sub-
fossils, most distinctive external features related to taphonomic alterations as a function of time
would be expressed as lack of color, chalky surface or loss of glossiness. Other than aesthetic
damages, deterioration of fossil remains also affects the preservation of the mineral phase that
constitutes the shell. Indeed, in fossil records of biogenic calcium carbonate biominerals a partial

or complete recrystallization might occur over time. This process might lead to recrystallization
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of aragonite into a more stable polymorph, such as calcite, or different minerals, such as calcium
phosphate (Lynton S. Land, 1967).

Overall, a sustained variation in the mineral composition could deeply alter the original
organization of the biomineral phase and in the end be responsible for spurious trends. In this
study, if external and internal taphonomic degradations had occurred, older shells would have a
chalky surface and would show a reduction in micro-density of shells, since calcite has a lower
density than aragonite (2.71 mg-mm3vs 2.94 mg-mm= (Marszalek, 1982a)). On the contrary, our
data report higher micro-density values in shells from the most ancient fossil horizons than in
modern ones. Moreover, the application of both HR-XRPD and FTIR detected no other mineral
phase than aragonite (Fig 3), the original mineralogy of C. gallina shell. Thus, we can assume no
recrystallization process occurred in the geological time period examined.

The analyses of the HR-XRPD data allowed also to quantify the strain with the crystals due to the
presence of the intra-crystalline OM. The obtained data on the lattice distortions and micro-
structural parameters (microstrain fluctuations and crystallite size) were in line with those reported
in the literature for the biogenic aragonite from other organisms (Pokroy et al., 2006a, 2007). The
lattice strain was lower in the fossil samples (CO1) compared to the modern ones (MCE) (Fig 4),
indicating a partial degradation of the organic matrix in the fossil samples. The values of the
crystallite size after the thermal treatment, which is known to lead to the removal of the OM
(Pokroy et al., 2006a, 2007), were lower than those of the non-treated samples and were quite
similar for the both MCE and CO1 samples. The latter further confirms the presence of OM and
supports its role in determining the lattice strain (Fig 4). Thus, we can safely state that in the sample
CO1 the OM were still present, excluding a relevant re-crystallization of aragonite crystallite that
should imply a loss of the strain, even if partially degraded. Moreover, we could speculate that
degradation processes occurred mainly in the inter-crystallite fraction of the organic matrix rather
than in the intra-crystallite one.

The fact that no recrystallization process occurred in the fossil shells was also confirmed by the
values of the measured metal content that were constant among all samples, excluding important
environmental fluid diffusion into the biomineral. This result was in agreement with previous
studies reporting that in marine shallow settings certain parameters, such as high sedimentation
rates, could rapidly sequester skeletal remains from the TAZ, increasing their preservation
(Scarponi et al., 2017). In conclusion, for the sake of our study, these evidences allowed to rule
out the possible influence of the taphonomic alteration of the mineral phase on the observed trends

of the skeletal parameters.
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C. gallina skeletal parameters differed between mature and immature clams (S1 Fig) in
their biomineralization patterns. Higher apparent porosity was observed both in fossil and modern
horizons for shells of small size, decreasing from more than 20 to less than 15% approaching the
length at sexual maturity (about 18 mm (Romanelli et al., 2009)). High porosity influenced bulk
density, which was conversely lower in small size shells. Micro-density followed the same pattern
as bulk-density. This trend agreed with previous study carried out in living populations of C.
gallina from the Adriatic Sea (Mancuso et al., 2019b). Hence, suggesting that Middle Holocene
specimens of C. gallina in different climate-environmental contexts (Figs 4 and S1) exerted a
similar physiologic control on biomineralization of calcium carbonate during their lifespan. In
agreement with Mancuso et al. [24], adult specimens of C. gallina seemed to change their
biomineralization behavior, showing small variations in apparent porosity and bulk density. This
suggested that C. gallina promoted an accelerated shell accretion, in order to quickly reach the
size required for sexual maturity, at the expense of possessing a less dense, more porous and
mechanically weaker shell. Bulk and micro-density increased with increasing SST, for both mature
and immature shells. Apparent porosity showed no correlation with SST in mature shells and a
significant negative correlation in immature shells (Fig 2). The significant correlation in shell
density with SST can be attributed to different mineralization rates driven by temperature and
related aragonite saturation state. Warmer water masses reduce the thermodynamic work required
to organisms to deposit calcium carbonate (Hall-Spencer & Harvey, 2019a; Siedlecki et al.,
2017a), making the calcification less expensive in terms of metabolic cost (Clarke, 1993a). This
enables an increase in calcification rates (Ries et al., 2009a). Comparable patterns have been
detected also in brachiopods, where some species living in cold water showed a reduced calcium
carbonate deposition and an increased organic matrix content compared to higher temperate
settings, characterized by larger crystals and reduced organic matrix (hence denser shells (Cusack
etal., 2012)).

Previous studies on C. gallina shells were conducted along a latitudinal gradient in the Adriatic
Sea, including the area considered in this study (Gizzi, Caccia, Simoncini, Mancuso, Reggi,
Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016b; Mancuso et al., 2019b). Mature shells of
C. gallina of commercial size over 25 mm long were thinner, more porous and less resistant to
fractures in warmer and more irradiated populations (Gizzi, Caccia, Simoncini, Mancuso, Reggi,
Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016b; Mancuso et al., 2019b). On the other
hand immature shells, less than 18 mm long, showed the opposite trend to mature ones, resulting
in more porous and less dense shells with lower SST (Mancuso et al., 2019b). According to these

results, local environmental parameters seemed to have a different influence on the
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biomineralization rate of mature shells compared to immature ones, likely due to different growth
and metabolic rates (Mancuso et al., 2019b; Steyermark, 2002a). This might suggest that while
immature clams have an energy surplus to better withstand environmental stress, mature clams are
more dependent on their reserves (Myrand et al., 2002b).

Studies on mollusks and other macroinvertebrates highlight that calcification increases with
aragonite saturation state (Clarke, 1993a; Ries et al., 2009a). Trends here depicted conforms to
those patterns of biomineralization in warmer settings. However, no aragonite saturation data were
available along the considered temporal gradient to investigate relationships between shell
calcification and seawater chemistry in the studied area.

Although all samples were collected in the same area, a strong geomorphological evolution
took place during the Holocene in response to the glacio-eustatic sea-level variations (Amorosi,
Barbieri, Bruno, Campo, Drexler, Hong, Rossi, et al., 2019). The highest values for micro-density
and bulk density of C. gallina shells were recorded during the Holocene climate optimum (HCO,
9-5 ky BP), when SSTs in the study area were higher than today. The North Western Adriatic
coastal area was characterized by estuary systems, bounded seaward by a series of sandbars that
isolated coastal lagoons and limited riverine plumes into the Adriatic (Fig 5) (Amorosi, Barbieri,
Bruno, Campo, Drexler, Hong, Rossi, et al., 2019). Mancuso et al. (Mancuso et al., 2019b) reported
that C. gallina populations could be negatively impacted by riverine influence (i.e., reduction of
net calcification and linear extension rates). The positive correlation between temperature and shell
density of C. gallina specimens found in the current study could be facilitated, other than higher
aragonite saturation state due to past warmer conditions, by a more stable shoreface depositional
setting due to reduced influence of riverine plumes. Indeed, in estuarine system mixing between
freshwater and marine water occurs in the back barrier settings and not in the shallow marine zone
where C. gallina thrives. By contrast, during the last part of the HCO, the weight of eustasy on the
coastal dynamics of the study area largely vanished (Vacchi et al., 2016), and the study area
transitioned (between 7.0 to 2.0 ky BP) to a wave-dominated and, after 2.0 ky BP, to a river-
dominated deltaic system (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, Rossi, et al., 2019).
The last geomorphologic configurations led to progressively increasing influence of riverine
processes on the control of coastal dynamics and the storage-release of sediments (Li et al., 2018).
The enhanced freshwater discharge in the nearshore area, especially during the last 2.0 ky BP,
resulted in a strong progradation and the upbuilding of the modern Po Delta (Amorosi, Barbieri,
Bruno, Campo, Drexler, Hong, Rossi, et al., 2019; Correggiari et al., 2005a) in a climatic context
characterized by an overall decreasing trend in SST. The upbuilding of the modern Po Delta likely

helped the installation of a low temperature and salinity wedge in the coastal area around it
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(Gibson, 2002) and southward, due to action of anti-clock wise long-shore currents. Indeed, during
flood events the modern Po river plume can influence the sea facing area in a radius of ~60 km
(Brando et al., 2015). Freshwater plumes can reduce the SST between 2 °C to 6 °C, with a sensible
effect down to 10 m of depth (Frascari et al., 2006). The drop in SST could have reduced the
aragonite saturation state in the seawater, increasing the metabolic cost for calcification of C.
gallina. Moreover, although C. gallina is euryhaline, the installation of suboptimal salinity level
due to the riverine inflows, could lead to a reduced feeding activity and slower net calcification
rates (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et
al., 2016b; Heilmayer et al., 2004; Mancuso et al., 2019b; Sokolova & Portner, 2001).
Additionally, the recorded decline of shell density could also be associated to the increasing water
turbidity and oligotrophic conditions as the Po Delta advanced into the Adriatic Sea. Before ~5.0
ky BP (end of the HCO), the estuary-lagoon acted as a material sink, accommodating most of the
sediments and nutrients debouched by the Po River (Amorosi, Barbieri, Bruno, Campo, Drexler,
Hong, Rossi, et al., 2019; Kjerfve & Magill, 1989). This settings likely reduced the water turbidity,
with positive repercussions on feeding activity (Ellis et al., 2002), providing C. gallina with spare
metabolic energy to sustain higher net calcification and linear extension rates (Marsden, 2004). By
contrast, during the onset of a wave dominated and then a fluvial dominated deltaic system the
sediment and nutrients runoff directly into the shallow Adriatic Sea progressively increased
(Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, Rossi, et al., 2019). The resuspension of fine
bottom sediments, could have increased the turbidity with serious consequences on the feeding
activities of bivalves by reducing the rate of water pumped, increasing the period of valve closure
(Loosanoff, 1962; Mancuso et al., 2019b) and damaging bivalves gills (Ellis et al., 2002), overall
cutting the energy available for the skeletal construction.

The discrepancy between this and previous works in the shell density for mature clams (positive
correlation with SST found in this study, VS negative correlation with SST found in Gizzi et al.
(Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et al.,
2016b) and Mancuso et al. (Mancuso et al., 2019b), S4 Fig) suggested that this parameter is not
only dependent on physical environmental factors (SST, salinity, aragonite saturation, sediments
and nutrient supply), but is affected by a complex interplay between physical, biological and
physiological factors, making clams response less predictable to changing environmental
parameters. Moreover, since 2.0 ky BP, the anthropogenic influence on the Po Delta evolution
constantly grew till to become dominant around the 17" century when river diversion and channels
stabilization led to the growth of the modern Delta. These human interventions dictated an increase

in sediments runoff, eutrophication events and anoxic events, overall participating in increasing
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the instability and stress of the nearshore environments, whose effects on C. gallina skeletal
construction cannot be excluded. On a millennial time scale, temperature can be considered as a
complex gradient that not only affects skeletal biomineralization directly by exerting a
physiological response but also indirectly, by influencing the geomorphologic configuration and

environmental parameters of C. gallina biotope.

Conclusion

Chamelea gallina shells appeared to be sensitive to changes in seawater temperature. At
the macroscale level, specimens from past fossil horizons, living in warmer water, presented a
denser, less porous shells than modern specimens. The significant correlation between temperature
and skeletal density remained consistent even when dividing the total dataset into two minor
subgroups and analysing sexually mature and immature individuals, separately.
At the microscale level, the shells were all composed of pure aragonite, presenting a perfectly
preserved mineral phase with no relevant diagenetic alteration and only a slight degradation of the
inter-crystalline organic phase. Hence, the observed difference in micro-density is not ascribable
to any of the parameters here measured. Other factors not investigated in this study, such as
occluded porosity and intra-crystalline water content, may be at the origin of the observed
differences.
This study along temporal gradient represented a complementary approach to previous studies
conducted along a latitudinal gradient in the Adriatic Sea and together improved our understanding
of the response of this economically relevant species to a changing environment in face to seawater

warming.
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Supporting information

Geological setting

The Po coastal plain, treasures records of past environmental shifts that reflect the complex
interplay between climate driven sea-level changes and coastal dynamics (Amorosi et al., 1999b;
Scarponi & Kowalewski, 2004a). Stratigraphic paleobiology investigations over the past years led
to a high-resolution framework of the study area in term of environmental and biological dynamics,
here briefly sketched. The latest Quaternary (<30 ky BP) succession of the Po coastal plain is a
few tens of meters thick (Fig 1). This succession displays a wedge-shaped package of coastal and
marine units recording the recent interplay between local sediment supply and accommodation
space.

The fluvial-channel and associated floodplain deposits of the lower part of the succession are
interpreted to record progradation and aggradation during the last glacial maximum and the onset
of sea-level rise (<14.5 ky BP). At that time the Po Delta was located near the Mid-Adriatic Deep
and the Northern Adriatic was entirely subaerially exposed (Azzarone et al., 2020). In the study
area, these glacial and early transgressive alluvial and marsh deposits are overlaid by a few meters
of shallow marine fossil rich sandstones forming elongated shoreline-parallel barriers and
delimiting inland a back-barrier brackish zone and bay-head deltas in correspondence of the
estuaries fluvial mouths (Bruno et al., 2019); Fig 1). These elongated shoreface-related bodies
recorded short-lived intervals of rapid sedimentation (Scarponi et al., 2017) linked to sea-level
stillstand phases in the overall post-glacial transgression of the Adriatic shelf. After the
transgression reached its peak and in response to a deceleration of the sea-level rise (~7.0 until 2.0
ka BP) an early phase of slow progradation of bay-head deltas (ca. 5 m/year), initially filled great
part of the back barrier area and then, by delta-lobe switching processes and sediment
redistribution, built mainland attached and continuous beaches (Fig 1). Hence, during the middle
Holocene the physiography of the study area transitioned from a barrier-lagoon-estuary system to
wave dominated coastal and deltaic systems (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong,
Rossi, et al., 2019). These environmental dynamics are recorded in the sedimentary succession by
aggradational to slightly progradational stacking of beach and barrier sandy units characterized by
shallowing upward trends (Amorosi et al., 2017; Scarponi & Angeletti, 2008; Scarponi &
Kowalewski, 2004a; Wittmer et al., 2014), passing inland to floodplain and wetland deposits.
During this phase, the distal part of Po-Adriatic deltaic system continued to experience a phase of
sediment starvation due to the trapping of coarse-grained sediments in the nearshore area and

around the river outlets (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, Rossi, et al., 2019;
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Scarponi etal., 2017). From 2.0 ka BP onward, the deltaic and coastal systems of Emilia-Romagna
experienced a period of increased rivers discharge that promoted a strong progradation phase and
the transition from wave-dominated to river-dominated deltaic systems shifting spatially due to
multiple episodes of river avulsion. The last 800 years record the up building of the present-day
morphological configuration. In 1152 AD the last natural Po river major avulsion occurred. The
Po delta shifted northward respect to its previous location and during the last 400 years built its

present-day morphological configuration (Maselli & Trincardi, 2013).
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Fig S1. Correlation of the skeletal and biometric parameters with shell length in the different
horizons; n = number of valves; r = Spearman coefficient of determination; * p<0.05; ** p<0.01;
*** n<0.001.
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CHAMELEA GALLINA IMMATURE SHELLS (<18mm)
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Fig S3. Comparison of the relationship between shell skeletal parameters and SST in
immature shells between this work and Mancuso et al. 2019; n = number of valves; p =

Spearman coefficient of determination; * p<0.05; ** p<0.01; *** p<0.001.
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Fig S4. Comparison of the relationship between shell skeletal parameters and SST in mature

shells between this work and Mancuso et al., 2019; n = number of valves; p = Spearman
coefficient of determination; * p<0.05; ** p<0.01; *** p<0.001.
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Fig S5. Comparison of the relationship between shell skeletal parameters and SST for the

entire C. gallina dataset (i.e., including both immature and mature specimens) between this

work and Mancuso et al., 2019; n = number of valves; p= Spearman coefficient of determination;
* p<0.05; ** p<0.01; *** p<0.001.
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14C Age SST Mg Sr

Level OM (%)

(kyBP)  (°C) ppm ppm
Co1 76+0.1 186+04 1.72+0.03 58+5 36+2
CO2 59+01 182+03 1.37x0.04 60 + 10 40+ 20
CE 26+0.2 175+05 1.60+0.06 50 + 20 60 + 20
MCE modern 17.3+£0.1 1.83%+0.02 40+ 10 309
MGO modern 17.2+0.1 1.79+0.05 50 + 20 40 + 20
K-W *

S1 Table. Mean value and standard error of weight percentage loss as determined by TGA,

and trace element analysis results. Values for each horizon in chronological order. K-W =

Kruskal-Wallis equality-of-populations rank test; * p<0.05
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Abstract

This study investigates the influence of environmental changes on long term age and growth
dynamics of the bivalve Chamelea gallina in the Po-Adriatic System (ltaly). C. gallina is a
valuable economic species in the Mediterranean Sea, expected to be impacted by numerous
anthropogenic stressors that threaten its biological and economic sustainability. Here we
investigated age and growth parameters (bulk density, linear extension, and net calcification rates)
of C. gallina shells by comparing sub-fossil remains from the middle Holocene (between ~8 and
~5 kyr cal. BP) with present-day Adriatic shoreface deposits. This allowed to analyse C. gallina
long-term response to changing environmental conditions, in particular the decreasing trend in sea
surface temperature from the Holocene to nowadays. Three independent aging techniques were
used (counting of shell surface growth rings, counting of internal bands in the shell section and
analysis of 180/160 ratio) to determine the Von Bertalanffy growth functions for each analysed
horizon. This, in turn, allowed us to estimate the linear extension rate and net calcification rate,
evaluated also in relation to animal sexual maturity to detect any possible variation of
biomineralization behaviour during organism development. A previous study on the same C.
gallina populations observed that temperatures variation induced macro-scale variations in shell
skeletal parameters, with shells from the warmer middle Holocene setting characterized by a
denser and less porous exoskeleton than modern ones.

Despite the reported differences in skeletal properties of C. gallina shells in the analysed temporal
gradient, we found no significant variation between the growth of middle-Holocene and present-
day horizons. Linear extension and net calcification rates remained constant in the last 8000 years
in C. gallina populations of the Po-Adriatic System. When analysing immature and mature shells
separately, we observed a similar decrease in extension rate and net calcification rate with
increasing animal age in all horizons, highlighting a very fast growth in the first stages of life in
order to likely quickly attain the size of sexual maturity.

The comparison between sub-fossil and modern specimens from comparable setting of the
Northern Adriatic Sea allowed to evaluate long term C. gallina biomineralization dynamics on a

millennial temporal scale, offering insights into its adaptive capacities to changing environment.
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Introduction

Anthropogenic stressors, particularly warming and ocean acidification (among many others), are
predicted to be the major driving forces in shaping coastal ecosystem and their services in the next
century. Some coastal areas have already experienced substantial changes in mean seawater
temperature and acidity levels, in some cases equal to or greater than conditions originally
predicted in future ocean scenarios (Hofmann et al., 2011; Kroeker et al., 2016a; Wahl et al., 2015;
Wootton et al., 2008; Wootton & Pfister, 2012). There is increasing concern about the effects of
those hazards on marine calcifying organisms like mollusks, corals and echinoderms, which rely
on calcium carbonate exoskeletons for structural support and mechanical strength (Addadi &
Weiner, 2014).

Among calcifiers, bivalves are considered highly sensitive to environmental changes (Cooley &
Doney, 2009) since many factors can influence their energy allocation patterns and the process of
shell formation (Bergstrom & Lindegarth, 2016a; Kroeker et al., 2016a; Telesca et al., 2018a),
affecting the structural integrity and the protection of these organisms against abiotic and biotic
factors. Multiple environmental parameters can influence the calcification responses of bivalves
like pCO2 (Fitzer et al., 2014; Gazeau et al., 2013; Kroeker et al., 2010; Pfister et al., 2016),
temperature (Fitzer et al., 2015), wave exposure (Fox & Coe, 1943), food availability (Hahn et al.,
2012; Thomsen & Melzner, 2010; Waldbusser et al., 2013) and predation pressure (Vermeij,
1976). Their effect can be reflected in the variation of growth rate and overall size (Mancuso et
al., 2019a; Thomsen & Melzner, 2010), shell morphology (Fitzer et al., 2015; Mackenzie et al.,
2014a; Pfister et al., 2016), and mineralogical plasticity (Nash et al., 2012; Pauly et al., 2015).

A good understanding of long-term dynamics in the context of major environmental shifts is
required to narrow the uncertainty regarding organismal responses to ongoing climate changes.
While laboratory studies enable the isolation of a specific stressor, field studies are necessary to
widely understand the effects of stressors in a natural and more complex system. Nevertheless, the
time required to detect long-term population dynamics can be prohibitive (Hofmann et al., 2010;
Pfister et al., 2016). In this light, well-resolved, fossil-rich sedimentary successions record
ecological responses to past climatic shifts, far beyond the limited timescales of direct ecological
monitoring, typically restricted to the most recent decades (e.g., Dillon et al., 2020; Kidwell, 2015;
Tomasovych et al., 2020). As major calcareous organisms with an extensive fossil record, marine
calcifying organisms can be considered valuable recorders of past environmental change in marine
habitats (Bemis et al., 1998; Chauvaud et al., 2005; Lutz & Rhoads, 1980; Schone & Gillikin,
2013; Vihtakari et al., 2017). In particular, mollusk shells archive historical data due to their

seasonal deposition of carbonate material, retaining high-resolution temporal records of the
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ambient physical and chemical conditions during growth (Klein et al., 1996; Purroy et al., 2018;
Schone et al., 2003).

The infaunal venerid bivalve Chamelea gallina (Linnaeus, 1758) is one of the most important
fishery resources of the Adriatic Sea, with annual catches for about 15,000 tonnes (for the year
2018). C. gallina is abundant in shoreface settings at depths ranging from 0 to 12 m up to 1-2
nautical miles (nm) off the coast (Morello et al., 2005; Moschino, 2006). It is particularly abundant
in the central and northern Adriatic Sea, where the massive Po River outflow and the currents
along the Italian coast provide abundant nutrients, particles, and organic matter (Orban et al.,
2007). Previous studies have mainly focused on population dynamics, shell growth and
composition of this species in the present-day Mediterranean (Gizzi et al., 2016; Mancuso et al.,
2019 and reference therein). It has been observed that the biomineralization of C. gallina
populations in the Adriatic Sea is influenced by environmental changes, with variations in shell
density, thickness and growth in response to varying water temperature, solar radiation, salinity
and food availability along a latitudinal gradient (Gizzi, Caccia, Simoncini, Mancuso, Reggi,
Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016c; Mancuso et al., 2019a).

C. gallina long term dynamic in shell properties in response to past climate-driven environmental
change was firstly investigated by Cheli et al. (2021), that investigated variations in shell
biometric, skeletal and microstructural features on a millennial temporal scale, by comparing fossil
remains and modern population of the Northern Adriatic Sea. Macro-scale variations in skeletal
parameters were observed, with modern specimens displaying less dense and more porous shells
than fossils one, likely due to a lower aragonite saturation state at a lower temperature.

The same fossil and modern assemblages investigated in Cheli et al. (2021) have been examined
in this study, with the aim of verifying any possible influence of past climate transitions on age
and growth dynamics of C. gallina. Those parameters were not addressed in the previous work but
are fundamental in assessing populations dynamics and necessary for efficient fishery
management. Age and growth parameters (bulk density, linear extension, and net calcification
rates) of C. gallina were investigated along a temporal gradient of 8000 years, in two different
geomorphologic configurations of North Adriatic coastal systems along the Holocene (estuarine
vs. deltaic system). Four shoreface-related C. gallina horizons have been evaluated: two from the
present-day Adriatic setting and two from the Middle Holocene, when regional sea temperatures
were higher than today, thus representing a possible analogy for the increase of sea temperatures
predicted for the end of this century.

Shells were measured and aged using three independent methods (shell surface growth rings, shell

internal bands and stable isotope composition) to determine the Von Bertalanffy growth functions
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for each horizon and calculate the derived growth parameters linear extension rate and net
calcification rate. In addition, differences in skeletal and growth properties of C. gallina shells
were also investigated concerning animal sexual maturity (reached in modern specimens at length
around 18mm) to consider eventual differences in the biomineralization process during different
stages of the bivalve’s life cycle.

This study could allow the reconstruction of C. gallina natural range of variability on time-scale
well beyond the ecological monitoring or small-scale experiments and offer insights on the

possible adaptive capacities of C. gallina facing near-future anthropogenic warming.
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Materials and methods

Study area and geological setting

The Northern Adriatic Sea is a semi-enclosed, shallow basin characterized by a wide shelf with a
low topographic gradient of 0.02° and an average depth of 35 m (Poulain, 2001). It extends ~350
km southward from the Gulf of Trieste and is delimited westward by Italy and eastward by the
Balkan Peninsula. The Italian coasts are primarily sandy and are strongly influenced by the Po
River flow, that affect the water circulation in the north Adriatic and plays a fundamental role in
the bio-geochemical processes of the basin. The Po is the largest Italian river, supplying over 50
% of freshwater input to the Northern Adriatic basin (Degobbis et al., 1986) and about 20 % of the
total river discharge in the Mediterranean Sea (Russo & Artegiani, 1996).

The Po coastal plain preserves records of past environmental shifts that reflect the interplay
between coastal dynamics and climate-driven sea-level changes (Amorosi et al., 1999a; Scarponi
& Kowalewski, 2004b). In particular during the Holocene, a strong geo-morphological change
occurred in response to the glacioeustatic sea-level variations (Amorosi, Barbieri, Bruno, Campo,
Drexler, Hong, & Fielding, 2019). Stratigraphic paleobiology investigations over the past years
led to a high-resolution framework of the study area in terms of environmental and biological
dynamics. During the Holocene early climate optimum (HCO, 9-7 ky BP), the north-western
Adriatic coast was characterized by estuary systems bounded seaward by a series of coastal
lagoons that limited riverine plumes into the Adriatic Sea (Amorosi, Barbieri, Bruno, Campo,
Drexler, Hong, & Fielding, 2019). By contrast, during the last part of the HCO (i.e., between 7.0
to 5 ky BP), the area transitioned firstly to a wave-dominated and, after 2.0 ky BP, to a river-
dominated deltaic system (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, & Fielding, 2019).
The last geomorphologic configurations led to the progressively increasing influence of riverine
processes on the control of coastal dynamics and the storage-release of sediments. The enhanced
freshwater discharge in the nearshore area, especially during the last 2.0 ky BP, resulted in a strong
progradation and the upbuilding of the modern Po Delta (Correggiari et al., 2005b) in a climatic

context characterized by an overall decreasing trend in SST.

Specimen collection

The analyses compared two specific time intervals: the mid-Holocene (between ~8 and ~5 kyr cal.

BP) documented in subsurface cores and the present day represented by the surficial dead
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assemblages of the northern Adriatic Sea. The age of the samples was based on direct radiocarbon
dating of the fossil material and timing of the parasequence development in the study area. The
samples of fossiliferous deposits were acquired from previously investigated cores, whereas the
data on the surficial assemblages derive from new sampling efforts.

Details on age determination methods, sampling design, specimens’ collection and preparation and
estimate of environmental parameters can be found in Cheli et al. (2021) and a brief description is

here reported in supplementary material.

Determination of age and growth parameters

Age was measured in a subsample of 30 shells of different sizes in each horizon, using three
methods: shell surface growth rings, shell internal bands (shell cross-sections), and stable 80
composition (Fig. 1). By counting the total number of visible external and internal rings in each
shell, the age-length keys were obtained for the two methods and fitted with the von Bertalanffy
growth (VBG) functions,

L = Lips[1 — e7*®]

Where Lt is the individual length at age t, Lin is asymptotic length (maximum expected length in
the population), K is a growth constant, and t is the age of the individual. Two growth curves for
each horizon were produced, and a chi-square test of maximum likelihood ratios was used to
examine the significance of differences in growth functions between the two ageing methods.
Kimura’s method allows testing several hypotheses to compare the two curves by simultaneously
analyzing one or more growth parameters. The FSA (Simple Fisheries Stock Assessment Methods)
and the Fishmethods packages in R studio were used for these purposes. If no differences were
revealed between VBG curves from shell surface growth rings and internal bands, generalized
growth curves for each site were constructed by merging age-length keys from both methods. The
resulting generalised VBG function for each site was considered for extrapolating age in all the
remaining shells. Finally, age was calculated from the inverse of the generalized VBG function of

each site:

t =
Lins
fexIn (Linf — L))

To validate the data from the two counting rings methods and the generalized VBG curves, oxygen
isotopic measurements (5'80) were carried out at the Isotope biogeochemistry laboratory,

Department of earth & planetary sciences, Washington University in St Louis. 580 measurements
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were carried out on “spot” samples collected from the prismatic layer and the cross-lamellar layer
and drilled in sequence along the shell growth direction by a single diamond drill. Dried
homogenized powdered samples were treated with helium, then an acidified solution consisting of
104% orthophosphoric acid was addedand left to react for 1 hour at 70 °C. Each piece was analyzed
using a Thermo Gasbench preparation system attached to a Thermo Delta V Advantage mass
spectrometer in continuous flow mode. Age resulted from counting lighter §'0 (summer) and
heavier 680 (winter) peaks were plotted with the age-length key from the two ageing methods.
Shell linear extension rates were obtained with the length/age ratio (cm y ™), while the net
calcification rate (mass of CaCOs deposited per year per unit area, (g cm? y 1) was calculated for
each shell by the formula:

net calcification (g cm2 y 1) =bulk density (g cm3) x shell extension (cm y™?).

Correlations analyses between skeletal and growth parameters and SST were performed to
investigate any significant pattern developed over geological time as a function of temperature.
Differences in growth of C. gallina shells were also investigated concerning animal sexual
maturity (reached in modern specimens at a length of around 18mm) to consider eventual

differences in the biomineralization process during different stages of the bivalve’s life cycle.

Shell ageing methods details

For counting surface external rings, which appeared as smooth clefts on the shell surface and as
strong pigmented lines across the anterior-posterior axis, shells were scanned in a transmitted light
to enhance contrast of surface’s ridge and highlight bands at different densities.

In order to estimate age by means of shell sectioning, the valves were embedded in epoxy resin
under vacuum at room temperature, followed by 24 h hardening. For counting internal bands, the
shells were sectioned along the anterior-posterior axis, from the umbo to the ventral margin, using
an electrodeposited diamond cutting blade. Sections were subsequently ground using successive
finger grits (600, 1200, 2400 um) and polished with abrasive allumina compound (3M Perfect-it
I11 Extrafine Paste). Finally, the sections were ultrasonically cleaned, rinsed in purified water and
dried. Shell sections were then examined and photographed under oblique light at low
magnification in order to identify internal growth bands. In each section the number of annual
growth rings was determined by counting the alternating opaque (carbonate matrix) and
translucent (carbonate-organic matrix) increments visible on the shell cross-section (E Arneri,

1995) using a dissecting microscope under reflected light at low magnification (6.4 X). Assuming
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that the growth rings are laid down yearly, the age of each clam was estimated by counting all the
translucent zones.

To validate the data from the two counting rings methods, oxygen isotopic measurements (5'20)
were carried out on “spot” samples collected in sequence from the umbo to the ventral edge of 3
shells of different dimensions for each site. Dried homogenized powdered samples were treated
with helium then added an acidified solution consisting of 104% orthophosphoric acid and left to
react for 1 hour at 70 °C. Each sample was then analyzed using a Thermo Gasbench preparation
system attached to a Thermo Delta V Advantage mass spectrometer in continuous flow mode.
Each run of samples was accompanied by 10 reference carbonates (Carrara Z) and 2 control
samples (Fletton Clay). Carrara Z has been calibrated to VPDB using the international standard
NBS19. Age resulted from counting lighter 530 (summer) and heavier §'80 (winter) peaks were

then plotted with the age-length key from the two ageing methods.

Statistical analyses

Levene’s test was used to test homogeneity of variance, while Kolmogorov-Smirnov’s test was
used to test normality for environmental and shell parameters. Since assumptions for parametric
statistics were not fulfilled, the non-parametric Kruskal-Wallis equality-of-populations rank test
was used. Spearman’s rank correlation coefficient was used to evaluate the trend between shell
parameters and sea surface temperature. In each horizon, rank correlations were computed on all
valves and also on two subgroups consisting of immature specimens (valve length <18 mm) and
mature ones (>18 mm). All statistical analyses were computed using RStudio software (RStudio
Team, 2020).

90



Results

Dating and environmental parameters

Radiocarbon measurements ascribed the two sub-fossil horizons to the Middle Holocene; in
particular, horizon CO1 was dated 7.6 = 0.1 ky BP, while horizon CO2 was dated 5.9 + 0.1 ky BP.
Estimated and measured SST varied among horizons along the temporal gradient (Kruskal-Wallis
test, df=5, p<0.001; Table 1). The reconstructed SST trend showed a difference of ~1.5°C
between the middle Holocene and present-day cooling down gradually from the oldest horizon
(CO1, 18.6°C) to nowadays setting (MCE, 17.3 and MGO, 17.1°C; Table 1).

Shell growth and skeletal parameters

Shell age did not differ among horizons for both external rings and internal bands (Kruskal-Wallis
test, df =5 and p > 0.05). There were no significant differences among the growth curves obtained
from the external and internal rings within each site. Therefore, a generalized VBG curve was
obtained for each site (Fig. 2). The 80 values along the shell growth direction exhibited a roughly
sinusoidal sequence of lower (summer) and higher (winter) values, and the number of observed
seasons allowed age estimation. Age from 580 values validated the data from the other two ageing
methods fitting the VBG curves (Fig. 2). At each site, shell growth parameters were significantly
correlated with shell age (Fig. 3). Linear extension rates and net calcification rates decreased with
shell age at all sites (Fig. 3).

Variation of growth parameters was then analyzed in relation to environmental variables along the
temporal gradient. Linear extension rate and net calcification rate showed no significant
correlation with SST variation (Fig. 4). Correlations with the environment were also performed
separately in the immature and mature shells; in all groups, bulk density were positively correlated

with SST, while no correlation was found for the other parameters (Fig. 5).
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Discussion

This study investigated the variation in shell age and growth parameters of the bivalve C. gallina
in relation to SST trend in the Po-Adriatic system during the last ~8,000 years. By comparing the
Holocene sub-fossil record to modern-day assemblages, it has been possible to gain insight into
growth dynamics on a millennial temporal scale, overcoming the time limits imposed by laboratory
studies.

A previous study investigated biometric, skeletal, and microstructural features of C. gallina shells
along the same temporal gradient (Cheli et al., 2021a). At the microscale level, the shells were
composed of pure aragonite with a perfectly preserved mineral phase and no relevant diagenetic
alteration, except for a slight degradation of the inter-crystalline organic phase (Cheli et al., 2021a).
At the macroscale level C. gallina shells appeared sensitive to changes in seawater temperature:
specimens from past sub-fossil horizons living in warmer water presented denser and less porous
shells than modern specimens (Cheli et al., 2021a). Here we examined shell age and growth in
four of the previously analyzed assemblages, in relation to shell age and growth dynamics, crucial
parameters for responsible fisheries management. Specifically, we compared two horizons dated
7.6 £0.1and 5.9 £ 0.1 ky BP, coming from a warmer environmental context and characterized by
a lower fluvial influence due to the estuarine configuration of the river Po mouth, with modern
populations sampled in two localities of the Emilia Romagna coast, south of the Po Delta. To better
understand the overall biomineralization dynamic, in this discussion we will refer to the findings
of both the present study and the previous one of Cheli et al. 2021.

Through the count of shell external and internal growth rings, we estimated the age of a subsample
of C. gallina shells for each investigated horizon, used to build growth curves with the Von
Bertalanffy function. Both methods were validated by 880 profiles along the shell growth
direction, resulting in appropriate and reasonably accurate age estimation of C. gallina specimens.
The observed values for the estimated maximum shell length (Linf) and von Bertalanffy growth
constants (k) were in conformity with data from previous studies on C. gallina in the Adriatic Sea
(Dunca et al., 2005; Mancuso et al., 2019a), in the Western Mediterranean Sea (Schone & Giere,
2005) and the Algarve coast (P Moura, 2009).

As previously observed for mollusks and other organisms (Mancuso et al., 2019a; Myrand et al.,
2002a; Steyermark, 2002b), C. gallina extension rate decreased with increasing length (Fig. 3),
highlighting a fast growth in the first year of life, while in the second year, the growth rate had
more than halved. Decreasing linear extension rates with age determine a reduction in net

calcification rates, partly countered by increasing bulk density (Fig. 3).
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A significant positive correlation was previously observed for bulk density and micro-density in
both mature and immature shells in relation to past SST variations, while apparent porosity showed
no correlation in mature shells and a significant negative correlation in immature shells (Cheli et
al., 2021a). The significant correlation in shell density with SST can be attributed to different
mineralization rates driven by temperature and related aragonite saturation state. Warmer water
masses reduce the thermodynamic work required to organisms to deposit calcium carbonate
(Pokroy et al., 2006b), making the biomineralization less expensive in terms of metabolic cost
(Siedlecki et al., 2017b) and enabling an increase in calcification rates (Hall-Spencer & Harvey,
2019b). Comparable patterns have also been detected in brachiopods, where some species living
in cold water showed a reduced calcium carbonate deposition and an increased organic matrix
content compared to higher temperate settings, characterized by larger crystals and reduced
organic matrix (hence denser shells (Clarke, 1993b)). Total CaCOs deposited by the organism
results from the interplay between linear extension rate and shell bulk density. Despite the
differences observed in the skeletal parameters related to the SST trend and different
environmental context (see study area), the growth parameters (linear extension and net
calcification) do not show significant variations in the analyzed fossil and modern horizons (tab 2;
Fig. 4), neither when considering immature and mature shells separately (tab 3; Fig. 5). The fossil
horizons from Holocene and modern settings show homogeneous linear extension rates and a
decreasing trend in bulk density from the Holocene to nowadays. Nevertheless, the net
calcification rate remains constant among the horizons, likely not significantly influenced by
temperature variations and by the geomorphological evolution that occurred in the study area in
the last 8,000 years. This could be interpreted as phenotypic plasticity exerted by C. gallina
populations in this area, which has shown the ability to maintain similar growth rates in different
environmental contexts.

This result contrasts with the outcome of other studies conducted on C. gallina growth and
mineralization in relation to environmental factors, that showed how the abiotic or biotic factors
can influence the shell growth rate, like spawning, food availability, type of substratum, depth,
light, temperature, salinity, and population density (Dalgi et al., 2010; Gaspar et al., 2004).
Nevertheless, a recent review of all the studies conducted on the biology of C. gallina in the
Adriatic Sea (Grazioli et al., 2022) founds numerous discrepancies in results, highlighting how the
interaction of several environmental factors at the local level can strongly influence C. gallina
responses.

In particular, previous studies on C. gallina shells were conducted along a latitudinal gradient in

the Adriatic Sea, including the area considered in this study (Gizzi, Caccia, Simoncini, Mancuso,
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Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016c; Mancuso et al., 2019a). Gizzi et
al. found that shells of C. gallina of commercial size over 25 mm long were thinner, more porous
and less resistant to fractures in warmer and more irradiated populations (Gizzi, Caccia, Simoncini,
Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016c¢) . On the other hand,
immature shells, less than 18 mm long, showed the opposite trend to mature ones, resulting in
more porous and less dense shells with lower SST(Gizzi, Caccia, Simoncini, Mancuso, Reggi,
Fermani, Brizi, Fantazzini, Stagioni, Falini, et al., 2016c). Mancuso et al. (2019) observed a
positive correlation between net calcification rates and increasing solar radiation, sea surface
temperature and salinity and decreasing Chlorophyll concentration in immature and mature shells.
Moving far from the Po delta towards South, warmer seawater, low fluctuations in salinity and
oligotrophic conditions suggested that these environmental conditions may be most favourable for
the clam C. gallina, leading to higher net calcification rates (Mancuso et al., 2019a). Net
calcification rates were significantly reduced in sites around the Po delta, possibly due to a lower
temperature and reduced salinity that increase the energetic costs of shell formation with
decreasing aragonite saturation state (Mancuso et al., 2019a).

The discrepancy between this work and the previous ones regarding growth parameters (no
variation of linear extension and net calcification rate with SST found in this study, VS Positive
correlation with SST found in Mancuso et al.) suggested that these parameters are not only
dependent on physical environmental factors (SST, salinity, aragonite saturation, sediments and
nutrient supply) but are affected by a complex interplay between physical, biological and
physiological factors, making C. gallina response less predictable to changing environmental
parameters. Besides, local environmental parameters seemed to have a different influence on the
biomineralization rate of mature shells compared to immature ones, likely due to different growth
and metabolic rates (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini,
Stagioni, Falini, et al., 2016c; Ries et al., 2009b).

In the context of climate change and ocean warming, the phenotypic plasticity observed in this
work for the populations living in the Po-Adriatic system may lead us to think that C. gallina can
adapt to changing environmental scenarios. Nonetheless, it should be noted that the results
obtained from this study refer to a time scale of thousands of years, from the middle Holocene to
nowadays, with no relevant anthropogenic pressure in the area until a few centuries ago. Starting
from 2.0 ky BP, the anthropogenic influence on the Po Delta system began to grow till it became
dominant around the 17th century when river diversion and channel stabilization led to the growth
of the modern Delta (Amorosi, Barbieri, Bruno, Campo, Drexler, Hong, & Fielding, 2019). These

human interventions dictated an increase in sediments runoff, eutrophication events, and anoxic
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events, increasing the instability and stress of the nearshore environments, whose effects on C.
gallina skeletal construction cannot be excluded.

Overall, we can state that temperature can be considered as a complex gradient that influences
calcium carbonate (CaCOg) availability, affecting the energy cost of shell formation (S. Watson,
2012), and influencing biotic and abiotic components in the marine environment, such as the
presence of phytoplankton both in terms of density and distribution and dissolved oxygen
concentration (M Ramon, 1992). The concentration of food supply is one of the factors that most
influence the growth of filter-feeding bivalves (DP Héader, 2007). Furthermore, temperature has
indirectly affected the geomorphologic configuration of the study area, shaping the structure of the
Po River Delta, whose flow strongly influenced the distribution of phytoplankton and reduced
salinity values, exposing C. gallina to seasonal solid variations (Russo et al., 2002). The growing
eutrophication also influences this complex environmental scenario. The records of the Po River
nutrient load (Monari et al., 2007), seawater transparency (Siedlecki et al., 2017b), and anoxic
events of the past decades (Sanders et al., 2018) all suggest that the anthropogenic nutrient input
is increasingly affecting the marine environment. Slow growth rates associated with eutrophicated
habitats have been recorded previously for the bivalve Cerastoderma edule (Marchetti et al., 1989)
and the bivalve Austrovenus stutchburyi (Loo & Rosenberg, 1989). Anthropogenic pressure is also
exerted in terms of solid fishing effort. This, added to the many other cited factors, contributes to
creating a complex environmental scenario that increases the difficulty in trying to predict the

response of C. gallina to changing environmental parameters.
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Conclusion

This study integrates the results of the previous work Cheli et al 2021 by adding a description of
long-term growth dynamics of Chamelea gallina populations of the Northern Adriatic Sea, from
the middle Holocene to nowadays. This made possible to depict a more complete description of
the overall biomineralization process (including biometry, skeletal parameters, microstructure
characterization and calcification) of C. gallina and how it was influenced by variations in
temperature and environmental context over a millennial time scale.

At a macro-scale level C. gallina shells were affected by changes in seawater temperature,
showing a denser, less porous shells in specimens from past warmer settings, respect to modern
samples. Surprisingly those differences were not reflected on C. gallina growth in the examined
time period, suggesting a possible long-term phenotypic adaptive capacity. The observed trends
in both skeletal and growth parameters with SST variation remained consistent even when
analysing sexually mature and immature individuals separately, indicating only a minor
influence of sexual maturation in the biomineralization behaviour during organism life.

These findings are in disagreement with results produced by previous studies on C. gallina
biomineralization, highlighting how the combination of specific biotic and abiotic conditions at
the local level can strongly influence the final organism response. Using different and
complementary approaches like laboratory experiments, field studies and analysis of the fossil
record can ultimately help to understand the weight of different environmental factors and their
combined effect, together improving our understanding of the response of this economically

relevant species to a changing environment in face to seawater warming.
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Figures and tables

Shell 80

0.00

-1.00

-2.00

-3.00

-4.00

10

15

20 25 30

Length (mm)

Figure 1. Shell ageing methods. (a) external growth rings; (b) Internal annual growth band in the
shell section; (c) Samples for shell oxygen isotope analysis, collected along the growth axis; age
is indicated by the sequence of lower (summer) and higher (winter) 6180 values recorded by the

shells, as visible in the graph.
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growth curve in each horizon was obtained by all data from the two ageing methods (counting
external rings and internal rings). Red diamonds are the ages obtained from the §*20 profiles along
the shell growth axis and are figured as validation to the counting ageing methods fitting the
curves. Lins: asymptotic length (maximum expected length in the population); K: growth constant
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Figure 3. Correlation of the skeletal and growth parameters with shell age in the different

horizons; n = number of valves; r = Spearman coefficient of determination; n.s. not significant, *
p<0.05; ** p<0.01; *** p<0.001.
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Horizon n 14C Age (ky SST (°C) : Generalised VBGF
BP) Linf k
co1 49 7.6+0.1 18.6+0.4 38.27 0.29
C02 59 5.9+0.1 18.2+0.3 34.46 0.33
MCE 68 modern 17.3+0.1 38.86 0.29
MGO 73 modern 17.1+0.1 40.06 0.28
KW ok n.s. n.s.

Table 1. Calibrated radiocarbon age, sea surface temperature (SST) and VVon Bertalanffy growth
parameter. Values for each horizon in chronological order. Radiocarbon measurements are
reported in years "before present' (BP). Linf and K estimated from the generalised Von
Bertalanffy growth function by pooling the data for external and internal bands. n = number of
collected specimens. K-W = Kruskal-Wallis equality-of-populations rank test; n.s. not
significant, *** p < 0.001.

Horizon Length |Micro-density| Apparent Bulk Density | Linear extension | Net calcifcation
(mm) (g/cm3) Porosity (%) (g/cm3) rate (cm/y) (g/cm2y)
co1 17.6+£0.9( 2.81+£0.01 | 10.17£0.55 2.52+£0.02 0.84 £0.01 2.1+0.03
CO2 17.2+0.8| 2.79%+0.01 8.58 £0.42 2.55+0.01 0.82+£0.02 2.08 £ 0.04
MCE 16.7£0.8| 2.78£0.01 9.87+0.34 2.51+£0.01 0.85+0.01 2.12+£0.03
MGO 17.3+0.8| 2.78+0.01 | 11.01+0.59 2.47 £0.02 0.84 £0.01 2.08 £ 0.03
KW n.s. wkx *E wAkx n.s. n.s.

Table 2. Mean value and standard error of shell skeletal and growth parameters. Values for
each horizon in chronological order. K-W = Kruskal-Wallis equality-of-populations rank test;
n.s. not significant, ** p<0.01, *** p < 0.001.

Horizon n Length |Micro-density| Apparent Bulk Density | Linear extension [ Net calcifcation
(mm) (g/cm3) Porosity (%) (g/cm3) rate (cm/y) (g/cm2y)
o co1 24 12.6+0.7| 2.78+£0.014 |11.81+0.8 |2.45+0.03 0.9+0.01 2,22 +0.03
42 < |co2 31 12.1+0.5(2.77£0.006 (8.89+0.7 2.52£0.02 0.91+0.01 2.32+0.03
€ S |mce 38 11.4+0.6|2.77 £0.004 |10.67£0.5 (2.47£0.01 0.93+0.01 2.310.03
E MGO 38 11.5+0.6(2.76 £0.004 |13.54+0.9 (2.39+0.03 0.93+0.01 2.22+0.03
KW n.s. *AK *AK *AK n.s. n.s.
o co1 25 22.2+0.6(2.84+0.004 (8.60+0.6 2.59 £0.02 0.74 £0.01 1.90+0.03
§ < |co2 28 22.8+0.5(2.82+0.002 (8.24+0.4 2.59+0.01 0.73+0.01 1.87+£0.03
§ & |McE 30 23.6+0.6(2.80+0.003 (8.86+0.3 2.55+0.01 0.72+0.01 1.83+0.03
MGO 35 23.1+0.5(2.79+0.002 |(8.27+0.3 2.56 £0.01 0.71+0.01 1.8+0.03
KW n.s. rokx n.s. rokx n.s. n.s.

Table 3. Mean value and standard error of shell skeletal and growth parameters for
immature and mature shells. Values for each horizon in chronological order. K-W = Kruskal-
Wallis equality-of-populations rank test; n.s. not significant, *** p < 0.001.

100




Supplementary material

Specimens’ collection (from Cheli et. al 2021)

In particular, the two horizons from the Holocene were collected from core 205-S6 (Comacchio,
44°68’N, 12°15’E), respectively, at depths of 17.2 m (code "CO1") and 13.2 m (code "CO2").
Both horizons came from shoreface depositional environments characterized by sandy substrates
and estimated water depth between 5 and 10 m.

Modern samples of C. gallina were collected in the Northern Adriatic Sea off the coast of Goro
(code “MGO”; 44°75°N, 12°43’E) and Cervia (code “MCE”; 44°30°N, 12°40°E), two sites near
to the extraction areas of cores used in this study and distant about fifty kilometers away from each
other. Samplings were performed during scuba diving and using Van Veen Grab on the sandy
bottom, ranging from 1 to 5 m water depth. Sampling operations were confined to the top-most 10
cm of the taphonomically active zone (TAZ) of the sea bottom. This sampling allowed us to collect
a time-averaged record of shells estimated in tens of years, following the deposition rates reported
in Trincardi et al. This allowed a better comparison between modern and sub-fossil horizons, the
latter consisting of shells from tens of years. No living organism was collected for this study.
Only shells of 5-30 mm in length (the maximum distance on the anterior-posterior axis) were
considered for the analyses. The lower size limit was defined by the technical difficulties in
obtaining reliable measurements in very small specimens. The upper size limit was due to the
difficulty of collecting whole shells over 30 mm in the sub-fossil horizons with 90 mm cores
diameter.

Before any measurements, each valve was cleaned with a toothbrush and soaked in distilled water
for two hours to remove any external residue on the shell’s surfaces. In addition, valves from
modern settings were immersed in a solution of distilled water and hydrogen peroxide (5 vol.%)
for 24 h to eliminate any traces of organic material (e.g., epibionts). Then, the valves were dried
in an oven at 37°C for one night to remove any moisture that may influence subsequent

measurements.

Environmental parameters

Sea surface temperature (SST) for the Adriatic Sea of modern settings was obtained from the
global ocean OSTIA sea surface temperature and sea ice analysis databank (https://ghrsst-

pp.metoffice.gov.uk). Mean annual SST was calculated from daily values from January 2010 to
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December 2019 (number of daily values = 3651 for each site). SST estimates for sub-fossil
horizons were based on the Alkenones unsaturation index, a widely applied proxy for past SST
and obtained from the high-resolution SST record of the past 10,000 years for the central-northern
Mediterranean Sea (Gulf of Lion; (Jalali et al., 2016), considered a comparable physiographic

setting for the North Adriatic Sea.

Shell biometrics and skeletal parameters

Shell length (the maximum distance on the anterior-posterior axis) was measured using ImageJ
software after data capture of each shell shape with a scanner (Acer Acerscan Prisa 620 ST 600
dpi), and dry shell weight was measured using an analytical balance (0.1 mg).
Between 50 and 70 shells of different sizes from each site were used for the analyses after being
divided into two groups according to their size: immature shells (up to 18 mm) and mature ones
(over 18 mm).
Skeletal parameters were measured by buoyant weight (BW) analysis using a density
determination kit Ohaus Explorer Pro balance (£ 0.1 mg; Ohaus Corp., Pine Brook, NJ, USA) as
reported in Gizzi et al.
The BW measurement was repeated three times, and the average was considered for statistical
analysis. The BW technique allowed us to estimate the variable of interest:
i.  micro-density (mass per unit volume of the material which composes the shell, excluding
the volume of pores; g-cm™);
ii.  apparent porosity: the volume of pores connected to the external surface (%);
iii.  bulk density: shell mass/volume ratio, including the volume of pores, the volume of pores;

g-cm™).
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Abstract

Preserving adaptive capacities of coastal ecosystems in the Anthropocene requires an
understanding of their natural variability prior to modern times. We quantified responses of
nearshore mollusks assemblages to past environmental changes using 101 samples (~57300
specimens) retrieved from the subsurface Holocene succession and present-day seabed of the Po-
Adriatic System (Italy). Present-day assemblages shifted in their faunal composition with respect
to their mid-late Holocene counterparts. Major differences are observed in lower nearshore
settings, where present-day samples show higher heterogeneity, reduced standardised richness,
reduced relative abundance of Lentidium mediterraneum, and increased relative abundance of
Varicorbula gibba, scavengers (genus Tritia), and deposit feeders (nuculid bivalves). A dominance
of infaunal opportunistic species and shifts towards detritus-feeding and scavenging are often
associated with disturbed benthic habitats. Our results suggest that the ongoing anthropogenic
stressors (mainly bottom trawling and non-native species) are currently shifting benthic

communities into novel states outside the range of natural variability archived in the fossil record.

Keywords: Conservation Palaeobiology, Mediterranean, Holocene, Anthropocene, Ecosystem

services.

111



Introduction

In the last centuries, humans have been impacting the natural dynamics of the Earth system
(Steffen et al., 2020), changing the rates and magnitudes of environmental processes and, by means
of direct and indirect cascading effects (e.g., Heithaus et al., 2008), altering the distribution of
organisms and structure of ecosystems across the globe. It has been estimated that more than half
of the terrestrial biotas have been directly and strongly impacted by human activities (e.g.,

Mittermeier et al., 2003) such as urbanization, overexploitation of natural resources, and

introduction of non-native species either for sustenance purposes or accidentally (IUCN, 2000).
These processes, in turn, have led to habitat degradation, affecting the structure and functioning of
ecosystems, and thus the overall biodiversity of the Earth. For continental biotas early warnings
on the undesired effects of globalization and industrialization were documented since the last
century (e.g., d’Arge and Kneese, 1972; Wilson, 1987) and were more readily observable than in
the ocean (Dirzo et al., 2014). In the marine realm, researchers have started to document human-
induced changes in marine and coastal ecosystems only more recently (Lenhan and Peterson, 1998;
Newell and Ott, 1999; Kowalewski et al., 2000; Jackson et al., 2001; Kidwell, 2007; Lotze et al.,
2006; Edelist et al., 2013; McCauley et al., 2015; TomaSovych et al., 2019; Jouffray et al., 2020;
Steiger et al., 2022). These studies documented that the long history of intensive human utilisation
of ecosystem services in some areas (e.g., Adriatic Sea) exceeded the adaptive capacity of local
biotas, with a potential risk of pushing modern ecosystems toward different ecological states and
driving the decline of economically important species (Burgess et al., 2013; McCauley et al., 2015;
Bargione et al., 2021). But, to what extent are present-day ecosystems or key species already being
affected by human impacts? Will continuing anthropogenic pressures result in sustained ecosystem

regime shifts or extinctions of key species in the near future?

To narrow the uncertainty in answering these questions, it is necessary to understand the variability
of ecosystems or individual species under natural conditions, with no, or at most limited, human
interference. Documenting the magnitude of past changes is essential for defining marine
ecosystem baselines, which can be used to evaluate present-day ecosystem status, set realistic
conservation goals, assess efficacy of restoration efforts, and mitigate future human impacts (e.g.,
Kowalewski et al., 2000; Jackson et al., 2001; Dietl et al., 2015). However, ecological studies
provide a relatively short record by which to measure ecosystem changes, and disentangling
present-day natural factors from anthropogenic forcing is often a challenging, if not impossible,
task (e.g., Pitacco et al., 2019). Geohistorical data, including the youngest fossil record, are thus

needed to understand the status and variability of marine ecosystems prior to major phases of
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human impact (Kowalewski et al., 2000; Jackson et al., 2001; Lotze et al., 2006, 2011; Dietl and
Flessa, 2011; Kidwell and TomaSovych, 2013; Kidwell, 2015).

Here, we focused on the Adriatic Sea, which is part of the Mediterranean basin—a global hotspot
of marine biodiversity due to its exceptional rates of endemism combined with a relatively large
spatial extent (Myers et al., 2000; Coll et al., 2010; CEPF, 2022). At the same time the Adriatic
Sea is being affected by multiple anthropogenic stressors and has already been highly impacted by
human activities (e.g., Furlan et al., 2019 and references therein). Habitat loss and degradation,
pollution, eutrophication, overfishing, and invasive species are major causes of changes in the
Adriatic coastal ecosystems, with many of these pressures operating for decades or centuries (e.g.,
Coll et al., 2010; Lotze et al., 2011).

In this study, aimed at providing a deeper historical perspective, we compared mid-late Holocene
assemblages preserved in the subsurface stratigraphic record of the Po coastal plain (Northern
Italy; Fig. 1) with surficial assemblages that accumulated along the Po Delta and Emilia Romagna
coastline during the Anthropocene (sensu Crutzen, 2002 and references therein). To ensure
environmental comparability through time, the study focused on aggrading-to-prograding shallow
marine and coarse-grained successions of the Po-Adriatic System. Specifically, we evaluated
changes in the composition of mollusc assemblages between the present-day fluvial influenced
coastal shoreface and delta front settings with sustained sedimentary inputs (hereafter referred to
as “nearshore”) and their mid-late Holocene counterparts representing a time interval when
anthropogenic pressure were notably less significant (between ~6 and 0.5 kyr cal BP i.e., prior to
the early modern period). This study contributes to the area of near-time Conservation
Palaeobiology that provides the framework against which to evaluate extant biotic dynamics (Dietl
et al., 2015).

Background

Near-time Conservation Palaeobiology in its role of synthetic discipline helping the conservation
of ecosystem functions uses fossil archives to define the reference condition (baseline) of an
ecosystem (or its components) against which to compare modern ecological structure of the same
ecosystem (Flessa, 2002). Detected changes should aid in predicting future states of ecosystems
and populations in a scenario of increasing global warming and anthropogenic impacts
(Kowalewski, 2001; Currano et al., 2008, 2016; Dietl and Flessa, 2017; Tyler and Schneider, 2018;
Slater et al., 2022). This role is especially needed in highly anthropized areas, like the Adriatic,
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one of the most impacted basins of the Mediterranean Sea (e.g., Furlan et al., 2019). In this region,
Conservation Palaeobiology approach has been used extensively to document both biotic changes
through time, and to disentangle natural vs. anthropogenic drivers of these changes (Barmawidjaja
et al., 1995; Scarponi et al., 2017a; Schnedl et al., 2018; Gallmetzer et al., 2019; Tomasovych et
al., 2021; Barbieri et al., 2021; Cheli et al., 2021).

Our work builds directly on previous studies by Kowalewski et al. (2015) and Scarponi et al.
(2022). The first study, using macrobenthic fossil assemblages from the subsurface marine
succession of the Po coastal plain evaluated quantitatively ecosystem changes at the coarse spatial
scale (multiple depositional systems) across the Late Pleistocene and Holocene interglacials and
contrasted such changes against the data available for present-day assemblages of the Northern
Adriatic Sea. Specifically, the study focused on two stratigraphic units, dominated by a large suite
of coastal, shallow-marine, and deltaic deposits, documenting the present (pre-Anthropocene) and
last interglacial conditions of the Po-Adriatic System. Quantitative comparisons were conducted
at very coarse spatial and environmental scales by merging data from all marine depositional
systems recorded within each time-period. Kowalewski et al. (2015) observed high congruence of
mollusc fossil assemblages from the penultimate and the current interglacial time intervals, and
attributed this concordant pattern to either a resilient or persistent response of the Adriatic benthic
communities. The recurrence of the same community composition in two distinct stratigraphic
units separated by ~100.000 years (i.e., from the Late Pleistocene and Holocene) can indicate
either ecological persistence, if associations continue through the perturbation, or strong resilience,
if the community shifts to a novel state upon perturbation, but then rebounds to its previous state
with the return of pre-disturbance environmental conditions.

To distinguish between these two scenarios, Scarponi et al. (2022) conducted a new study based
on a more constrained paleoenvironmental framework (only nearshore settings considered) and
incorporating data from the lowstand nearshore deposits of the Po-Adriatic System, accumulated
during the last late glacial phase and preserved in the sedimentary record of the Central Adriatic
Sea (see Pellegrini et al., 2018; Azzarone et al., 2020). The fossil record recovered from sediment
cores in the Po-Adriatic System indicated that nearshore assemblages of the penultimate and the
current (pre-Anthropocene) interglacial were indistinguishable statistically from one another
despite notably different assemblage composition during the intervening glacial conditions. These
results suggested that the nearshore mollusc associations of the northwestern Adriatic Sea should
be resilient to the limited rise of sea surface temperatures predicted for the near future but stand in
stark contrast to benthic community responses to recent anthropogenic impacts in this region

(Kowalewski et al., 2015). The latter study, however, did not evaluate if those anthropogenic
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changes affected the entire onshore-offshore gradient or were only limited to specific bathymetric
zones. Nevertheless, recent conservation palaeobiology studies conducted in the northeastern
Adriatic Sea documented a strong shift in the faunal composition of mollusc assemblages that
occurred during the last centuries in more offshore settings (20-40 m e.g., Mautner et al., 2018;
Gallmetzer et al., 2019). In contrast, the Holocene-to-present-day changes along the nearshore
settings in the western part of the basin directly influenced by Po river discharge have remained

underexplored.

Study area

The Northern Adriatic is an epicontinental, semi-enclosed, shallow sea (average depth 35 m),
which is characterised by a wide shelf with a low topographic gradient of 0.02° (Poulain et al.,
2001). The Northern Adriatic Sea extends ~350 km southward from the Gulf of Trieste and is
delimited westward by Italy and eastward by the Balkan Peninsula. The Italian coasts of the
northwestern Adriatic Sea are mostly sandy and—in the few cases where the landscape has not
been modified—separated from the coastal plain by a few-meters-high dune system (Sistilli et al.,
2015). The submerged portion of the beach (either shoreface or delta front) is delimited landward
by a reduced swash zone (foreshore) and offshore by the depth at which the sediment could be
remobilised by waves and currents (i.e., closure depth principle, see Nicholls et al., 1996). Within
this bathymetric interval, two sub-environments can be identified. The upper zone (= upper
nearshore), where the flux of sediment is nearly constant, is a dynamic environment represented
by highly mobile bars and troughs changing their morphology and location at temporal scales of
days to years. The lower zone (= lower nearshore) is a depositional setting characterized by a more
stable profile, where only storm waves can strongly re-shape bottom morphology (at the scale of
decades to centuries). Beyond that, a transition zone occurs where morphological changes develop
on longer time scales and finer sediments are increasingly common. In other words, beach
subdivision is defined here as a function of the local wave energy expected in a predetermined
time-window. The longer the time interval considered, the greater probability that a wave able to
interact with deeper seabed can occur. Using a time-interval of 100 years as predetermined time
window, the submerged beach in this part of the western Adriatic Sea extends down to a 10 m
isobath. As for the boundary between the lower and upper nearshore, this limit is commonly placed

approximately at 4 m water depth (Sistilli et al., 2015).

Another important element of the northwestern Adriatic Sea is the Po Delta that represents the

most readily observable sub-aerial morphologic feature recording coastal progradation of the last
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few millennia after the relative sea level stabilization (Amorosi et al., 2016). However, the past
sea-level dynamics are recorded below the Po coastal plain, where a sequence of wedge-shaped
marine sedimentary bodies records the waxing and waning of the Northern Adriatic Sea during the
most recent glacial-interglacial cycles (e.g., Amorosi et al., 1999; Scarponi and Kowalewski, 2004;
Amorosi et al., 2016, Campo et al., 2020). The uppermost wedge-shape unit, mainly Holocene in
age, has been studied in detail during the last decades (e.g., Amorosi et al., 1999; Scarponi et al.,
2013; Bruno et al., 2017; Cheli et al., 2021; Rossi et al., 2021). The lowermost boundary of this
unit is the transgressive surface (TS), a boundary of regional extent, that can be readily recognized
in cores using lithologic and palaeontological data (Bruno et al., 2017). Above the TS, estuarine
to shallow marine deposits of variable thickness (e.g., Scarponi et al., 2017b) document the late
phase of post-glacial sea-level rise and the maximum marine ingression (dated around 7.0 kyr;
Rossi et al., 2021 and references therein). This overall retrogradational set of units is overlain by
an aggradational-to-increasingly-progradational succession of silty-mud to coarser grained coastal
and deltaic facies (e.g., Amorosi et al., 2019). When considered jointly, these geological lines of
evidence indicate that during the middle Holocene the physiography of the study area transitioned
from barrier-lagoon-estuary systems to wave-dominated coastal and deltaic systems (Amorosi et
al., 2019). Subsequently, during the late Holocene, (2.0 kyr cal. BP till mid-20th century), the
deltaic and coastal systems of Emilia-Romagna experienced a period of increased river discharge
that promoted a strong progradation phase and the transition from wave-dominated to river-
dominated deltaic systems shifting laterally due to multiple episodes of river avulsion (e.g.,
Amorosi et al., 2019). During the last decades coastal progradation in the Northern Adriatic Sea
seems to have stopped or slowed down due to anthropogenic subsidence and sea-level rise (see
Cencini 1998; Gambolati et al., 1999; Da Lio and Tosi, 2018; Ninfo et al., 2018; Meli et al., 2021).

Methods

The analyses compared two specific time intervals: (1) the mid-late Holocene (between ~6 and
~0.5 kyr cal. BP) documented in subsurface cores, and (2) the present day represented by the
surficial assemblages accumulating along the Po Delta and Emilia Romagna coastlines, mainly
during the last 100 years (Scarponi et al., 2013). The age of the samples was based on direct
radiocarbon dating of the fossil material and timing of the parasequence development in the study
area, see Appendix S1; Amorosi et al., 2017). The samples of fossiliferous deposits preserved in
the subsurface of the Po coastal plain (Fig. 1) were acquired from previously investigated cores,

whereas the data on the surficial assemblages derive from new sampling efforts combined with
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previously collected samples recorded in the Italian Mollusc Database of the Santa Teresa research
center—National Agency for New Technologies, Energy and Sustainable Economic Development
(ENEA) (Bedulli et al., 1984).

Data selection criteria

To limit possible biases due to different taphonomic conditions and to ensure environmental
comparability, the analyses were restricted to samples from nearshore settings, sampled along the
Emilia Romagna and the Po Delta coastline (Fig. 1). Samples from backshore deposits were not
considered. Samples from ENEA database that recorded only the live assemblage counts were also
excluded.

Mid-late Holocene samples were derived from cores and ranged in volume between ~110 and
~375 cm? each, whereas surficial assemblages from present-day settings were collected by
different methods, mainly Van Veen Grab (8000 cm?®) and short cores (400 cm?®) (Appendix S1).
Core samples were treated following a standard procedure reported in Wittmer et al. (2014). For
the ENEA samples only the taxonomic list, specimen counts, and sampling method (i.e., SCUBA
diving, dredge, grab, and fishing net) were reported (Appendixes S1-S2). We restricted our
analyses to molluscs (bivalves, gastropods and scaphopods), which dominated the studied
macrobenthic assemblages. Analyses were conducted at species level. Because the great majority
of bivalve specimens were represented by individual valves, their final counts were divided by two
to account for disarticulation (Scarponi and Kowalewski, 2004).

The assignment of mid-late Holocene samples to nearshore setting was based on stratigraphic,
sedimentological and micropalaeontological lines of evidence reported in literature (see Appendix
S1 columns “facies associations”). Samples were then included in either upper or lower nearshore
based on their estimated water depth following procedure reported in Wittmer et al. (2014),
summarized here briefly. For each species retrieved in a sample and present in the ENEA database
(Santa Teresa research center; Bedulli et al., 1984), its preferred bathymetry was estimated, as the
present-day abundance-weighted average preferred depth (PD). Then a water depth estimate for
each sample was obtained by computing the mean PD of all the species retrieved in a sample
weighted by their abundances.

Quantitative analyses
The molluscan assemblages in the two time intervals were examined by comparing sample-

standardised diversity (richness and evenness), changes in relative abundance of dominant species,
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trophic structure, and substrate relationship. Taxonomic composition and diversity were analysed
at environmental (nearshore) and sub-environmental levels (upper and lower nearshore).
Bivariate and multivariate methods along with network analyses were used to compare assemblage
composition representing the investigated environmental units. Finally, trophic structure and
substrate relationships in both time intervals were investigated by assessing the relative
abundances of various feeding and substrate preference groups among the 10 most abundant
species.

Multivariate analyses. The compositional variation in mollusc assemblages was first assessed by
means of ordination analyses. The dataset for ordination analyses was restricted to samples with
at least 20 specimens, and singletons (species occurring in only one sample) were removed
(Wittmer et al., 2014). To check for volatility and sensitivity of the results, a more restrictive
dataset was employed, consisting of samples with at least 60 specimens (singletons removed as
well) (Scarponi et al., 2022). The sample-by-species matrices have been standardised (Wisconsin
double relativisation) or transformed (4-root-transformed relative abundances) to reduce the effect
of hyper-abundant taxa. The indirect ordination was performed by non-metric multidimensional
scaling (NMDS) using Bray-Curtis (BC) distance measure (k = 3 dimensions) on both the
standardised and transformed matrices. In addition, permutation-based multivariate analysis of
variance (PERMANOVA) was employed to evaluate differences in centroids of the multivariate
groups of samples between the two time intervals. Here sub-environments represent groups, so
that permutations occur across the two time intervals within sub-environments only. Average BC
dissimilarity of nearshore samples from their group centroid, as well as pairwise BC dissimilarity
between the samples were used as measure of compositional heterogeneity (beta diversity) within
each environment and time interval (Anderson et al., 2006).

Network analyses. We created multilayer network representations of the mid-late Holocene and
present-day records by using the same dataset employed for the NMDS. Here we conceptualised
those records as complex systems with a two-layered structure in which one layer described
taxonomic composition and the other quantified sedimentologically defined relationships (Fig.
S1). Nodes in those networks represent samples, taxa, and environmental zones—based on
sedimentological attributions (Appendixes S3-S4). This multilayer framework has been used in
palaeobiological research to create temporal networks in which layers represent ordered time
intervals, such as consecutive geological stages (Rojas et al., 2021) or equal time bins (Pilotto et
al., 2022). However, in this study, the layers in the assembled networks did not represent time
intervals but biological and sedimentological constraints in the underlying geohistorical data. We

used the Infomap framework, a higher-order approach that operates on multilayer networks (Edler
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et al., 2017), to reveal the network’s modular structure. Because the underlying data were sparse,
the assembled networks were small, and the optimized solutions did not exhibit a hierarchical
organization. Indeed, standard network clustering provides limited information on the large-scale
organization of the studied systems. To overcome this limitation, we used varying Markov time
models (Rojas et al., 2022) that allowed us to explore the larger-scale modular patterns of the mid-
late Holocene succession and present-day nearshore seabed of the Adriatic Sea at different
resolutions. In the Map Equation framework, the parameter Markov time sets the scale of the
modules (Kheirkhahzadeh et al., 2016). We obtained the optimised partitions of the assembled
networks for a range of Markov time values using the following Infomap arguments: N =500, i =
multilayer, flow-model = undirected, markov-time, multilayer-relax-rate = 0.8. The multilayer-
relax rate (r) is the probability to relax the constraint of a random walker visiting a sample in one
layer for moving towards the same sample in the other layer as described in Rojas et al. (2021).
We used an alluvial diagram to visualize changes in the modular structure across the different
Markov time models. Each column in the alluvial diagram represents the network partition
obtained at the given Markov time. For each partition, nodes (i.e., samples, taxa, and depositional
features) grouped into modules are represented as vertically aligned rectangles, with height
proportional to their flow volume (i.e., long-term visit rates of nodes describing the behaviour of
the random walk). Horizontal streamlines connect sets of nodes in adjacent networks, with height
proportional to the node's flow (Rojas at al. 2022). The alluvial diagrams provided here represent
98% of the network flow and were created using the Alluvial diagram app available on
https://www.mapequation.org.

Bivariate analyses. Spearman’s coefficient was used to measure the strength of the rank correlation
between selected bio-environmental descriptors that are thought to be relevant for the sampled
nearshore assemblages: sample depth, standardised richness, relative abundance of economically
valuable species, and relative abundance of non-native species. NMDS sample scores were
correlated with these bio-environmental descriptors to shed light on the potential drivers of
variation in assemblage composition captured by the ordination patterns. In addition, comparison
of the rank abundance distribution of species (i.e., proportion of individuals representing each
species) was employed to evaluate changes in structure of the regional species pool across the two
time intervals.

Quantitative analyses were performed in R (R Development Team, 2018, v 3.6). Codes and data
are provided in the supporting information. The Infomap software package (Edler et al., 2017) was
used for clustering the assembled networks. Results can be reproduced using the Infomap Online

freely available at https://www.mapequation.org.
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Results

The dataset examined (i.e., samples with at least 20 specimens and singletons excluded) consisted
of 30 assemblages (28,949 specimens representing 67 species in total) from present-day nearshore
settings and 71 samples (28,332 specimens and 58 species) from the comparable settings of the
mid-late Holocene (Appendix S1). Present-day samples cover the entire bathymetric gradient of
the nearshore setting (i.e., 0-10 m water depth, see Methods), whereas the mid-late Holocene
samples do not extend beyond 8 m water depth. The NMDS ordinations, regardless of the matrix
transformation or sample size threshold applied (Figs. 2; S2-S4), showed only partial overlap
between present-day and mid-late Holocene nearshore assemblages, with samples from the lower
nearshore grouping separately according to their age. In addition, the upper and lower nearshore
are well separated from each other in both time intervals (Figs. 2; S2-S4). Similar patterns are
revealed by the network analysis. The higher-order Markov dynamics on the assembled networks
captured the large-scale structure of the dataset by explicitly delineating two modules (representing
98% of the network flow) comprised of strongly connected sets of species, samples, and
sedimentological features, that can be directly interpreted as lower and upper nearshore sub-
environments (Fig. 3). Furthermore, the Holocene nearshore sub-environments show a higher
mixing at the boundary. That is, the modules representing upper and lower settings overlap or
share a few samples due to the uncertainty inherent to the sedimentological descriptions in the
fossil data or reflecting Holocene to present-day changes in the Po-Adriatic System.

Rarefied diversity, water depth and per-sample relative abundance of edible taxa (Figs. 2, S2-S3)
are significantly correlated with NMDS1 (p = 0.63-0.69 and p-values << 0.001 in all cases),
whereas correlation between NMDS2 and sample-standardised diversity or abundance of
economically relevant taxa depends on the matrix treatment (Wisconsin standardisation vs. 4th-
root transformation, respectively; Figs. 2, S2-S3). PERMANOVA based on species abundance
data reported consistently different assemblage composition between nearshore samples of the two
time-intervals (Table 1).

Comparison of BC pairwise dissimilarities between the samples provides evidence of higher
heterogeneity within present-day nearshore settings (mean BC dissimilarity = 0.72), than within
the mid-late Holocene nearshore settings (mean BC dissimilarity = 0.33; Table 2). The lower
heterogeneity in mid-late Holocene nearshore was likely driven by lower turnover (i.e., higher
congruence of sample taxonomic composition) among the upper nearshore samples (mean BC
dissimilarity = 0.15), while in present-day assemblages heterogeneity was comparable in both sub-
environments (mean BC dissimilarities = 0.60 and 0.65; Table 2). Differences in heterogeneity

within nearshore deposits of the two-time intervals were also supported by multivariate dispersion
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of the two sample groups around their centroids (Fig. S5), and by the higher-order Markov
dynamics that revealed non-trivial modules at higher Markov times on the network representing
present-day nearshore seabeds (Fig. 3). The nearshore settings of the two time intervals are also
distinct from one another due to the occurrence of non-native species, here defined as those taxa
that were initially distributed outside the central-eastern Mediterranean Sea. While the presence of
non-native species is widespread in the investigated area (i.e., 87% of present-day samples record
at least one non-native species; Appendix S1), they are more common in the deeper nearshore
settings (Fig. S6c¢), but their relative abundance is generally limited (always <10% of per-sample
abundance).

Mid-late Holocene assemblages display an expected monotonic increase of the standardised
diversity and relative abundance of economically relevant species moving from upper to lower
nearshore settings (Fig. 4), with shallower samples characterized by their lower abundance
(median relative abundance <10%) compared to deeper settings (median relative abundance of
35%, but rarely exceeding 50% of the specimens per sample; Figs. 2, 4; S6). This pattern is more
complex in present-day nearshore settings, which are characterized by a lack of monotonic
relationship between rarefied species richness and economically valuable taxa, which commonly
attain relative abundances >50% in both upper and lower nearshore samples (Fig. 4). In present-
day settings, when the economically relevant species are dominant (i.e., abundance >50%),

rarefied species richness usually decreases considerably (Fig. 4).

A very similar set of species dominates nearshore environments in both time intervals, with eight
out of the top ten most abundant species shared between them, and more than 90% of the
specimens retrieved in both time intervals is represented by infaunal, filter feeders (Table S1).
However, in present-day assemblages the accidentally introduced non-native bivalve Anadara gr.
kagoshimensis is recorded among the top species (Table 3) and the dominance of Lentidium
mediterraneum is less pronounced than in mid-late Holocene samples. Although L. mediterraneum
in the network analysis is the highest ranked species in both modules representing upper nearshore
settings of the investigated time-intervals, the contribution of the individual taxa to the modules
delineated in both networks (Tables S2; S3), as measured in terms of the flow (see Pilotto et al.,
2022), highlights the mid-late Holocene to present-day shift in their relative importance (Fig. 5;
Table 3). Apart from the non-native species A. gr. kagoshimensis present along the entire gradient,
the lower nearshore assemblages appear to have undergone more notable changes since the late
Holocene compared with the upper nearshore assemblages. These changes involved the exclusion

of L. mediterraneum from the 10 most abundant species and the increase in opportunistic,
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scavenger, and deposit feeder taxa such as Varicorbula gibba, Tritia varicosa, and Nucula
nitidosa.

Discussion

Our study provides an evaluation of assemblage dynamics in the nearshore settings of the Northern
Adriatic Sea over the last several thousand years, based on the analysis of fossil mollusc remains.
Thus, it provides a palaeoecological baseline against which it is possible to assess recent shifts in
mollusc assemblages from the present-day nearshore settings.

Biotic response in the Anthropocene: Nearshore

NMDS and network analyses both provide evidence supporting a modularity within nearshore
environments corresponding to two groups of samples with distinct species composition (Figs. 2-
3, 5). This modularity parallels the morphodynamic zonation of the Adriatic nearshore zone
(Sistilli et al., 2015). The observed patterns in relative species abundance and dominance of
infaunal filter feeders in both time intervals (Tables 3, S1; Appendix S1), suggest that the identity
of the most abundant species populating nearshore settings has not changed notably over the last
several thousand years, except for the addition of non-native taxa (e.g., the accidentally introduced
A. gr. kagoshimensis) or aquaculture-related molluscs such as Mytilus edulis, Ruditapes
philippinarum (Appendix S1). Thus, the present-day nearshore mollusc assemblages retain the
basic structure of the assemblages that thrived in comparable environments during the mid-late
Holocene. This finding is encouraging. However, strong impacts are observed in deeper (~10-40
m water depth) soft-bottom settings of the Northern Adriatic Sea, where the composition of
molluscs assemblages shifted markedly during the 20™ century compared to the late Holocene
baseline (Vidovic et al., 2016; Galltmezter et al., 2017; 2019; Mautner et al., 2018; Tomasovych
etal., 2020; Haselmair et al., 2021). This profound ecological change reduced species richness and
led to a decline in abundance of grazers and deposit feeders, and increase of stress-related species
(e.g., V. gibba; Fuksi et al.,, 2018; Tomasovych et al., 2020). Thus, the offshore benthic
communities in the Northern Adriatic Sea are substantially different from those of a few thousand
years ago and do not show the high geographic heterogeneity in faunal composition that
characterized the late Holocene (Galltmezter et al., 2019; Haselmair et al., 2021). Similar
compositional shifts in benthic communities were also observed over the last century in ecological

surveys of living assemblages (e.g., Crema et al., 1991; Chiantore et al., 2001).
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In contrast to these more offshore habitats, our data suggest that while the present-day
northwestern Adriatic nearshore seabed is directly impacted by a number of human stressors (see
below), those stressors have not significantly reshaped (so far) the taxonomic and functional
compositions of the shallow-water benthic assemblages. The presence of non-native species in
targeted nearshore settings is widespread but they are still largely limited in terms of their relative
abundance (Fig. S4; Table 3). When the upper and lower nearshore samples are examined
separately, the mid-late Holocene and present-day assemblages diverge in terms of species
abundances and diversity structure (Figs. 2, 5; S6; Table 3). Multivariate analyses indicate that
water depth, rarefied species richness and relative abundance of economically relevant edible
species are the main factors responsible for the variation in assemblage composition captured by
the NMDS1 axis. Bathymetry drives the shift of nearshore samples toward lower axis 1 values. As
noted above the present-day samples cover the entire bathymetric gradient of the nearshore setting
(i.e., 0-10 m water depth, see Methods), whereas the mid-late Holocene samples do not extend
beyond ~8 m water depth. However, the shift of the present-day upper nearshore samples toward
lower NMDS1 values (Fig. 2; S2-S4) is determined by the other two correlates (diversity and
relative abundance of economically relevant edible species; Figs. 2; S6). Overall, species thriving
in shallower settings seem to be more resilient than those thriving in the deeper part of the
investigated gradient (i.e., lower nearshore). Finally, samples found in lower nearshore settings,
despite containing the same set of taxa show completely different diversity and dominance
structure in the two time intervals (Figs. 2, 5; S2-S6, Table 3). Although we posit here that
anthropogenic factors are the primary drivers of the shifts in the structure of mollusc assemblages,
natural climatic changes during the Holocene (e.g., Marriner et al. 2022) might have also played a
role. The lack of regional sea surface palaeotemperature records from the Northern Adriatic Sea
precludes direct assessment of the extent to which the climatic fluctuations might have contributed
to late Holocene shifts in community composition. However, the fact that there is a higher
congruence in the taxonomic composition of nearshore assemblages from samples (Fig. S5) that
encompass an overall multimillennial cooling trend (even if limited) in the Mediterranean during
the mid-late Holocene (pre-Anthropocene, Jalali et al., 2016), indicates that changes in seawater

temperatures are unlikely to have been a primary causative explanation for detected patterns.

Upper nearshore. NMDS and correlation analyses (Figs. 2; S5; Table 1) document a moderate
shift toward reduced dominance of L. mediterraneum and a modest increase in hard-substrate (e.qg.,
Mytilus) and non-native species (e.g., A. gr. kagoshimensis), which led to an increase in
standardised diversity (Figs. 2; S4, S6) and shift toward lower NMDS1 scores. This change is

supported by the multilayer network analysis showing that a limited number of taxa are clustered
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into the module depicting upper nearshore settings in the mid-late Holocene network. In contrast
to the present-day counterpart, this module does not include hard-substrate or non-native species.
These patterns could be explained by the intense development of coastal infrastructure (e.g., groins
and breakwaters, piers) over the last century. The infrastructure development impacted more than
half of the sampled shoreline (Cencini, 1998; Dafforn et al., 2015) and provided artificial hard-
substrates further facilitating spread of non-native species (Airoldi et al., 2015). Shallow marine
infrastructure increases heterogeneity of coastal habitats, which in turn can increase species
diversity (habitat heterogeneity hypothesis, MacArthur and MacArthur 1961; Almond et al.,
2021) by favoring hard-substrate species. These effects are especially relevant in the study areas,
which during the Holocene was characterized by a very limited extent of natural hard-substrate
habitats.

Another factor driving diversity in present-day upper nearshore settings is the decreasing
dominance of L. mediterraneum (75% in present-day assemblages vs. 95% during the mid-late
Holocene; Table 3). Although the shift is noticeable, L. mediterraneum abundance tends to be
variable both spatially and temporally (e.g., Occhipinti-Ambrogi et al., 2002). Due to our limited
sampling effort (i.e., small number of samples) of present-day upper nearshore settings, make it
difficult to evaluate if the drop in abundance mostly reflects a sampling artifact or an anthropogenic
signal linked to higher habitat heterogeneity recently developed along the Adriatic coastline. The
ongoing land-use changes like wetland draining, expansion of agriculture, urbanization, road
construction, and waterway regulation affected the area since late Roman times, but with the
highest intensity during the last two centuries. Indeed, the Greek geographer Strabo reported,
around 2000 years ago, that the Po Delta and surrounding coastal areas were a continuous almost
uninterrupted series of wetlands and rivers (Horace, 1923). It is noteworthy that L. mediterraneum
thrives in euryhaline shallow marine settings, especially at the mouth of rivers (Massé, 1972), and
can withstand eutrophic waters and high sedimentation rates (Ambrogi and Bedulli, 1981). Since
the 17" century (but on a large scale during the late 19"-20" centuries) hydraulic works of river
diversions and merging, as well as wetland drainage took place. Along the Po Delta and Emilia
Romagna coastlines less than 5% of freshwater marshes and <30% of salt marshes that existed in
the area during the Roman times are still present, and the coastline is now dominated by
recreational facilities, harbors, and other infrastructures (Cencini, 1998). In the second half of the
20" century the Emilia-Romagna coastal plain became one of the popular tourist destinations of
the Mediterranean Sea. However, in protected areas with limited anthropogenic stressors like the
Po Delta Biosphere Reserve, L. mediterraneum is found with an overwhelming abundance (but

see also Occhipinti-Ambrogi et al., 2002). In this area L. mediterraneum is widely dominant in
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water depth <2.5 m, with a mean population density of 130,000 ind/m? and reaching relative
abundances of 95% in macrobenthic communities (Ambrogi and Bedulli, 1981; see Table 3 for

comparison with mid-late Holocene upper nearshore settings).

Finally, the increase in non-native species due to aquaculture activities (mainly R. philippinarum,
Magallana gigas) and accidental introductions (e.g.,, Rapana venosa, Anadara gr. kagoshimensis;
Appendix S1) appears to have played a minor role in the region. As for R. philippinarum, while
not very abundant in high-energy nearshore habitats, the taxon is one of the most successful non-
native species in brackish settings along the entire northwestern Adriatic coastline. Introduced in
the region during the early 1980s for farming purposes (Cesari and Pelizzato, 1985), it expanded
along the coast colonising a variety of brackish settings and replacing the native R. decussatus.
Expansion of the R. philippinarum aquaculture is also responsible for the introduction of other
non-native species such as the seaweed Gracilaria vermiculophylla (Sfriso et al., 2012; Airoldi et
al., 2016).

In summary, the separation of present-day and mid-late Holocene assemblages observed in our
multivariate analyses (Figs. 2; S2-S5; Table 1) is driven by the reduced dominance of L.
mediterraneum along the heavily urbanized settings of the northwestern Adriatic, as well as, to a
lesser degree, by the increase in species richness (Fig. S6d) possibly due to coastal development
and appearance of non-native species that were accidentally or intentionally introduced to the

region (Fig. S6c).

Lower nearshore. In such settings, present-day assemblages show a higher magnitude of changes
with respect to their mid-late Holocene counterparts (Fig. 2; S2-S3; Table 3; S2). First, L.
mediterraneum is no longer present among the 10 most abundant species in this sub-environment,
being replaced by the other Mediterranean corbulid—V. gibba (Table 3). L. mediterraneum is not
even grouped into the network module representing the present-day lower nearshore settings
(Table S3). V. gibba dominance is often related to environmental instability driven by oxygen
depletion, turbidity or sustained sediment fluxes both in benthic communities (e.g., Pérés and
Picard, 1964; Hrs-Brenko, 2006) and Pliocene-Quaternary Mediterranean fossil assemblages (e.qg.,
Dominici, 2001; Amorosi et al., 2002). According to Ambrogi and Bedulli (1981), L.
mediterraneum is still one of the most abundant species in lower nearshore settings of the Po Delta
(especially between 5 m and 8 m water depth), whereas in deeper settings V. gibba is more
abundant and sometimes dominant (see also Occhipinti-Ambrogi et al., 2002). The shift in
dominance between L. mediterraneum and V. gibba from the mid-late Holocene toward present-

day observed in our data, however, needs further investigation, as the two-time intervals are not
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uniformly sampled along the bathymetric gradient (Fig. 2d). This bias in sampling coverage could
explain at least in part the switch in dominance of the two corbulids (Table 3). The pattern,
however, may also reflect an ecological signal related to anthropogenic disturbances, already
documented in other parts of the Adriatic Sea. In fact, previous studies focused on soft-bottom
habitats of the Northern Adriatic Sea attributed the 20" century dominance of V. gibba (= Corbula
gibba) and Tritia varicosa (= Nassarius pygmaeus) to trawling-enhanced remobilization of the
Adriatic seabed and to increase in frequency of anoxia events driven by eutrophication (e.g., Crema
et al., 1991; Giani et al., 2012; Gallmetzer et al., 2017; TomaSovych et al., 2020). Such repeated
stressors tend to reduce ecosystem complexity and keep macrobenthic communities permanently
at an early stage of recovery with moderate diversity and high abundance of opportunistic, resistant
species such as V. gibba and scavenger taxa (e.g., T. varicosa) (Table 3; Occhipinti-Ambrogi et
al., 2005; Tomasovych et al., 2018), while epifauna is more patchily distributed (Riedel et al.,
2012). Our findings are concordant with these previous studies. However, improved sampling
coverage of the entire nearshore bathymetric gradient in the mid-late Holocene record is necessary

to limit the effects of potential sampling biases.

It is noteworthy that the present-day lower nearshore assemblages characterised by the reduced
standardised diversity (Fig. S6a), tend to be dominated by the economically relevant Chamelea
gallina, an edible infaunal bivalve. This species contributed the most to the network delineation
of the lower nearshore settings in the present-day network (Table S3). While hypoxic events in the
Northern Adriatic Sea are becoming less common comparing to the 1970s and 1980s (Rinaldi et
al., 1991), the seabed is still intensively trawled along almost its entire bathymetric profile (Russo
et al., 2020 and references therein). A fleet of hydraulic dredgers (ca. 450 vessels) operates on the
sandy coastal bottoms (3-15 m water depth) in the Northern Adriatic Sea (Romanelli et al., 2009)
exploiting C. gallina. The areas hosting commercially exploitable densities of this species are
swept around 2.0 times each year on average, with peaks of 20 times a year (Morello et al., 2005).
Our data reinforce the ongoing concerns regarding impact of trawling on the lower nearshore
seabed, especially on benthic biodiversity. When standardised richness per sample is plotted as a
function of the relative abundance of economically relevant edible species, the lower nearshore
assemblages show a strong drop in median sample-level diversity (Fig. 4). The increase in
abundance of such species, that is a peculiar feature of the studied present-day assemblages, is
probably related to the 20" century expansion of marine invertebrate fisheries and aquaculture.
Opportunistic species like C. gallina or V. gibba benefit most from novel environmental conditions
provided by urban seas like the Adriatic. These taxa, given their ecological requirements, can

thrive best in human-impacted areas. In addition, the “law of large numbers” may apply in this
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context. The “law” states that the most abundant species remain most abundant because they tend
to produce more offspring than the less abundant species (Di Michele et al., 2004). Both features
confer to this species a strong adaptive potential to face the environmental perturbations to which
it is continuously subjected. However, even in the case of C. gallina, human impacts exert negative
effects on its populations. According to Bargione et al. (2021 and references therein), forty years
ago C. gallina annual yield in the Adriatic Seaa was 4-to-5 times higher than it is today (15,000—
20,000 tons/year). Nevertheless, while human exploitation of molluscs as a food source has
significantly altered community compositions, populations of exploited species like C. gallina are
still able to persist given responsible management. However, species less tolerant to anthropogenic
stressors that decreased in abundance from the mid-late Holocene (e.g., Bittium, Spisula; Table 1),
would require the establishment of larger protected areas that should allow them to survive and to

sustain populations in other parts of the basin via larval dispersal.

Perspectives

We used sample-level metrics of community composition and diversity to evaluate nearshore
habitats over the last few millennia and assess long-term changes in Adriatic coastal mollusc
assemblages. Adriatic geohistorical records highlight a marked shift between nearshore
assemblages from the two investigated time intervals. Compared to the mid-late Holocene
baseline, present-day molluscan assemblages show an increase in standardised diversity in upper
nearshore settings due to increase in habitat heterogeneity and introduction of non-native species.
The increase in standardised species diversity of surficial assemblages reflects local mixing of
dead organisms by physical processes across upper nearshore communities that are more
heterogenous today than they were in the past. The elevated spatial heterogeneity of mollusc
assemblages is likely attributable to transformation and fragmentation of coastal habitats driven
by human activities in the most recent centuries. In lower nearshore settings, on the other hand the
decrease in standardised diversity and the rise of opportunistic taxa signal a strong anthropogenic
transformation of these habitats related to eutrophication, increased frequency of hypoxic events
and intense bottom trawling. Given the economic and socio-cultural importance of shellfish
fisheries in the Mediterranean basin, it will be difficult to set the Holocene baseline for lower
nearshore environments as an achievable (or desirable) restoration goal. Conservation strategies
in such settings need to accept and incorporate human societies as part of the ecosystem (urban

sea, Dafforn et al., 2015) and consider them as one of the major stakeholders that should be
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involved in the sustainable management of coastal ecosystems. The historical perspective provided
in this study should allow us to establish better conservation strategies.
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TABLES AND FIGURES CAPTIONS
Table 1. Permutational analysis of variance (PERMANOVA). Results (based on 999

permutations), indicate statistically significant differences between the nearshore units of the two-
time intervals. Within our nested design, nearshore is a factor whereas upper and lower nearshore
are considered as levels (i.e., strata) of our factor, so that permutations occur only within each level
and not across all levels. Given the strong differences in the number of samples from the compared
units (see Table 2), we apply PERMANOVA comparatively and not as a formal statistical test.
PERMANOVA is based on the same dataset utilised for NMDS analyses (i.e., samples with > 20

specimens and to species occurring in more than one sample excluded).

Table 1 Permutational analysis of variance

Fairs F.Model R2 p.value
Present day vs Holocene 19.710 0.166 0.001

Table 2. Pairwise comparisons of samples (n > 20) using Bray-Curtis dissimilarity.
Compositional heterogeneity within targeted environments and sub-environments during
Holocene (H) and present-day (P) samples, estimated by pairwise Bray-Curtis dissimilarity
between the samples. Abbreviations: IQR = interquartile range; 0.25Q = first quartile; 0.75Q =
third quartile; n = number of pairwise comparisons computed following the formula: n = 0.5 * (n-
1).

Table 2 Pairwise sample comparsions (Bray-Curtis dissimilarity)

Subenvironmental level (n samples) median mean IQR 0.25Q 0.75Q n
L_shore-H (16) 0.505 0.480 0.257 0.363 0.620 120
U_shore-H (55) 0.119 0.154 0.124 0.077 0.201 1485
L_shore-P (13) 0.721 0.648 0.600 0.347 0.947 78
U_shore-P (17) 0.652 0.599 0.440 0.384 0.824 136
Nearshore level (n samples) median mean IQR 0.25Q 0.75Q n
Holocene (71) 0.227 0.330 0.395 0.101 0.496 2485
Present day (33) 0.818 0.722 0.414 0.540 0.954 435

Table 3. Ten most abundant taxa in Holocene and present-day nearshore settings. The ten
most abundant species (relative abundance) in Holocene and present-day settings and their ranking
at nearshore and sub-environmental level. Bivalves counts were divided by two, due to
disarticulation. Taxonomic notes: Anadara gr. kagoshimensis includes also A. transversa (Say,

1822), which both are non-native species from southern Asia. The reports of A. inaequivalvis
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(Bruguiére, 1789), in the ENEA dataset are treated as misidentifications of. A. gr. kagoshimensis.
Based on Philip Bouchet communication A. inaequivalvis is a valid species that does not occur in

the Mediterranean as an introduced species (Molluscabase eds., 2022).

Table 3 Most abundant taxa in Holocene and Present-day near-
shore settings

Species Present day Halaocene
% ab rank % ab rank
Nearshore
Lentidium mediterranaum 0.56 1 0.89 1
Chamelea gallina 0.12 2 0.03 2
Varicorbula gibba 0.1 3 0.01 6
Donax semistriatus 0.06 4 0.02 3
Spisula subtruncata 0.02 5 0.01 4
Bittium reticulatum 0.02 6 0.01 5
Tritia varicosa 0.02 T 0.00 10
Anadara gr. kagoshimensis 0.01 8 / 0
Peronidia albicans 0.01 9 0.00 9
Tritia neritea 0.01 10 0.00 27
Upper nearshore
Lentidium mediterranaum 0.75 1 0.95 1
Donax semistriatus 0,08 2 0.01 2
Chamelea gallina 0.07 3 0.01 3
Varicorbula gibba 0.02 4 0.00 6
Bittium reticulatum 0.02 5 0.01 4
Tritia neritea 0.01 6 0.00 16
Lucinella divaricata 0.01 7 0.00 12
Spisula subtruncata 0.01 8 0.00 7
Anadara gr. kagoshimensis 0.00 9 / 0
Tritia nitida 0,00 10 000 41
Lower nearshore
Varicorbula gibba 0.37 1 0.07 4
Chamelea gallina 0.26 2 0.27 2
Tritia varicosa 0.06 & 0.02 T
Spisula subtruncata 0.04 4 0.11 3
Antalis inaequicostata 0.03 7 ! 0
Peronidia albicans 0.03 6 0.02 9
Anadara gr. kagoshimensis 0.03 7 ! 0
Nucuia nitidosa 0.02 8 0.00 26
Donax semistriatus 0.02 9 0.06 o
Abra alba 002 10 0.00 29

Figure 1. Map of the study area. Blue squares represent the georeferenced sediment core
locations along the Po coastal plain of Emilia Romagna. The red dots indicate locations of the
present-day surficial samples. Numbers next to the symbols indicate the nearshore samples

retrieved in each location.
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Figure 2. Nonmetric multidimensional scaling (NMDS) and rank correlation analyses. A)
NMDS 3-D ordination (axes 1 and 2, see figure S4 for axes 1 and 3) of nearshore samples with at
least 20 specimens (singletons excluded). Samples are symbol- and colour-coded according to the
time interval and sub-environment. The size of each symbol corresponds to the log transformed
sample size. Convex hulls delimit the ordination space occupied by each nearshore group of
samples: brown = present day, blue = mid-late Holocene. B) Correlation between NMDS axis 1
sample scores (NMDS1) and species diversity rarefied to 20 specimens. C) Correlation between
NMDS1 and relative abundance of economically relevant edible species recovered in each sample
(see Appendix S2 for details). D) Correlation between NMDS1 and the water depth assigned to
each sample (see Methods for details). In each panel samples are symbol- and colour-coded
according to the time interval and sub-environments: U-shore_H = mid-late Holocene upper

nearshore; L-shore_H = mid-late Holocene lower nearshore; U-shore_P = present-day upper
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nearshore; L-shore P = present-day lower nearshore. In b—d panels, Spearman’s correlation

coefficient (p) is reported also for NMDS axis 2 sample scores. Correlation between sample

NMDS scores and key community parameters is statistically significant (p << 0.001) in all

comparisons except for NMDS2 vs % edible species and sample water depth (p > 0.7).
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Figure 3. Varying Markov time models of the networks representing the mid-late Holocene

succession (A) and present-day nearshore seabed (B) of the Po-Adriatic system. This alluvial

diagram highlights changes in module assignments of nodes between network partitions obtained
at different Markov times (Kheirkhahzadeh et al., 2016). The partition capturing the two-step
dynamics on the links (Markov time = 2) is highlighted and its modular structure is used to colour

nodes in other partitions.
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Figure 4. Relationship between economically relevant edible species (relative abundance per
sample) and standardised diversity in targeted nearshore settings. Lines are Lowess functions
based on samples pooled at nearshore level (blue circles = mid-late Holocene, brown triangles =
present day). Standardised richness shows different behaviours in the analysed time intervals:
Holocene assemblages show a moderate increase in both economically relevant taxa and
standardised diversity between the upper and lower nearshore settings. The pattern is much less
clear in present-day settings, with standardised diversity much more variable in lower nearshore

samples. Economically relevant species tend to reach dominance more frequently only in the
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present-day assemblages. U-shore_H = mid-late Holocene upper nearshore; L-shore_H = mid-late
Holocene lower nearshore; U-shore_P = present-day upper nearshore; L-shore_P = present-day

lower nearshore.
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Figure 5. Modular patterns of the networks representing the mid-late Holocene succession
and present-day nearshore seabed of the Northern Adriatic Sea (reference partitions). This
alluvial diagram highlights changes in assignment of the taxa to nearshore sub-environments
between the two time intervals. Although both networks show a similar modular structure, some
taxa clustered into the module representing the Holocene lower nearshore belong to the module

representing the present-day upper nearshore.
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Supplementary figures

A. Multilayer network B. Reference partition (Markov time = 2)

Litholayer .
Sub-environments

Sedimentological features (overlapped modules)

3 Kurtiella bidentata; sample 1181
/‘1 Upper shoreface
/ﬂ \\ Lentidium mediterraneum
Il ‘1 \ Donax trunculus
i 2 Donax semistriatus
BIOIayer sample 1103
sample 1105
sample 1109*

Lower shoreface
Cerastoderma glaucum
Bittium reticulatum
Ecrobia gr ventrosa
sample 114

sample 1182

sample 1109*

samples

Figure S1. Multilayer network representation of the mid-late Holocene succession of the Po-
Adriatic System. A) One layer describes the taxonomic composition of samples and the other
describes their depositional environments. B) Holocene nearshore sub-environments. This alluvial
diagram represents the network partition obtained when modeling the two-step dynamics on the
links (Markov time = 2) (Kheirkhahzadeh et al. 2016). Infomap modules are shown as coloured
bars with height proportional to the number of nodes. They comprise highly connected taxa,
samples, and sedimentological features and can be directly interpreted as upper and lower
shoreface sub-environments. Some higher ranked nodes per module are plotted, including one of
the samples clustered into modules 1 and 2 to highlight the module overlapping in the reference

partition.
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Figure S2. Nonmetric multidimensional scaling (NMDS) and rank correlation analyses at
higher sample threshold (n > 60 specimens) applying Wisconsin double standardisation. A)
NMDS 3-D ordination (axes 1 and 2) of nearshore samples (Bray-Curtis dissimilarity index). The
size of each point is the log transformed sample size. Convex hulls delimit the ordination space
occupied by each nearshore group of samples: brown—present day, blue—Holocene. B)
Correlation between NMDS axis 1 sample scores (NMDS1) and species diversity rarefied to 60
specimens. C) Correlation between NMDS1 and relative abundance of economically relevant
edible species recovered in each sample (see Appendix S2 for details). D) Correlation between
NMDS1 and the water depth assigned to each sample (see Methods for details). In each panel
samples are symbol- and colour-coded according to the time interval and sub-environments: U-
shore_H = mid-late Holocene upper nearshore; L-shore_H = mid-late Holocene lower nearshore;
U-shore_P = present-day upper nearshore; L-shore P = present-day lower nearshore. In b-d

panels, Spearman’s correlation coefficient (p) is reported also for NMDS axis 2 sample scores.
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Correlation between NMDSL1 and key community parameters is statistically significant (p <<
0.001) in all comparisons except for NMDS2 vs. % edible species and sample water depth (p >
0.3).
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Figure S3. Nonmetric multidimensional scaling (NMDS) and rank correlation analyses at
higher sample threshold (n > 60 specimens) based on the fourth square root transformed
relative abundances of species (rel4root). A) NMDS 3-D ordination (axes 1 and 2) of nearshore
samples (Bray-Curtis dissimilarity index). The size of each point is the log transformed sample
size. Convex hulls delimit the ordination space occupied by each nearshore group of samples:
brown—present day, blue—Holocene. B) Correlation between NMDS axis 1 sample scores

(NMDS1) and species diversity rarefied to 60 specimens. C) Correlation between NMDS1 and
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relative abundance of economically relevant edible species (see Appendix S2 for details). D)
Correlation between NMDS1 and the water depth assigned to each sample (see Methods for
details). In each panel samples are symbol- and colour-coded according to the time interval and
sub-environments: U-shore_H = mid-late Holocene upper nearshore; L-shore H = mid-late
Holocene lower nearshore; U-shore_P = present-day upper nearshore; L-shore_P = present-day
lower nearshore. In b—d panels, Spearman’s correlation coefficient (p) is reported also for NMDS
axis 2 sample scores. Correlation between sample NMDS scores and key community parameters
is statistically significant (p << 0.001) in all comparisons except for NMDS2 vs. sample water
depth (p-value > 0.3).
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Figure S4. Nonmetric multidimensional scaling (NMDS) axes 1 and 3 of nearshore samples
of the Po-Adriatic System. Bray-Curtis dissimilarity index and Wisconsin standardisation applied
on a data matrix with singletons excluded. Panels show NMDS outputs based on samples with at
least 20 (left) or 60 (right) specimens. Samples are symbol- and colour-coded according to the

time intervals and sub-environments as in figures S2 and S3.
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Figure S5. Principal coordinates analysis illustrating multivariate dispersion (a measure of
beta diversity) in mid-late Holocene and present-day nearshore assemblages of the Po-
Adriatic System. Average Bray-Curtis distance of samples to their group centroids is 0.526 for
present day (P) and 0.245 for mid-late Holocene (H) nearshore sample groups. Tests for
homogeneity of multivariate dispersions (999 permutations) and ANOVA both indicate
statistically significant (p < 0.05) differences between the two time intervals. Samples are symbol-
and colour-coded according to the time intervals (brown circles = present day; blue triangles =

Holocene).
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Figure S6. Bio-environmental descriptors of nearshore assemblages of the Po-Adriatic
System (only samples with n > 20 specimens considered). A) Rarefied species richness (at 20
specimens per sample). B) Per sample relative abundance of edible species that are economically
relevant in the study area (Appendix S2). C) Per sample relative abundance of non-native species
in the study area (Appendix S2). Non-native species are those that were initially distributed outside
the central-eastern Mediterranean. D) Per sample relative abundance of species thriving on hard
substrates (Appendix S2). The present-day increase of taxa related to hard substrates is minimal,
but their presence is relatively widespread with respect to mid-late Holocene assemblages, in
which such species were recovered in 3 upper nearshore and 1 lower nearshore samples (out of 71

samples investigated).
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Supplementary tables

Taxon Author Substrate Feeding Nearshore-H %
Lentidium mediterraneum (Costa0.G.,1839) IN SuU 0.889
Chamelea gallina (Linneo,1758) IN SuU 0.033
Donax semistriatus Poli, 1795 IN SU 0.015
Spisula subtruncata (DaCosta,1778) IN SuU 0.012
Bittium reticulatum (DaCosta,1778) EP HE 0.010
Varicorbula gibba (Olivi, 1792) IN SuU 0.009
Ecrobia gr. ventrosa NA EP HE 0.005
Bela formica Nordisieck,1977 EP CAR 0.003
Peronidia albicans Gmelin, 1791 IN DE 0.002
Tritia varicosa (Lamarck,1822) IN CAR 0.002
Taxon Author Substrate Feeding Nearshore-P %
Lentidium mediterraneum (Costa0.G.,1839) IN SuU 0.562
Chamelea gallina (Linneo,1758) IN SuU 0.115
Varicorbula gibba (Olivi, 1792) IN SuU 0.111
Donax semistriatus Poli, 1795 IN SuU 0.063
Spisula subtruncata (DaCosta, 1778) IN SuU 0.017
Bittium reticulatum (DaCosta,1778) EP HE 0.016
Tritia varicosa (Lamarck,1822) IN CAR 0.015
Anadara gr. kagoshimensis NA Sl SuU 0.010
Peronidia albicans Gmelin, 1791 IN DE 0.009
Tritia neritea (Linneo,1758) IN CAR 0.009

Table S1. The ten most abundant taxa in the investigated mid-late Holocene and present-day

mollusc assemblages of the Po-Adriatic System. This table contains substrate and trophic

information on the 10 most abundant taxa (relative abundance) retrieved in the Holocene (H) and

present-day (P) time intervals. Abbreviations: IN—infaunal, SI—semi-infaunal, EP—epifaunal,

SU—suspension and filter feeder, DE—(sub)surface (chemosymbiotic) deposit feeder,

HE—nherbivores, CAR—carnivores.
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name flow node ID module ID__subenvironment
L. shore 0,0/1636 4 1 L. shoreface
Cerastoderma glaucum 0,00/360 3/ 1 L. shoretace
Bittium reticulatum 0,007144 60 1 L. shoreface
Ecrobia gr ventrosa 0,006929 62 1 L. shoreface
Dosinia lupinus 0,006912 a1 1 L. shoretace
Moerella pulchella 0,006902 56 1 L. shoreface
Loripes orbiculatus 0,006389 a5 1 L. shoretace
Chamelea gallina 0,006836 38 1 L. shoreface
Lucinella divaricata 0,0063818 a6 1 L. shoretace
Glycymeris glycymeris 0,006757 42 1 L. shoreface
Varicorbula gibba 0,006/16 5/ 1 L. shoretace
Rissoa membranacea/ventricosa 0,006702 71 1 L. shoreface
Peronidia albicans 0,006694 54 1 L. shoretace
Prtar rudis 0,006693 51 1 L. shoreface
Moerella distorta 0,00668/ 3b 1 L. shoretace
Tritia nitida 0,006644 b6 1 L. shoretace
Lembulus pella 0,006638 18 1 L. shoreface
Pholas dactylus 0,006634 50 1 L. shoretace
E Fustiaria rubescens 0,006610 73 1 L. shoreface
@© Ostrea edulis 0,006569 49 1 L. shoretace
: Spisula subtruncata 0,006549 53 1 L. shoretace
E Abra alba 0,006545 31 1 L. shoretace
o Fabulinag fabula 0,006497 55 1 L. shoretace
9 Calyptraea chinensts 0,006469 61 1 L. shoretace
:E Actean tornatilis 0,006469 58 1 L. shoretace
Nucula nitidosa 0,006438 a7 1 L. shoreface
Bela formica 0,006396 59 1 L. shoretace
Antalis dentalis 0,006388 72 1 L. shoreface
Acanthocardia paucicostata 0,0063/9 35 1 L. shoretace
Gibbula/Steromphala spp. 0,006356 63 1 L. shoreface
Iritia varicosa 0,006335 6/ 1 L. shoretace
Tritia mutabilis 0,006255 65 1 L. shoreface
Mangelia attenuata 0,006243 64 1 L. shoretace
Polititapes aureus 0,006236 52 1 L. shoreface
Abra renier! 0,006146 33 1 L. shoretace
Acanthocardia aculeata 0,006146 34 1 L. shoreface
U. shore 0,144200 /5 2 U. shoretace
Lentidium mediterraneum 0,008003 a4 2 U. shoretace
Donax trunculus 0,007752 40 2 U. shoretace
Donax semistriatus 0,00/ /700 39 2 U. shoretace
Pyrgiscus rufus 0,007554 69 2 U. shoretace
Abra segmentum 0,00/483 32 2 U. shoretace
Pusillina lineolata 0,007341 68 2 U. shoretace
sample [D f|0ﬁ FQdQ D Engdu elD Eu%—eqyimnment
5T 0,0 . shoreface
253 0,0339461 3 1 L. shoretace
255 0,019734 16 1 L. shoreface
1658 0,018933 2 1 L. shoretace
1112 0,011231 13 1 L. shoretace
1179 0,0108018 28 1 L. shoretace
806 0,0105429 20 1 L. shoretace
1181 0,00566537 29 1 L. shoretace
&
a o :
£ 0,0142309 2 mixed L. and U. shoretace
g 1180 0,030566/ 15 1 mixed L. and U. shoretace
o 1115 0,0503866 9 1 mixed L. and U. shoretace
E 1113 0,03559/1 24 1 mixed L. and U. shoretace
o 1103 0,0154902 5 2 L. shoretace
% 117/ 0,0140258 8 2 U. shoretace
-~ 1102 0,0133828 30 2 U. shoretace
1104 0,01328/7/ 22 2 U. shoretace
1175 0,00935892 26 2 U. shoretace
11/4 0,00901591 / 2 U. shoretrace
797 0,00886813 12 2 U. shoretace
1098 0,00886292 4 2 U. shoretace
11/6 0,00862268 2/ 2 U. shoretace
1100 0,00819406 10 2 U. shoretace
/96 0,00/9488 18 2 U. shoretace
1173 0,00786075 14 2 U. shoretace
1099 0,00/ /6064 21 2 U. shoretace
795 0,00764056 17 2 U. shoreface
1172 0,00/11522 25 2 U. shoretace

156



Table S2. Reference solution for the network representing the mid-late Holocene succession
of the Po-Adriatic System. This table contains the best partition of 500 attempts. Modules are
sorted by taxa and samples. In addition, within each module, nodes are sorted by the total amount
of flow they contain-their steady state population of random walkers (Rosvall and Bergstrom,
2010). Samples influencing both upper and lower nearshore at Markov time = 1 and = 2 are
highlighted in light gray (see also figure 3b) and dark gray, respectively.
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'ﬂOW

name node ID_module ID _sub-environtment
U. shore 0,0928543 100 2 U. shoreface
Lentidium mediterraneum 0,00574005 48 2 U. shoreface
Donax semistriatus 0,00565501 43 2 U. shoreface
Scrobicularia plana 0,00557203 65 2 U. shoreface
Fabulina fabula 0,00553339 69 2 U. shoreface
Loripes orbiculatus 0,00552301 49 2 U. shoreface
Glycymeris nummaria 0,00548071 47 2 U. shoreface
Mangelia attenuata 0,00542155 87 2 U. shoreface
Mytilus edulis 0,00535691 54 2 U. shoreface
Bela formica 0,00517731 76 2 U. shoreface
Tritia neritea 0,00512827 81 2 U. shoreface
Macomangulus tenuis 0,00511909 71 2 U. shoreface
Donax trunculus 0,00510886 44 2 U. shoreface
Parvicardium scabrum 0,005067 59 2 U. shoreface
Moerella pulchella 0,0050632 70 2 U. shoreface
Lucinella divaricata 0,00505989 50 2 U. shoreface
Ecrobia gr ventrosa 0,00495894 82 2 U. shoreface
Parthenina interstincta 0,00490466 91 2 U. shoreface
Bittium latreillii 0,00481546 78 2 U. shoreface
Ditrupa arietina 0,00480868 98 2 U. shoreface
Fustiaria rubescens 0,00479149 97 2 U. shoreface
Bela fuscata 0,00478282 77 2 U. shoreface
Gibbula.Steromphala spp. 0,00465998 86 2 U. shoreface
Pyrgiscus rufus 0,00465998 93 2 U. shoreface
Rissoa auriformis 0,00465998 94 2 U. shoreface
Ruditapes philippinarum 0,00504638 64 3 U. shoreface
Mytilus galloprovincialis 0,00497449 55 3 U. shoreface
Cerastoderma glaucum 0,00496291 41 3 U. shoreface
Bittium reticulatum 0,00491477 79 3 U. shoreface
L. shore 0,0688704 99 1 L. shoreface
Chamelea gallina 0,00598125 42 1 L. shoreface
Abra renieri 0,00560571 33 1 L. shoreface
o Solen marginatus 0,00545109 66 1 L. shoreface
% Thracia phaseolina cf 0,00531574 72 1 L. shoreface
+  Bosemprella incarnata 0,00527686 38 1 L. shoreface
$ Mactra stultorum 0,00511861 51 1 L. shoreface
&  Peronidia albicans 0,00511628 68 1 L. shoreface
& polititapes aureus 0,00510107 63 1 L. shoreface
Dosinia lupinus 0,00509211 45 1 L. shoreface
Varicorbula gibba 0,00506865 73 1 L. shoreface
Anadara inaequivalvis 0,00500993 37 1 L. shoreface
Spisula subtruncata 0,00500647 67 1 L. shoreface
Philine aperta 0,00488571 92 1 L. shoreface
Tritia nitida 0,00485571 89 1 L. shoreface
Pharus legumen 0,00481819 60 1 L. shoreface
Antalis dentalis 0,00481819 95 1 L. shoreface
Tritia mutabilis 0,00476555 88 1 L. shoreface
Abra alba 0,00475546 31 1 L. shoreface
Abra prismatica 0,00473518 32 1 L. shoreface
Epitonium turtonis 0,00468811 83 1 L. shoreface
Acanthocardia aculeata 0,00466611 34 1 L. shoreface
Euspira nitida 0,00462046 85 1 L. shoreface
Tritia varicosa 0,00457661 90 1 L. shoreface
Moerella distorta 0,00456966 40 1 L. shoreface
Acanthocardia paucicostata 0,00456902 35 1 L. shoreface
Eulima glabra 0,00456902 84 1 L. shoreface
Anomia ephippium 0,0045511 39 1 L. shoreface
Aporrhais pespelecani 0,004548384 75 1 L. shoreface
Nucula nitidosa 0,00454155 56 1 L. shoreface
Acteon tornatilis 0,00453115 74 1 L. shoreface
Lembulus pella 0,00452933 57 1 L. shoreface
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Aequipecten opercularis 0,00452589 36 1 L. shoreface
Calyptraea chinensis 0,00451594 80 1 L. shoreface
Antalis inaequicostata 0,00451399 96 1 L. shoreface
Flexopecten glaber 0,00450849 46 1 L. shoreface
Phaxas adriaticus 0,00450839 61 1 L. shoreface
Mysia undata 0,00448537 53 1 L. shoreface
Ostrea edulis 0,00448 58 1 L. shoreface
Mimachlamys varia 0,0044715 52 1 L. shoreface
Pitar rudis 0,00446172 62 1 L. shoreface
name (sample ID) flow node ID _module ID sub-environtment
251 0,0620179 1 1 L. shoreface
253 0,0422175 2 1 L. shoreface
255 0,039939 3 1 L. shoreface
1658 0,0327573 7 1 L. shoreface
259 0,0106853 5 1 L. shoreface
257 0,00822967 4 1 L. shoreface
1649 0,00727358 16 1 L. shoreface
1660 0,00710615 25 1 L. shoreface
1657 0,00668408 6 1 L. shoreface
1661 0,00562987 17 1 L. shoreface
1659 0,00559663 8 1 L. shoreface
" 1655 0,0547118 23 2 U. shoreface
Q@ 1656 0,0224641 24 2 U. shoreface
E‘ 248 0,0207306 18 2 mixed L. and U. shoreface
© 1662 0,0105595 9 1 mixed L. and U. shoreface
= 1663 0,0161455 10 1 mixed L. and U. shoreface
9 1648 0,0167305 15 2 U. shoreface
g 1644 0,016251 13 2 U. shoreface
1643 0,0142307 19 2 U. shoreface
1650 0,0128266 28 2 U. shoreface
1647 0,0119094 14 2 U. shoreface
1664 0,00774374 27 2 U. shoreface
1653 0,00748293 30 2 U. shoreface
1666 0,00714578 26 2 U. shoreface
1651 0,00695928 29 2 U. shoreface
1652 0,0068444 22 2 U. shoreface
1645 0,00666915 20 2 U. shoreface
1646 0,00650212 21 2 U. shoreface
1665 0,00548619 11 2 U. shoreface
1654 0,0235882 12 3 U. shoretace

Table S3. Reference solution for the network representing the present-day nearshore seabed
of the Po-Adriatic System. This table contains the best partition of 500 attempts. Modules are
sorted by samples and taxa. In addition, within each module, nodes are sorted by the total amount
of flow they contain-their steady state population of random walkers (Rosvall and Bergstrom
2010). Samples influencing both upper and lower nearshore at Markov time = 1 are highlighted in

light gray (see also figure 3a).
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Appendixes (datasets .csv files) and R-script files
(Appendixes and a preliminary version of the R.scripts can be downloaded at: https://)

Please download the two .csv files (i.e., Appendix-S1 and Appendix-S2), and the four R-scripts in
your R-studio working directory. Open Pre-processing 2022 R-file and run it to pre-process and
restrict the dataset to relevant groups of species and samples. Then open Anthropogenic impact

2022 to get the remaining figures and data for the tables of the manuscript.

Appendix S1 - Raw abundance data (i.e., taxon-n), environmental and stratigraphic information
concerning investigated nearshore samples from latest Quaternary sedimentary succession and
present-days seabed of the Po-Adriatic System. Abbreviations: 1D and #obs: sample identification
numbers; Housed: Institution where samples are stored, BiGeA—Department of Biological,
Geological and Environmental Sciences, University of Bologna (Italy), NHM-UF—Florida
Museum of Natural History University of Florida (FL-USA); #ofsamples: 1—no subsamples,
2—subsamples present; Live/Dead: L—Iive specimens retrieved in the sample; D—dead
specimens in the sample (defined only for present-day settings); D+L—dead and live fractions not
separated; Orig_label: assigned sample label; Region: EMR—Emilia-Romagna, VT—Veneto;
Province = RA—Ravenna, FC—Forli-Cesena, RI—Rimini, FE—Ferrara, RO—Rovigo,
VE—Venezia; Samp_method: method of sampling; Samp_date: date of sampling; S_volume:
estimate of the sample volume; Depth_sampling_(m): stratigraphic depth of the sample in meters
(defined only for fossil settings); Collector: sample collector; Environment: present-day
environmental attribution (defined only for present-day settings). Sheet, Well and Locality: spatial
qualifiers of the samples based on the geologic map of Italy scale 1:50000; Systems tract:
HST—highstand systems tract; Age: R—Ilast ~100 years; H—mid-late Holocene; Substrate:
sample grain size (qualitatively estimated); Facies association and Facies association_b:
integrated facies or lithofacies employed to define a sedimentary environment (info are derived by
previously published literature); Env_interpret: attribution of samples to backshore, upper and
lower nearshore sub-environments (environmental subdivision following Sistilli et al. (2015), see
Methods), present-day sample attribution is based on the sample depth (i.e., site altitude) and notes
of the collector (e.g., stranded assemblage); as for Holocene samples, their attribution to backshore
Is based on facies associations qualifiers (columns facies associations and facies association_b),
whereas upper- and lower-nearshore is based on the estimated sample depth and Sistilli et al.
(2015) subdivision (see Methods); Latitude and Longitude: sample geographic qualifiers; Site
altitude (m.a.s.l.): position of a sample respect to the sea-level (if from present-day settings) or

offset, respect to the sea-level, of the top-most portion of the core to which a fossil sample
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belongs); Parasequences: succession of genetically-related bedsets that is bounded by marine
flooding surfaces (or their correlative surfaces) on top and at the bottom: parasequence numbers
after Amorosi et al. (2017), age of parasequences boundaries are available in Amorosi et al. (2017,
fig. 6); S-depth: sample depth, as for present-day samples it is the Site altitude value, for fossil
samples,it has been estimated following the Wittmer et al. (2014) approach (see Methods).

NA—information not available or not applicable.

Appendix S2 Ecologic and taxonomic information concerning all taxa of the Po-Adriatic dataset
(i.e., 787). Please note that the study targeted nearshore samples, so only a restricted taxonomic
pool of the 787 taxa shows abundance values. Abbreviation: ID = taxon ID, reported also in
Appendix S1; Species_depth: species preferential depth computed by weighted averaging on data
from N. Adriatic; Ecosystem: M—marine, B—brackish, F—freshwater, L—land; Class, Family,
Genus Species: taxonomy categorization, as for Class/Phylum: P—Polyplachophora,
G—Gastropoda, = C—Cephalopoda, = B—Bivalvia, = S—Scaphopoda, = Po—Polychaeta,
Ma—Maxillpoda, Br—Brachiopoda, Ec—Echinoidea; Substrate, Mobility, Fixation, Feeding:
taxon qualifiers concerning the mode of life categorization, Substrate: IN—infaunal, SI—semi-
infaunal, EP—epifaunal, WB—borer/nestler, EP-IN—epifaunal and infaunal behaviour,
NC—nektonic, Mobility: IM—immobile, SE—sedentary, AM—actively mobile, Fixation:
UN—unattached, BA—byssaly attached, CE—cemented, Feeding: SU—suspension and filter
feeder, DE—(sub)surface (chemosymbiotic) deposit feeder, HE—herbivores, CAR—carnivores,
OM—omnivorous, PAR—parasites, SU-DE—suspension and (sub)surface (chemosymbiotic)
deposit feeder, PAR-CAR—parasites and carnivores; Family-to-Species ID: taxon ID for
computational  purposes;  Biogeography:  species  distribution: COS—cosmopolitan,
BOR—Mediterranean-to-Boreal;,  MED/LUS—Mediterranean-to-Lusitanian;,  WAF—West
African; Exotic: Y = non-native species; Edible: Y = economically relevant species in the

northeastern Adriatic.

Appendix S3. Multilayer network representation of the mid-late Holocene succession of the
Po-Adriatic System. This standard file specifies nodes and links in two different sections. The
first section includes the node indexes and names. The second section describes the intralayer link
structure; each row includes layer index, source node index, target node index, and link weight.
Interlayer links are created by Infomap from the intralayer link structure by relaxing the layer

constraints on those links with probability r = 0.8.

Appendix S4. Multilayer network representation of the present-day nearshore seabed of the

Po-Adriatic System. This standard file specifies nodes and links in two different sections. The
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first section includes the node indexes and names. The second section describes the intralayer link
structure; each row includes layer index, source node index, target node index, and link weight.
Interlayer links are created by Infomap from the intralayer link structure by relaxing the layer

constraints on those links with probability r = 0.8.

References

Amorosi, A., Bruno, L., Campo, B., Morelli, A., Rossi, V., Scarponi, D., Hong, W., Bohacs, K.M.
and Drexler, T.M. (2017) Global sea-level control on local parasequence architecture from the
Holocene record of the Po Plain, Italy. Mar. Petrol. Geol., 87, 99-111.

Rosvall M., Bergstrom C.T. (2010). Mapping change in large networks. PloS one, 5(1), e8694.

Sistilli F., Scarelli F., Stecchi F., Fabbri S., Cantelli L., Gabbianelli G. (2015). Spatial and temporal
evolution and morphodynamic zonation fo the Ravenna shoreface. Coastal and Marittime

Mediterranean Conference, 89-92.

Wittmer J.M., Dexter T.A., Scarponi D., Amorosi A., Kowalewski M. (2014). Quantitative
bathymetric models for late quaternary transgressive-regressive cycles of the po plain, Italy.
Journal of Geology, 122(6), 649-670.

162



Chapter 5. Multi-scale characterization of shell mechanical
and compositional features in Mytilus galloprovincialis
across life stages (manuscript in preparation)

163



Multi-scale characterization of shell mechanical and compositional

features in Mytilus galloprovincialis across life stages

Alessandro Cheli*2, Nicola Di Simone?, Rajapaksha Haddokara Gedara Rasika Wathsala®, Devis
Montroni!, Arianna Mancuso?’, Fiorella Prada®*, Claudio Marzadori®, Jaap Kaandorp®, Stefano

Goffredo®’, Giuseppe Falini'® and Silvia Franzellitti®>

Y Department of Chemistry “Giacomo Ciamician”, Alma Mater Studiorum — Universita di Bologna, via
Selmi 2, 40126 Bologna, Italy.

2 Fano Marine Center, The Inter-Institute Center for Research on Marine Biodiversity, Resources and
Biotechnologies, viale Adriatico 1/N 61032 Fano, Italy.

SAnimal and Environmental Physiology Laboratory, Department of Biological, Geological and
Environmental Sciences, University of Bologna, Via S. Alberto 163, Ravenna, Italy.

* Environmental Biophysics and Molecular Ecology Program, Department of Marine and Coastal Sciences,
Rutgers, The State University of New Jersey, New Brunswick, New Jersey, USA

® Department of Science and Technology of Agriculture and Environment (DISTAL), Alma Mater Studiorum
- Universita di Bologna, via Fanin 40, 40127 Bologna, Italy.

® Computational Science Lab, University of Amsterdam, Science Park 904, 1098XH, Amsterdam, the
Netherlands.

"Marine Science Group, Department of Biological, Geological and Environmental Sciences, University of
Bologna, Via Selmi 3, Bologna, Italy

8CNR, Institute of nanostructured materials (ISMN), via Gobetti 101, 40129 Bologna, Italy.

164



Abstract

Mytilus galloprovincialis is a sessile bivalve mollusk with high ecological and economical
relevance. The shell has a vital protective and supportive role for the animal and its known that
composition and structure change with the organism age, while less documented is their effect on
mechanical properties. Here we conducted a characterization of shell features in Mytilus
galloprovincialis of different sizes at three different life stages: sexually immature organisms,
individuals in maturation and fully sexually developed individuals. The results obtained with a
multiscale analysis by biometric, thermogravimetric, infrared spectroscopy, X-ray diffraction and
ICP-OES measurements, associated with mechanical tests, show that the skeletal macrostructure
and resistance to fracture change in shells from immature to mature organisms. With increasing
shell size, a decrease in porosity, shell calcite content and intra-shell organic matrix is observed,
while an increase in bulk density, thickness, maximum load to breakage and elasticity occurred.
These data highlight how shell multiscale properties are strictly related to size, making this
parameter a key factor to consider in biological studies addressing the effect of environmental
stressors on mussels. This information has also a crucial relevance in aquaculture, being the

mechanical properties of shells a key parameter in the harvesting and packaging of mussels.

Keywords: Mussel shells, shell size, mechanical properties, structural properties, composition.
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Introduction

The wide distribution of marine mussels in coastal environments, along with their ecological and
economical importance, have made them model organisms for physiological, ecological, and
biomechanical studies (Bajt et al., 2019a; Denny & Gaylord, 2010). Along with other organisms
that dominate the coastal environment, these animals are currently threatened by several
anthropogenic stressors like climate change, eutrophication, pollution, or alien species input (Bajt
etal., 2019b; Coll et al., 2010). These sessile animals play a key role as filter feeders, making them
important bioaccumulators and are considered valuable environmental sentinels (Beyer et al.,
2017; Brate et al., 2018; Goldberg, 1975; Pavicic et al., 1993). They also represent an important
source of nutrients and bioactive molecules for medical and pharmacological applications
(Grienke et al., 2014).

According to statistics from the United Nation's Food and Agriculture Organization (FAO), the
production of mussels for edible purposes has increased annually since 2018 in the world and was
up to more than 200 million tons in 2018 (FAO, 2020). Nearly all current farm mussel production
is sold as an in-shell product, either live or frozen, after primary processing. Thus, shell strength
is a critical properties for a successful farm affecting the susceptibility to shell breakage during the
processing stages (Penney et al., 2007).

Mussel shell comprises two calcium carbonate polymorphs: calcite and aragonite. The outer layer
of the shell, referred as calcite prismatic layer, is made of long, slender fibers of calcite (some 1-
2 um wide and hundreds of um long), which reach the internal surface of the shell (Marin et al.,
2012b). This microstructure has been named anvil-type fibrous calcite. Below that, the
myostracum layer is present. This is usually a very thin layer, made of aragonite, located in the
attachment of the adductor muscle to the umbo of each valve. This layer is in direct contact with
the inner layer formed by the nacre. The nacreous layer has a well-defined type of micro-structure
characterized by small flat tablets (200-500 nm thick) of aragonite tightly packed together, glued
by thin organic matrix layers, and connected by mineral bridges (Huang et al., 2019; Montroni,
2020; Nudelman et al., 2008).

Mussel shells plays an essential role for the organism ensuring structural integrity and the
protection of soft vital tissues against aggressive (abiotic and biotic) environments. The process of
shells formation is influenced by the environment, which can affect the energy allocation patterns
in the organism (Bergstrom & Lindegarth, 2016b; Kroeker et al., 2016b; Telesca et al., 2018Db).
Environmental changes, including increasing temperature due to global warming, has direct effects
on skeletal features of bivalves by affecting their morphometric characteristics and growth rates

(Mackenzie et al., 2014b; Mancuso et al., 2019c). It has been observed that bivalve shells face the
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ongoing increasing temperature by a reduction of thickness with a consequent increase in shell
fragility (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini, Stagioni, &
Falini, 2016; Olson et al., 2012). Thus, any possible reduction in thickness and mechanical strength
could have a profound effect on survival, by reducing protection of the soft tissues from predators
and anthropogenic activity (Gizzi, Caccia, Simoncini, Mancuso, Reggi, Fermani, Brizi, Fantazzini,
Stagioni, & Falini, 2016; Mackenzie et al., 2014b). The variation in bivalve shell thickness may
be a plastic or adaptive trait (Nagarajan et al., 2006; Parsons, 1997; Pro¢kow et al., 2018). On a
local scale an increase of shell thickness can be relevant in diverse contexts like (Seed &
Richardson, 1999): reduction of successful predation (Lemasson & Knights, 2021); (Leonard et
al., 1999); protection of individuals from intense wave action destructive effects (Steffani &
Branch, 2003); mechanical support to protect mussels from the effects of density, layering and
aggregation in mussel beds (Bertness & Grosholz, 1985).

In order to provide an efficient protection, the shell must be both stiff and strong. Previous
mechanical tests conducted on about 20 different species of seashells revealed an elastic modulus
ranging between 40 GPa and 70 GPa, and a strength in the 20-120 MPa range (Currey & Taylor,
1974). Inside mussel shell, the nacreous layer has been observed to be the strongest one (Sun &
Bhushan, 2012; Tushtev et al., 2008). Usually, the breakage pattern in the Mytilus genus consists
of one fracture only, which does not extend from the point of loading but whose path is highly
unpredictable (Zuschin & Stanton, 2001). In a recent study on Mytilus californianus, the shell was
loaded for 15 cycles at ~55% of its predicted breaking force (Crane & Denny, 2022). In this study
repaired shells of experimentally stressed mussels were as strong as the control mussels that had
not been experimentally loaded; however, stressed mussels had higher mortality and less soft tissue
than the control group (Crane & Denny, 2022).

Structural, physical and mechanical properties of mussel shells change during the ontogenesis and
thus is crucial to evaluate the effect of environmental and anthropogenic stresses on the organism
at different life stages. Mechanical analyses of the nacreous mussel Perumytilus purpuratus shells
of different sizes performed on cubic specimens cut from shell, have shown that stress and strain
strength and elastic modulus degraded during ontogeny, showing an orthotropic behavior under
compression (Mufioz-Moya et al., 2022).

This study aims to evaluate the biometric, mechanical and compositional features of M.
galloprovincialis shell from the north-western coasts of the Adriatic Sea. Since the development
of gonads and the storage of gametes for reproduction brings a variation of physiological

parameters and different allocation pattern of energies, analyses were conducted on shells of
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different size ranges, corresponding to different stages of organism sexual maturation. This
allowed to investigate shells properties variation during mussel growth.

Materials and methods

Samplings

Specimen of M. galloprovincialis were collected by fishermen of the “Cooperativa Pro.mo.ittica”
in Cesenatico (Emilia-Romagna, Italy) in 2019. After sampling, mussels were immediately stored
in coolers (+4 °C) and transferred to the laboratory to be cleaned, washed and then stored at -20
°C.

All analysis was performed on shells of three different sizes: sexually immature organism, with a
maximum shell length of 3 cm (which we will refer to as "small" shells); individuals in maturation,
with a shell size between 3 and 5 cm (which we will refer to as "medium™ shells); fully sexually
developed individuals, with a shell size greater than 5 cm, the minimum commercial size (which
we will refer to as "large” shells). Although differences in the growth rate may occur due to specific
local environmental parameters, mussels of above 5 cm of length can generally be considered

sexually mature (Gosling, 2015).

Shell biometric parameters

The two valves from each mussel were separated so that one could be used for destructive analysis
while the other one was saved for the conservative analysis. When only one valve of the organism
was available for the tests and not damaged, it was assigned to the destructive analysis, being those
that better help to understand the inner structure of the shell. A scalpel was used to eliminate
residual calcifying epibionts. Shells were cleaned through a 24-h incubation in sodium
hypochlorite solution (10 vol.%) to remove oxidable impurities such as encrustations and algae
and air dried.

The dry weight was measured with an Ohaus Pioneer analytical balance precision scale (+ 0.1mg),
Ohaus Europe GmbH, Switzerland. Length and width of the shells were obtained through image
analysis by using the software ImageJ (Rasband, n.d.; Schneider et al., 2012) (Figure 1A). Height
was measured using a calliper (£ 0.05 mm) (Figure 1A). For thickness measurements, shells were
sectioned longitudinally with a circular saw and were measured in three points, near the umbo, at
the centre and at the ventral margin (Figure 1B), using a digital micro-meter (0-25 mm range,

0.001 mm digital step). The mean thickness value from three measured points were considered.
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Skeletal parameters (micro-density, porosity and bulk density) were determined with the buoyant
weight technique as described in previous studies (Cheli et al., 2021b; Mancuso et al., 2019d).
Briefly, using an Ohaus Pioneer Analytical kit, Ohaus Europe GmbH, Switzerland (+ 0.1 mg) for
hydrostatic weight added to the precision scale, it was possible to measure the weight of the shells
in water (H.O weight) and in air (air weight), both different from the dry weight since they also
considered the weight of pores filled with water. Once these measurements were obtained, it was
then possible to calculate the derived skeletal parameters: micro-density (mass per unit volume of
the material which composes the shell, excluding the volume of pores), porosity (the volume of
pores connected to the external surface), and bulk density (the density of the shell, including the

volume of pores).

Shell mechanical properties

The shells were prepared to the test using a universal polishing machine (Universal Polisher LS1,
Remet, Bologna, Italy) which was able to smooth the edges of each valve giving it a more uniform
standing base. This procedure removed only the small bumps and ridges that often occur along
mussel apertures. No additional treatments were performed on the samples, in order to maintain
them as pristine as possible and shells were stored in saltwater during the different steps of the
measurements.

Compression tests were performed by using an Instron universal testing machine (lllinois Tool
Works Inc., Norwood — MA, USA) equipped with a force transducer of 1 KN. The compression
plate moved with a downward vertical movement speed of 0.5 mm-min=*. From each loading
curve, the breaking force was identified as the force at which catastrophic failure occurred, we will
refer to it as ‘Maximum load (kN; Supplementary Figure 1). In a rigorous data treatment, the
strength should be used as the stress at failure, a force per area. However, quantifying stress
distributions across the mussel shell and relevant cross-sectional areas was beyond the scope of
this study. For this reason, the slope of the strain/stress curve in the typical elastic region, here
reported as elasticity, is used to estimate the material’s stiffness (Supplementary Figure 1).

The fragments obtained from the mechanical tests, together with the remaining shells not used for
the biometric analysis, were cleaned from superficial organic residues by soaking them in a sodium
hypochlorite solution 10 wt.% for 24 hours, rinsed with distilled water, air dried and then
individually pulverized using a ceramic mortar first and then an agate mortar to reach a fine

granulometry (less than 100 [Jm). The obtained shell powders were used for further analyses.
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Evaluation of organic matrix content

Thermogravimetric analyses (TGA) was performed to evaluate the content of intraskeletal material
removed by the heating process, which is made of organic matrix (OM) and water. A SDT Q600
instrument (Thermal Analysis Instrument, New Castle, DE) was used to perform the
measurements. About 20 mg of each sample powder were individually placed in a ceramic
crucible. The measurements were carried out using a heating ramp of 10 °C-min* from 30 °C to
850 °C, prior equilibration at 30 °C and a nitrogen flux of 200 mL-min*. The content of OM was
measured as the weight loss percentage between 250 °C and 450 °C.

Spectroscopic measurements

Fourier Transform Infrared spectroscopy (FTIR) analyses were carried out using a Nicolet 1S10
Spectrometer (Thermo Electron Corporation). The spectra were obtained in the 400 — 4,000 cm'™?
range at a resolution of 2 cm™ and 64 scans. The samples were analysed as KBr pellets using a
sample concentration of about 1 wt.%. Omnic software (Thermo Electron Corp., Woburn, MA)
was used for spectra processing and baseline correction.

Diffractometric measurements

X-ray diffractometric (XRD) analyses were conducted for each sample using a X’celerator
detector fitted on a PANalytical X Pert Pro diffractometer, using a Cu-Ka radiation generated at
40 kV and 40 mA. The data were collected within the 26 range from 20° to 60° with a step size
(A26) of 0.016° and a counting time of 60 s. Fixed anti-scatter and divergence slits of 1/2° were
used with 10 mm beam mask. All measurements were carried out in a continuous mode. The XRD
patterns were analysed for determine polymorphic distribution using the Profex 4.3.1 software
(Débelin and Kleeberg, 2015).

Elemental analysis

Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were
performed on sodium hypochlorite treated shell powders. Samples were dissolved ina 1 M HNO3
solution and were measured three times, 12 s each, with 60 s of pre-running, using an ICP-OES,
Spectro Arcos-Ametek, Inductive Coupled Plasma Optical Emission Spectroscopy with an axial
torch and high salinity kit. The calibrating curve was made using certified standards in water. Four

small, five medium and five big samples were measured. The concentration of the elements was
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normalized over the Ca one.

Statistical analyses

Data were checked for normality using the Shapiro-Wilk test (N < 50) and for homogeneity using
Levene's Test. ANOVA was used to compare intra-skeletal organic matrix content, max load,
elasticity, skeletal mineralogy (i.e., aragonite and calcite content), and the concentration of trace
elements among size classes. When assumptions for parametric statistics were not fulfilled, the
non-parametric Kruskal-Wallis test was used, in particular for length, mass, width, height,
thickness, micro-density, porosity, bulk density, and the concentration of trace elements among
size classes. Where significant, pairwise comparisons between size classes were performed via
Mann-Whitney U and LSD post hoc tests.

Results

All investigated parameters differed significantly among size classes (Kruskal-Wallis: p < 0.001
for width, height, mass, thickness, micro-density, porosity, bulk density, and elasticity; ANOVA:
p < 0.001 for Max load and OM, p < 0.01 for aragonite). They were progressively higher from
small to medium, to large individuals (Figures 2-4; Supplementary Table 1), except for OM and
porosity which progressively decreased from small, to medium, to large individuals (Mann-
Whitney U: p < 0.001; Figure 3; Supplementary Table 1). Micro-density and bulk density
increased by ~ 3% and ~ 9%, respectively, while porosity decreased by ~ 45% from small to large
individuals (Mann-Whitney U: p < 0.001; Figure 3; Supplementary Table 1). The OM content
decreased by ~ 30% (LSD: p < 0.001) while elasticity and max load increased by an order of
magnitude from small to large individuals (Mann-Whitney U: p < 0.001 and LSD: p < 0.001,
respectively; Figures 3 and 4; Supplementary Table 1). Aragonite content increased by ~ 34%
while calcite decreased by ~ 10% from small to large individuals (LSD: p < 0.01; Figures 4;
Supplementary Table 1). The elemental analysis showed significant differences (Supplementary
Table 2) among size classes for Mg, Na, P, and Sr concentration (Kruskal-Wallis: p < 0.05). Mg,

Na, and P decreased by ~ 60% and Sr decreased by ~ 27 % from small to large individuals.

Discussion

Despite the economic and ecological relevance of M. galloprovincialis mussel, the evolution of
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the biometric, compositional, microstructural and mechanical properties of the shells at different
life stages has been scarcely investigated. Individuals of M. galloprovincialis can be difficult to
age (Andrisoa et al., 2019; Lowenstam, 1954; Martinez et al., 2018), so we used the shells length
as a proxy of the age considering specific critical sizes associated to reproduction in the life cycle
(Gosling, 2015). In agreement with previous observations conducted on the commercial clam
Chamelea gallina of different sizes (Mancuso et al. 2019), here we observed higher porosity in
small compared to medium and large shells. Mancuso et al. 2019 suggested that in younger
specimens C. gallina may promote higher linear extension rates, resulting in higher porosity. The
observed increase in shell porosity found in the current study may be also a consequence of the
higher extension rates, which has been observed in younger M. galloprovincialis individuals (Sara
etal., 2012). Low porosity in shells could limit body growth rate (Busse et al., 2016; Palmer, 1981)
increasing the time spent at smaller non-reproductive sizes, while more porous ones could be the
result of higher shell linear extension rates, allowing the organism to reach the size of sexual
maturity faster. Age determination through sclerochronological studies are needed to obtain linear
extension rates data in M. galloprovincialis and test this hypothesis.

Higher porosity was accompanied by a lower bulk density and a higher micro-density in
small compared to large shells. Bulk density depends both on the pattern in which the material is
laid down (the meso-architecture) and on the volume of enclosed skeletal voids (occluded
porosity). The micro-density is the mass per unit volume of the material which composes the
skeleton (Bucher et al., 1998). Mollusk shells are composed of calcium carbonate (more than 95%
by mass) intimately associated with an intra-crystalline organic matrix (OM; 0.01%—-5% by mass)
(Lowenstam & Weiner, 1989a). The latter is believed to initiate nucleation of calcium carbonate
and provide a framework for crystallographic orientation and species-specific architecture
(Lowenstam and Weiner 1989). In agreement with previous findings on the skeletons of two
Mediterranean scleractinian corals (Caroselli et al. 2011; Mancuso et al. 2015), shell micro-
density, elasticity and maximum load were higher in larger individuals compared to smaller ones.
This was related to the lower content of OM in large individuals as here observed. In mussel shells
the increase of micro-density is also determined by a higher aragonite content, as aragonite is
denser than calcite (aragonite: 2.94 mg mm™; calcite: 2.71 mg mm~3; (Marszalek, 1982b)). An
increase in aragonite vs calcite content during the growth of mussels has been already reported
(Lowenstam, 1954).

It has to be noted that during the larval stages, when the organisms are free to move in the water,
aragonite is the predominant mineral phase deposited in almost every molluscan shell, including

mytilaceans specie (Eyster & Morse, 1984). Aragonite may offer better defence, since is more
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resistant and less prone to fracture than calcite (Deng & Li, 2021). Soon after metamorphosis,
calcite starts to form an external layer, being more chemically stable and less vulnerable to
leaching than aragonite (Stenzel, 1964). However, aragonite content in the shell increases with the
size, probably due to its better mechanical performance. Temperature and the CaCO3 saturation
of sea water can also affect the formation of aragonite (Telesca et al., 2019).

The observed decrease in OM content in larger shells can be explained considering that older
individuals may allocate less energy towards producing OM, given its relatively high cost (Palmer,
1983) and given that higher metabolic rates are needed to support carbon requirements for
calcification throughout ontogeny (Lorrain et al., 2004). The elemental analyses showed a
significant decrease of the shell concentration of Mg, Na, and P from small to large individuals.
The decrease of magnesium/calcium ratios with the increased size can be related with the increase
of aragonite, since Mg does not replace Ca in the aragonite crystalline lattice (Fermani et al., 2017).
The Na content has been related to the seawater composition (Lorens & Bender, 1980) and Na is
adsorbed on calcite and aragonite (Lippmann, 1973). The content of nutrients in sea water can be
related to the P concentration in the skeleton, as reported for deep-sea corals (Anagnostou et al.,
2011). However, it has to be considered that there is also a biological control of element
incorporation into biogenic calcium carbonates together with environmental factors (Weiner &
Dove, 2003c), reported also for M. galloprovincialis shells (Beer et al., 2011).

Conclusion

This is the first multiscale characterization that correlates shell mechanical and compositional
features in the commercially important bivalve species M. galloprovincialis across life stages.
Immature shells were more porous and characterized by reduced stiffness and hardness compared
to mature shells, mainly due to the reduced content of aragonite. This latter observation strengths
the importance of considering shell size in evaluating the implication of environmental stressors
on shell features. Moreover, this mechanical-structural characterization has relevant implications
in mussel aquaculture and in the processing of shellfish for commercial purposes, as the shells can
break in the handling processes (Penney et al., 2007). It is also relevant in the potential reuse of
waste mussel shells since the change in the polymorphic distribution and the composition influence
the chemical-physical properties of the calcium carbonate (Magnabosco et al., 2021; Niu et al.,
2022). Finally, this research on mechanical performance of mussel shells open the route for similar
studies on different commercial species, and not only, also in view of the varying environmental

conditions.
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Figures

(A)

Figure 1. (A) Frontal and lateral view of a mussel shell. L: length; W: width; H: hight. (B)
Longitudinal section of a shell to measure thickness. a) thickness in the umbo, b) thickness in the
centre of the shell and c) thickness in the ventral side.
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Figure 2. Shell biometric parameters. Shell length, width, height, mass and thickness for small,
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and the line within the boxes mark the medians. Whisker length is equal to 1.5 x interquartile range

(IQR). Circles represent outliers.
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Figure 3. Shell skeletal and mechanical parameters. Shell porosity, bulk density, and micro-
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density and mechanical parameters (Young’s modulus and maximum load) for small, medium and
large M. galloprovincialis specimens. The boxes indicate the 25" and 75" percentiles and the line
within the boxes mark the medians. Whisker length is equal to 1.5 x interquartile range (IQR).

Circles represent outliers.
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Figure 4. Shell composition. Shell organic matrix (OM), aragonite and calcite content for small,
medium and large M. galloprovincialis specimens. The boxes indicate the 25™ and 75" percentiles
and the line within the boxes mark the medians. Whisker length is equal to 1.5 x interquartile range

(IQR). Circles represent outliers.
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Supplementary materials

Supplementary figures
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Supplementary Figure 1. Representative graphs obtained from compression test. The slope is the
first upward trend of the curve and the maximum load is the highest peak, after which there is the

first “crack” of the shell, represented by a sudden decrease of the resistance to the impressed force.

Supplementary Tables

Supplementary Table 1. Shell biometric, skeletal and mechanical parameters, organic matrix,
aragonite, and calcite content in small, medium, and large Mytilus galloprovincialis specimens.
Data are presented as mean + Standard Deviation (SD). Pairwise comparisons between sizes were
performed with Mann-Whitney U test or LSD test. NS = Not Significant, *p<0.05,**p<0.01,***p<
0.001.
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Mann-
Whitney U
/ LSD test

Mann-
Whitney U
/ LSD test

Mann-
Whitney U
/ LSD test

Length (mm) SD | Width (mm) SD Heigth (mm) SD | Mass (mm) SD |Thikness (mm) SD
Large (>5 cm) 61.38 4.75 27.96 3.34 10.99 1.13 3.00 0.65 0.78 0.13
Medium (3-5 cm 40.99 1.29 21.40 1.39 6.84 0.50 1.03 0.14 0.63 0.02
Small (<3 cm) 25.11 1.57 14.58 1.13 4.28 0.14 0.27 0.04 0.46 0.05
SVS M sk kk %k k. %k 3k k k%
S VS L %k %k k % %k k. * %k k %k %k %k %k
M vs L *okk *ok ok *okk *kk *
Micro-density (g/cm3) SD | Porosity (%) SD Bulk Density (g/cm3 SD FBlope (kN/mm) SD | Max load (kN) SD
Large (>5 cm) 2.65 0.01 6.94 1.70 2.47 0.05 0.72 0.34 0.32 0.18
Medium (3-5 cm 2.61 0.02 8.38 1.10 2.39 0.04 0.09 0.02 0.21 0.05
Small (<3 cm) 2.58 0.02 12.51 243 2.26 0.06 0.06 0.02 0.04 0.03
S VS M %k % %k k. %k k% * % %k %k
Svs L *kk *ok ok *kk *kk *kk
M VS L kkk * %k kkk k% NS
OM (wt%) SD |Aragonite (%) SD Calcite (%) SD
Large (>5 cm) 1.83 0.31 29.57 7.07 67.65 12.60
Medium (3-5 cm 2.59 0.31 2891 3.55 71.10 3.55
Small (<3 cm) 2.63 0.30 23.03 3.63 76.97 3.63
Svs M NS NS NS
S Vs L * %Kk %k * %
Mvs L Hoxx NS NS

Supplementary Table 2. Shell elemental composition in small, medium, and large Mytilus

galloprovincialis specimens. Data are presented as mean + Standard Deviation (SD). Pairwise

comparisons between sizes were performed with Mann-Whitney U test or LSD test. NS = Not
Significant, *p<0.05, **p<0.01, ***p< 0.001.

Ca Al Fe K Mg Na P Sr Ti Zn
[sample ID_[ppm ppb ppb ppm ppm ppm ppm ppb ppb ppb
6.1 167| 0.0002| 2.27E-05 0.003 0.005 0.005| 0.0003 0.003| 6.77E-06| 3.11E-05
Small 6.3 233| 0.0001| 1.41E-05 0.002 0.004 0.004| 0.0003 0.003| 4.76E-06| 2.74E-05
(<3 cm) 6.5 202| 0.0002| 1.06E-05 0.002 0.005 0.005| 0.0004 0.003| 9.85E-06| 3.64E-05
6.9 208| 0.0002| 1.75E-05 0.002 0.005 0.005| 0.0003 0.003| 5.48E-06| 3.26E-05
[Average 202.5| 0.0002| 1.62E-05 0.002 0.005 0.005| 0.0003 0.003| 6.72E-06| 3.19E-05
6.1 237| 0.0001| 1.69E-05 0.002 0.005 0.005| 0.0003 0.003| 4.89E-06| 1.82E-05
Medium 6.8 260 0.0001| 8.92E-06 0.002 0.004 0.004| 0.0003 0.003| 4.38E-06| 1.69E-05
(3-5 cm) 6.13 255 0.0001| 9.49E-06 0.002 0.003 0.003| 0.0003 0.003| 4.08E-06| 3.41E-05
2.1 243 0.0002| 0.00014 0.010 0.002 0.002| 0.0003 0.002| 6.34E-06| 4.81E-05
4.8 255 0.0001| 2.03E-05 0.002 0.002 0.002| 0.0001 0.003| 4.47E-06| 1.91E-05
|Average 250/ 0.0002| 3.9E-05 0.003 0.003 0.003| 0.0003 0.003| 4.83E-06| 2.73E-05
1.1 237| 0.0001| 9.28E-06 0.002 0.002 0.002| 0.0001 0.003| 4.47E-06| 1.72E-05
Large 1.3 247| 0.0001| 1.3E-05 0.002 0.002 0.002| 0.0001 0.002| 8.3E-06| 1.64E-05
(>5 cm) 1.4 260 0.0001| 0.000013 0.002 0.002 0.002| 0.0001 0.002| 4.92E-06| 3.71E-05
1.6 235  0.0001|ND 0.002 0.002 0.002| 0.0002 0.002| 4.09E-06| 3.76E-05
2.3 243  0.0001|ND 0.002 0.001 0.001| 0.0001 0.002| 3.89E-06| 2.23E-05
[Average 244.4| 0.0001| 1.18E-05 0.002 0.002 0.002| 0.0001 0.002| 5.14E-06| 2.61E-05
Mann- ¢ o m * NS NS NS NS NS NS NS NS NS
Whitney
U/LSD SvsL ok NS NS NS ok ok ok * NS NS
test M vs L NS NS NS NS * * * NS NS NS
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Chapter 6. General conclusion
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Environmental factors, such as solar radiation, temperature, salinity and food availability, all
influence energy expenditure in marine calcifying organisms, especially in temperate seas, where
marine calcifiers show marked seasonal patterns in growth, reproduction and abundance.

My PhD project was primarily focused on investigating the effect of environment on
biomineralization of mollusks species of great ecological importance and high economic value in
the Adriatic Sea. The clam Chamelea gallina and the blue mussel Mytilus galloprovincialis have
been the main subjects of my research. We used a multidisciplinary approach to investigate and
characterize shell features at macro, micro and nanoscale level, with analysis on biometry, skeletal
parameter, microstructure, mechanical properties and growth dynamics of shells. Thanks to this
detailed examination it was possible to describe the interaction of many factors that eventually
contribute to the biomineralization of the shell.

In the case of C. gallina we explored the recent fossil record to investigate the effect of
environmental parameters on shell calcification. Well preserved fossil deposit represents
biological archives of ecological responses to past environmental transition, thus offering the
opportunity to investigate species long-term adaptative response to shifting climatic scenario.
Comparing fossil remains from the middle Holocene with modern specimens retrieved in the same
area (Po Adriatic system) we observed that C. gallina shells were influenced by changes in
seawater temperature. At the macroscale level, specimens from past fossil horizons, living in
warmer water, presented a denser, less porous shells than modern specimens. Beside variations
due to habitat conditions, differences were found in shell parameters during ontogeny and likely
were the result of different biomineralization behaviour between immature and mature shells. C.
gallina showed a marked decreasing extension rate with increasing length and clams of small size
were more porous and less dense despite the bigger ones. Although these characteristics led to be
more vulnerable to predators, they likely allowed to reach size at sexual maturity faster, promoting
shell’s linear extension rate. At the opposite, denser shells found in bigger and older individuals
could be less vulnerable to predators, but the energetic cost expended in producing skeletal
material was reduced by depressing linear extension rate.

At the same time, no effects of environment were detected on shell mineral composition and on
the building blocks produced by the biomineralization process of the clam shells. At the microscale
level in fact, shells were all composed of pure aragonite, presenting a perfectly preserved mineral
phase with no relevant diagenetic alteration and only a slight degradation of the inter-crystalline
organic phase.

Interestingly the observed differences in skeletal parameters were not reflected on the growth

dynamics of C. gallina populations from the Holocene to nowadays. Linear extension rate and net
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calcification rate remain constant in the analysed time gradient of ~8,000 years, showing a
remarkable long-term phenotypic adaptive capacity.
The results produced by this work are partially contrasting with previous findings on
biomineralization dynamics of C. gallina in the Mediterranean and Adriatic Seas. Notable
differences can emerge depending on specific local conditions, thus using a combination of
different and complementary approaches like laboratory experiments, field studies and analysis of
the fossil record can ultimately help to improve our understanding of the response of this
economically relevant species to a changing environment in a global change scenario.
Investigation of fossil record revealed to be a powerful tool not only to explore long-term
effects of environmental variation on single marine species, but it also allowed to determine the
impact of stressors on entire marine communities. This approach has been used in a project aimed
to evaluate the status of north Adriatic coastal ecosystem in response to anthropogenic stresses.
The Adriatic Sea is being affected by multiple anthropogenic stressors and has already been highly
impacted by human activities. Holocene fossil record has been investigated to define the status of
marine ecosystems prior to major phases of human impact. We compared mid-late Holocene
assemblages preserved in the subsurface stratigraphic record of the Po coastal plain (Northern
Italy) with surficial assemblages that accumulated along the Po Delta and Emilia Romagna
coastline during the Anthropocene. Specifically, we evaluated changes in the composition of
mollusc assemblages between the present-day fluvial influenced coastal shoreface and delta front
settings with sustained sedimentary inputs (hereafter referred to as “nearshore”) and their mid-late
Holocene counterparts representing a time interval when anthropogenic pressure were notably less
significant (between ~6 and 0.5 kyr cal BP i.e., prior to the early modern period). Compared to the
mid-late Holocene baseline, present-day molluscan assemblages show an increase in standardised
diversity in upper nearshore settings due to increase in habitat heterogeneity and introduction of
non-native species. The elevated spatial heterogeneity of mollusc assemblages is likely attributable
to transformation and fragmentation of coastal habitats driven by human activities in the most
recent centuries. In lower nearshore settings, on the other hand the decrease in standardised
diversity and the rise of opportunistic taxa signal a strong anthropogenic transformation of these
habitats related to eutrophication, increased frequency of hypoxic events and intense bottom
trawling. Given the economic and socio-cultural importance of shellfish fisheries in the
Mediterranean basin, it will be difficult to set the Holocene baseline for lower nearshore
environments as an achievable (or desirable) restoration goal. Conservation strategies in such
settings need to accept and incorporate human societies as part of the ecosystem and consider them

as one of the major stakeholders that should be involved in the sustainable management of coastal
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ecosystems. The historical perspective provided in this study should allow us to establish better
conservation strategies.

Finally, the last project described in this thesis focuses on shells growth and properties of
Mytilus galloprovincialis from the North-western coasts of the Adriatic Sea, a bivalve mollusc
with high ecological and economical relevance. The conducted analysis aimed to provide a
detailed description of how shell feature changes during the growth of the organism, evaluating
both the mechanical properties and the biometrical, compositional and structural features of shell
along different stages of life, i.e. juvenile and adult.

The skeletal macrostructure varies between juvenile and mature organisms: young individuals
(with a smaller shell) show a higher porosity than grown organisms, reflected into a lower shell
density. This was a common aspect with the mineralization trends described in this Thesis for the
clam Chamelea gallina. The content of intra-shell organic matter decreases as individuals mature,
as does the calcite content of shell, one of the two calcium carbonate polymorphs that compose
the shell. On the contrary, thickness, maximum load to breakage and the load/elongation ratio
increased from juvenile to adult organisms. Thus, shell feature changes significantly from the early
stages of life to organisms’ maturity. These data highlight that juvenile shells, more porous and
characterized by weaker mechanical performances, mainly due to the reduced content of aragonite,
are potentially more vulnerable to the effect of environmental stresses. These data highlight how
shell multiscale properties are strictly related to size, making this parameter a key factor to consider
in biological studies addressing the effect of environmental stressors on mussels.

Moreover, this mechanical-structural characterization has relevant implications in mussel
aquaculture and in the processing of shellfish for commercial purposes, as the shells can break in
the handling processes. It is also relevant in the potential reuse of waste mussel shells since the
change in the polymorphic distribution and the composition influence the chemical-physical
properties of the calcium carbonate. Finally, this research on mechanical performance of mussel
shells opens the route for similar studies on different commercial species, and not only, also in
view of the varying environmental conditions.

An interesting implementation of this work arises from the collaboration with Professor Franzelliti,
who conducted a parallel molecular analysis on the same specimens here described. The aim was
to better understand the process of shell formation: how it is regulated by the organism and how
the structure changes in relation to different environmental and biotic parameters. To do so, the
transcriptional profiles of genes related to the shell biogenesis and neuroendocrine control of the

mantle function were obtained. The analyzes are in progress, but thanks to this interdisciplinary
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approach we may obtain insight on how the deposition of minerals is mediated by biological

processes.
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