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ABSTRACT

Important ecological interactions between the organisms and their
environment can be prompted by the studies along the latitudinal gradients, where
itis possible to explore the varying environmental pressures on both biological and
evolutionary processes. Thermal conditions vary with latitude and the ability to
understand the relationship between growth and temperature is important
because global climate change will be a thermal challenge to most ectotherms.
Molluscs are particularly sensitive to different environmental parameters, showing
macroscale shell morphology variations in response to environmental parameters.
The aim of this thesis is to investigate variations in shell skeletal properties, mineral
composition and growth along a latitudinal gradient (~400 km) in the Adriatic Sea
(Italian cost) in relation to different environmental parameters. Shell morphology
of the most irradiated and warmest populations was characterized by lighter,
thinner, more porous and fragile shells, likely affecting the economic aspects of
fisheries and the survival of the species. No variation was observed in shell CaCO3
polymorphism (100% aragonite) or in compositional and textural shell
parameters, indicating no effect of the environmental parameters on the basic
biomineralization processes. Moreover, C. gallina showed an increase in shell linear
extension and net calcification rates towards South where warmer seawater, low
fluctuations in salinity and high diversity of phytoplankton seem to be the most
favourable environmental conditions for its growth. Whereas, prolonged exposure
to low salinity, eutrophic habitats and the presence of silt and clay in the substrate
seem to stress the clams affecting shell growth, and this habitat conditions heavily
characterise the northern sites which are under the influence of Po river delta.
Because of the importance of C. gallina as commercial resource in the Adriatic Sea,
variations in shell properties and in growth rates along the latitudinal gradient may
have economic implications for fisheries and the observations from this research

could help to guarantee the biological and economic sustainability of this resource.
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Chapter 1

General introduction



The environment plays a key role in growth and development of organisms.
There is a strong suggestion that organisms and communities present adaptive and
acclimation mechanisms and significant flexibility to respond of environmental
changes (Buddemeier & Smith, 1999). Moreover, many organisms have the ability
to express different observable phenotypes in response to changes of biotic and
abiotic environmental parameters. This process is referred as phenotypic
plasticity, which is the ability of organism to produce a range of relatively fit
phenotypes by altering morphology, state, movement, life history or behaviour in
relation to variations in environmental parameters (DeWitt & Scheiner, 2004;
Beldade, Mateus, & Keller, 2011; Gilbert, 2012). The ability of organisms to
produce different phenotypes under different environmental parameters in
natural populations is a critical issue to understand how species might face future
changes.

Calcifying marine organisms (e.g. corals, echinoderms and molluscs) are
likely to be among the most susceptible organisms to changing environmental
conditions (DeWitt & Scheiner, 2004) including anthropogenic climate change
(Laing, Utting, & Kilada, 1987; Levitan, 1991; DeWitt, 1998; Carballo et al., 2006;
Harley et al,, 2006). These organisms make extensive use of calcium carbonate

(CaCO3), one of the most abundant minerals in nature, as a structural and/or

protective material through the biomineralization process (Addadi & Weiner,
2014). 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). Investigate the effects of environmental conditions on natural populations
is also a critical issue to understand how species will can face future changes,
predicted by Intergovernmental Panel on Climate change (IPCC). 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 CaCOs (especially its more soluble polymorph aragonite), as well as high-
magnesium calcite are expected results of ocean acidification trends (IPCC, 2014;

Morse, Andersson, & Mackenzie, 2006; Tyrrell, 2008; 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. Mediterranean corals show a decrease
in calcification (Goffredo et al., 2009), abundance (Goffredo et al., 2007) and the
stability of population structure (Goffredo et al, 2008) with increasing
temperature. Elevated temperatures have been also reported to disrupt the
metabolism, growth, fitness and calcification in some gastropod species (Sokolova
& Portner, 2001; Melatunan et al,, 2013; Irie & Morimoto, 2016). Furthermore, in
some bivalve species, larvae are found to be more sensitive to increases in
temperature than juvenile stages, showing depressed survival, development and
growth (Talmage & Gobler, 2011; Barton et al., 2012). Producers of aragonite and
high-magnesium calcite are of special concern due to the much higher solubility of
these forms (Kleypas et al., 2006; Hall-Spencer et al., 2008; Ries, 2011). Moreover,
temperature rise is expected to accompany current ocean acidification with severe
impacts already documented for several marine areas (Barnes & Peck, 2008; Coma
et al.,, 2009; 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 abundance
(Miller, 1995; Reum et al., 2014; Rodolfo-Metalpa et al., 2008; Przeslawski, Byrne,
& Mellin, 2015; Cole et al., 2016). To study the effect of environmental conditions
on marine organisms, latitudinal gradients are useful natural laboratories,
influencing variations in solar radiation and sea surface temperature and allowing
to examine long-term effects on populations of the same species, adapted to

different environmental conditions (Jansen et al., 2007; Watson et al., 2012).



Molluscs and environment

Molluscs are among the most diverse and abundant animal groups,
inhabiting many aquatic and terrestrial environments. They are important
ecosystem engineers, helping to structure aquatic bottom environments and
providing habitat, protection and food to a wide array of other taxa. Molluscs have
been historically important to humans in many ways and are today an
economically important group worldwide. As major calcareous organisms with an
extensive fossil record, they can provide important information on past climate
events and oceanic changes, thus, increasing our understanding of predicted future
changes (Fortunato, 2016).

During the course of evolution, organisms used the most common mineral
to build their skeletons, thus avoiding extra costs (Knoll, 2003; Murdock &
Donoghue, 2011; Marin, 2012). Mollusc shells originated during the so-called
“aragonite seas” and most species kept using aragonite as the major polymorph,
even though ocean chemistry changed and biomineralization became costlier
(Bengtson & Morris, 1992; Porter, 2010). Molluscs biomineralize CaCOs3 in the form
of both calcite and aragonite and many species add Mg-calcite in different
percentages (Chave, 1954; Addadi et al., 2006; Furuhashi et al., 2009; Marin, 2012).
There are some important differences in the way molluscs deposit shell
biominerals in relation to the environment isotopic contents. Whereas most
aquatic species build their shells in isotopic equilibrium with the surrounding
water, land species use oxygen from ingested water and carbon from both
respiratory COz and food plant source for their shells (Grossman & Ku, 1986;
McConnaughey, 1989; Carré et al, 2006). Molluscs species that deposit
biominerals not in oxygen isotope equilibrium with the surrounding seawater,
may control their shell isotopic contents raising the question of the so called “vital
effects” (Chave, 1954; Ziveri et al,, 2003; Carré et al, 2006). Vital effects are
defined as biological processes, such as metabolism or physiology, overriding
environmental signals, as recorded in geochemical signatures in biominerals

(Weiner & Dove, 2003; Pérez-Huerta & Andrus, 2010). The ability to build



skeletons from CaCO3 polymorphs and Mg-calcite makes molluscs very sensitive to
changes in ocean chemistry with possible dramatic consequences for this group
and the aquatic systems where they live(Gaylord et al.,, 2011; Doney et al,, 2012;
Gazeau et al., 2013).

Due to their high diversity, abundance, constant presence across wide
latitudinal gradients and good preservation in the fossil record and archaeological
deposits, molluscs can serve as a potential recorder of environmental changes in
most oceanic regions (Richardson, 2001; Hallmann et al., 2013; Prendergast et al.,
2013). Mollusc growth patterns and isotopic composition can be used to document
short-term ecological changes (Witbaard, 1996; Carroll, Romanek, & Paddock,
2006) as well as long-term temporal registry of the conditions at the time of

deposition (Davenport, 1938; Dettman et al., 2004; Schoene & Surge, 2012).

The bivalve Chamelea gallina

Chamelea gallina (Linnaeus 1758) is a common infaunal clam of the
Veneridae family (Bivalvia: Lamellibranchiata: Veneridae), locally known in Italy
as “vongola” or “lupino”. C. gallina is distributed from the Portuguese south coast
to the Mediterranean, including the Black Sea (Backeljau et al., 1994; Poppe &
Goto, 1993). In particular, it is abundant in the Adriatic sea, where it inhabits well-
sorted fine sand biocoenosis at 3-7 m depth and has a considerable economical
relevance for fishery(Froglia, 1989; Ramén & Richardson, 1992).

Between 1970 and 1980, the development of clam fisheries based on
hydraulic dredges led to an over-exploitation of this resource with a dramatic
decrease in clam population density associated with a reduction in the number of
clams over 25 mm long, the minimum legal marketable size, although the
maximum length recorded for this species is about 50 mm(Froglia, 1989). In Italy,
in the late 1970s the fishery yielded 80,000-100,000 metric tons, however
currently it does not exceed 20,000 metric tons (Romanelli, Cordisco, &

Giovanardi, 2009). Chamelea gallina appears to exhibit density-dependent growth



rate and mortality: years of exceptional recruitment may lead the following year to
very poor stocks of large individuals due to juvenile mortality, or to very large
stocks of small individuals due to growth inhibition and resource competition. It
has been reported that a proportion of the population reaches maturity by the end
of the first year of age (18-19 mm) and all individuals are ready to reproduce
within the second year (Morello et al., 2005). Recently, there is growing concern
for the survival of bivalve communities, because large inter-annual fluctuations in
stock abundance, periodic recruitment failure and irregular mortality events
threaten the biological and economic sustainability of this fishery, especially in the
Adriatic Sea (Ramén & Richardson, 1992; Romanelli et al., 2009).

In the Adriatic Sea, the fishery is divided into Districts (Compartimenti
Marittimi) and for each District a fixed number of dredgers are licensed to operate.
Reduction in catches spurred the Italian government to impose a number of
management regulations on gear characteristics (technical measures), the number
of fishing days per year (fishing effort or inputs) and individual catch quota per
day (catches or outputs). Within the scope of general regulations issued by the
Italian Directorate for Fisheries, the local Consortium of Clam Fishermen can add
additional rules such as diminishing the daily individual quota or imposition of a
rotation of the fishing areas inside the District. The scientific advice for such
regulations is based mainly on resource assessment surveys conducted once per
year by scientific institutions (e.g., Laboratory of Marine Biology and Fishery of
Fano, University of Bologna and ISMAR-CNR, Institute of Marine Sciences of the
National Research Council). These surveys provide an estimate of relative
abundance of the resource at sea in terms of biomass and an estimate of the size-
distribution of the clam populations. Morello (2011) presented the outcomes of
fishery-independent surveys conducted in the Ancona (AN) and S. Benedetto (SB)
Maritime Districts from 1984 to 2001 to assess the C. gallina stock. The study
revealed a considerable year-to-year fluctuations and the results are indicative of a
resource and fleet heavily dependent on stochastic substantial recruitment events.
Large recruitment events followed by significant natural mortality episodes and
the paucity of older individuals may suggest a shift in the allocation of energy, from

growth to reproduction.



C. gallina reaches sexual maturity at sizes between 13 and 18 mm
(European Parliament study-PECH Committee on the Clam Fishery sector;
Scarcella & Cabanelas, 2016). Until January 2017, the European Union Council
Regulation 850/98 set the minimum landing size (MLS) for C. gallina at 25 mm for
the Mediterranean Council Regulation 1967/2006. As consequence, the Turkish
clam with a minimum legal size of 17 mm generated market competition which
derived in socioeconomic impact for the Adriatic Sea clam fisheries sector. The
management measure based on MLS has often generated controversy in the sector
having requested in several occasions a reduction in the legal size based on new
scientific studies indicating lower sizes of sexual maturity. Recently, according to
article 15 comma 10 Reg. EU 1380/13, MLS has been reduced to 22 mm in the
Adriatic Sea. This size is ~22% higher that the size at first maturity (18 mm) and it
is thus in line with the sexual maturity to ensure sustainability of resource.

Studies on this species are of critical importance for developing appropriate
management strategies for one of the most important economic sectors of
southern EU countries. The Food and Agriculture Organization of the United
Nations (FAO) reports a mean annual total catch of about 60,000 tons (2004-2013)
in the Atlantic, Mediterranean and Black Sea, with the largest catches in Italy

(22,000 tons) and Turkey (33,000 tons).
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Phenotype can express different morphologies in response to biotic or abiotic environmental influences.
Mollusks are particularly sensitive to different environmental parameters, showing macroscale shell
morphology variations in response to environmental parameters. Few studies concern shell variations
at the different scale levels along environmental gradients. Here, we investigate shell features at the
macro, micro and nanoscale, in populations of the commercially important clam Chamelea gallina along
a latitudinal gradient (~400 km) of temperature and solar radiation in the Adriatic Sea (Italian cost). Six
populations of clams with shells of the same length were analyzed. Shells from the warmest and the
most irradiated population were thinner, with more oval shape, more porous and lighter, showing lower
load fracture. However, no variation was observed in shell CaCO; polymorphism (100% aragonite) or

in compositional and textural shell parameters, indicating no effect of the environmental parameters
on the basic processes of biomineralization. Because of the importance of this species as commercial
resource in the Adriatic Sea, the experimentally quantified and significant variations of mass and
fracture load in C. gallina shells along the latitudinal gradient may have economic implications for
fisheries producing different economical yield for fishermen and consumers along the Adriatic coastline.

Organisms are able to modulate their developmental trajectory and alter gene-expression patterns in response
to abiotic (such as temperature or photoperiod) or biotic (such as those emanating from predators, conspecifics
or food) environmental cues'. Environmental parameters influence the organism, producing a non-pathological
phenotype, appropriate for that environment. An enduring puzzle in evolutionary biology is to understand how
individuals and populations adjust to changing environments. Intraspecific phenotypic variation is believed to
arise from divergent selection pressures between different environments?, from environment-independent phe-
notype generation, as well as from potentially non-adaptive effects of the environment on phenotype?. Thus,
a particular environment can elicit different phenotypes from the same genotype'. The ability of organisms to
produce different phenotypes under different environmental parameters in natural populations is a critical issue
to understand how species might face future changes.

Phenotype plasticity is the ability of an organism to produce a range of relatively fit phenotypes, by alter-
ing morphology, movement, behavior or rate of biological activity in response to fluctuations in environmental
parameters’. Considering the existing effects of anthropogenic activities on the environment, organisms exhibit-
ing higher phenotypic plasticity might cope better to broad scale disturbances, such as climate change*.
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Calcifying marine organisms (e.g. corals, echinoderms and mollusks) are likely to be among the most sus-
ceptible organisms to changing environmental parameters® and show morphological variations of the skeleton/
shell related to bottom topography, sediment characteristics, hydrodynamic processes®, and especially pH and
temperature®. These organisms make extensive use of calcium carbonate (CaCOj), one of the most abundant min-
erals in nature, as a structural and/or protective material through the biomineralization process’. Morphology,
mineralogy and chemistry of biologically formed CaCO; skeletons are largely dependent on both biology and
environmental surroundings, with structural proteins and enzymes that act as keys to controlling internal condi-
tions and that respond to external environmental parameters®. Mollusks are able to exert an exquisite biological
control on the biomineralization process by determining which type of CaCO; polymorph precipitates through
the control of intra-skeletal macromolecules®. It is well known that the intra-crystalline skeletal organic matrix
(OM) plays a major role in biomineralization and as in all biominerals, mollusk shells also contain OM that rarely
exceeds 5% weight of the total shell®.

Environmental factors, such as solar radiation, food availability, oxygen, salinity and temperature, all influence
energy expenditure in marine organisms, especially in temperate seas, where marine organisms show marked sea-
sonal patterns in growth, reproduction and abundance. Solar radiation (SR) and sea surface temperature (SST),
are widely used as monitoring parameters for ecological studies and generally influences the demography and
skeletal properties of marine calcifying organisms, including sponges'® and non-zooxanthellate coral'"!2. The
effects of SST on calcification and growth have been deeply studied on several calcifying marine organisms,
including mollusks®!*-1¢, but no study investigated the effect of SR on calcification and growth of bivalve mollusks.

To study the effect of SR and SST on marine organisms, latitudinal gradients are useful natural laboratories,
influencing variations in SR and SST and allowing to examine long-term effects on populations of the same
species, adapted to different environmental conditions®!. Several studies on bivalves were performed along lati-
tudinal gradients, focusing on biodiversity®, growth rate, body size and lifespan'>%, but no one investigated the
shell variation at multiscale level. Mollusk shell morphology is particularly sensitive to environmental parameters,
varying in relation to depth!?, current®, wave exposure?!, bottom type, sediment'®*??, pH and temperature®. The
quagga mussel Dreissena bugensis shows plasticity in shell morphology in relation to depth: deep ones presents
a more laterally flattened shell and a more oval shape than those from shallow water habitats'?. The clam Mya
arenaria from sandy bottoms shows a longer and narrower shape, compared to a rounder shape when grown in
gravel??. Shell shape of the limpet Lottia gigantea changes as a function of intertidal zonation and related environ-
mental factors, such as resistance to desiccation, thermal stress and wave impact, by developing high spiraled and
heavily ridged shells which may reduce the likelihood of reaching elevated body temperatures®!. Growth in length
and height of the shells of the cockle, Cerastoderma edule, cease in winter when mean water temperatures fell to
5°C", Bivalve growth is not very affected by water temperature variations between 10° and 20 °C, but decreases at
low temperatures (below 10 °C) or high temperatures (above 20 °C)"*. High temperature influences key processes
that can impair calcification in bivalves, and together with food availability plays an essential role in mollusk shell
growth?.

The observed phenotypic plasticity of many marine calcifying organisms in relation to environmental param-
eters makes them potentially ideal models for studying such plastic responses and associated trade-offs in the face
of global climate change.

The clam Chamelea gallina (Linnaeus 1758) is a common infaunal bivalve of the Mediterranean Sea, where
it inhabits well-sorted fine sand biocoenosis at 3-7 m depth and has a considerable economical relevance for
fishery?»?®. In the 1970s the development of clam fisheries based on hydraulic dredges led to an over-exploitation
of the resource with a dramatic decrease in clam population density associated with a reduction in the number of
clams over 25 mm long, the minimum legal marketable size, although the maximum length recorded for this spe-
cies is about 50 mm?*. In Italy, in the late 1970s the fishery yielded 80,000-100,000 metric tons, however currently
it does not exceed 20,000 metric tons®. Recently, there is growing concern for the survival of bivalve communities
because large inter-annual fluctuations in stock abundance, periodic recruitment failure and irregular mortal-
ity events threaten the biological and economic sustainability of this fishery, especially in the Adriatic Sea®*.
Thus, studies on this species are of critical importance for developing appropriate management strategies for one
of the most important economic sectors of southern EU countries. The Food and Agriculture Organization of
the United Nations (FAO) reports a mean annual total catch of about 60,000 tons (2004-2013) in the Atlantic,
Mediterranean and Black Sea, with the largest catches in Italy (22,000 tons) and Turkey (33,000 tons).

Several studies demonstrated that changes in abiotic environmental factors, such as temperature, salinity
and oxygen strongly influence immune parameters of C. gallina, making it more susceptible to infection and
diseases” . Water temperature has a dominant role also in shell growth of C. gallina®>?8. Temperatures below 10°C
strongly slow or inhibit shell growth, whereas values above 28 °C reduce energy absorption and increase energy
expenditure via respiration, thus suppressing shell growth?2. Calcification of C. gallina seems to be related to
temperature and food conditions, showing widely spaced growth bands during winter-spring, while narrow
growth increments are deposited in summer-autumn?.

Several studies have been reported on variations of shell biometry in response to environmental parameters
however few studies comparatively analyzed shell features at the micro and nanoscale level along environmental
gradients®*. The present study aimed to investigate the phenotypic response to the environment of shell features
of C. gallina at different scales of observation, in six populations along a latitudinal gradient.

6,19,20,22,29
>

Results

Environmental parameters. SR and SST both varied among sites (Kruskal-Wallis test, df =5, and
p <0.001; Table 1) and correlated negatively with latitude (Supplementary Fig. S1). The Monfalcone site, located
in the Gulf of Trieste, has a higher SST than typically expected for this latitude**.
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MO 45.7 1447 159.4 (2.5) 154.4-164.4 16.96 (0.19) 16.58-17.35
CH 452 1447 160.8 (2.5) 155.8-165.7 16.47 (0.19) 16.09-16.84
GO 44.8 1447 163.8 (2.6) 158.7-168.8 16.54 (0.19) 16.17-16.92
CE 44.2 1447 165.2 (2.5) 160.2-170.2 17.05 (0.20) 16.65-17.45
SB 43.1 1447 172.4 (2.5) 167.4-177.4 17.90 (0.19) 17.52-18.28
CA 41.9 1447 180.4 (2.6) 175.4-185.5 18.60 (0.17) 18.27-18.93

Table 1. Environmental parameters. Mean annual values for solar radiation (SR) and sea surface temperature
(SST) from 2011 to 2014, of the sites. n =number of collected data; SE = standard error. Values for each
population, in decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB
(San Benedetto), CA (Capoiale).

MO | 40 | 26.85(0.40) | 22.28(027) | 7.41(0.13) 1.60 (0.05) 2.15(0.07) | 0.77(0.03)
CH 40 | 26.14(041) | 21.45(0.32) | 6.39(0.09) 1.33(0.06) 1.66 (0.07) | 0.59(0.02)
GO 40 | 26.06(047) | 21.29(0.39) | 6.69(0.13) 1.26 (0.05) 1.59(0.08) | 0.57(0.03)
CE 40 | 26.52(0.49) | 21.49(0.39) | 6.47(0.15) 1.17 (0.04) 1.57(0.09) | 0.56(0.03)
SB 40 | 2639(045) | 21.71(0.32) | 6.44(0.11) 1.14 (0.04) 1.52(0.07) | 0.54(0.02)
CA 40 | 26.40(051) | 21.42(042) | 6.13(0.12) 1.06 (0.03) 1.41(0.08) | 0.51(0.03)
KW NS o o o - o

Table 2. Shell biometric parameters. Macroscale level. Average of biometric parameters at each site.
n=number of samples; CI =95% confidence interval. Populations are arranged in order of decreasing
latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto), CA (Capoiale).
K-W = Kruskal-Wallis equality-of-populations rank test, NS = not significant, ***p < 0.001.

MO 40 2.80 (0.010) 2.72(0.010) 2.86 (0.149)
CH 40 2.82(0.010) 2.72(0.012) 3.30(0.317)
GO 40 2.81(0.012) 2.70 (0.013) 3.87(0.261)
CE 40 2.81 (0.003) 2.70 (0.011) 4.04(0.342)
SB 40 2.82 (0.006) 2.70 (0.008) 3.98(0.343)
CA 40 2.80 (0.004) 2.68 (0.008) 4.20(0.312)
W NS vy -

Table 3. Shell biometric parameters. Macro- and microscale levels. Micro-density, bulk density and apparent
porosity of the sites in decreasing order of latitude. n =number of samples; CI =95% confidence interval.
Populations are arranged in order of decreasing latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE
(Cesenatico), SB (San Benedetto), CA (Capoiale). K-W = Kruskal-Wallis equality-of-populations rank test,
©0tp < 0.001.

Shell biometric parameters. Clam biometric parameters (length, height, width, mass, volume,
micro-density, bulk density and apparent porosity) were homogeneous between left and right valves, thus data
from both valves were pooled for following analyses. Since only clams of commercial size (25-30 mm) were
considered in this study, shell length was homogeneous among populations (Table 2). Shell macroscale biom-
etric data, height, width, mass and volume (with the exception of length), bulk density and apparent porosity
were significantly different among sites, thus correlations analyses between SR or SST and clam parameters were
performed (Tables 2 and 3; Figs 1 and 2). Micro-density did not differ among sites (Table 3). Width, mass, vol-
ume, correlated negatively with SR and SST, while shell height correlated only with SR (Fig. 1). Bulk density and
apparent porosity correlated negatively and positively, respectively, with both SR and SST (Fig. 2). All param-
eters were more highly correlated with SR than with SST (Figs 1 and 2). Differences found in C. gallina shells
among populations were related to tri-dimensional shell biometric parameters (height, width, mass, volume,
bulk density and apparent porosity). To check if differences at bi-dimensional level occurred among populations,
the bi-dimensional shell shape parameters (perimeter, area, aspect ratio, solidity, circularity and roundness), in
addition with length and height, were analysed using multivariate statistical analysis (PCA). No differences were
found among populations (see Supplementary Information; Supplementary Fig. S2a,b).
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Figure 1. Shell biometric parameters. Macroscale level. Variation in the biometric parameters of C. gallina
with environmental variables (SR and SST). r,= Spearman’s determination coefficient. n=40 in each
population. Mean values for each population are listed in Table 2.
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Figure 2. Shell biometric parameters. Macro- and microscale levels. Variation in the shell parameters of
C. gallina with environmental variables (SR and SST). r,= Spearman’s determination coefficient. n =40 in each
population. Mean values for each population are listed in Table 3.

Shell microstructure. The scanning electron microscopy observations (Supplementary Fig. $3a,b) showed
that the microstructure of C. gallina shell contains two main layers, according to what observed in most
venerids®. In the outer layer compound prisms are observed (Supplementary Fig. S3¢). They are formed by the
compact assembly of grains (Supplementary Fig. S3f). The inner layer is homogeneous and is formed of irregular
granules (Supplementary Fig. S3e). Among these grains, having a size around 1 um, layers of materials are dis-
persed (Supplementary Fig. S3h). A middle layer, which represents the transition zone between the inner layer
and the outer one, is characterized by the presence of granules (Supplementary Fig. S3d), bigger than the ones
observed in the inner layer (around 3 pm), from which the prisms start their structure. The granules observed in
the outer and inner layer are quite similar in size and shape (Supplementary Fig. S3£h). All populations revealed
the same pattern at each considered magnification.

Shell mechanical and mineral features. Mechanical tests showed differences among populations for
Young’s modulus and fracture load (Table 4), and both parameters correlated negatively with SR and SST
(Fig. 3).

The analysis of the inorganic phase was obtained from the results of X-ray powder diffraction patterns (XRD)
and Fourier transform infrared spectroscopy (FTIR) data. Both techniques showed that shells from all popula-
tions were composed of pure aragonite and no other mineral phase was detected (Supplementary Figs S4 and
S5). Full width at half maximum (FWHM) calculated for the (111) peak of each diffraction pattern was different
among populations but not correlated with SR and SST (Supplementary Table S1). In FTIR spectra the bands at
1484 cm™ (v5) 859cm™! (1,) and 712 cm™! (1), typical of aragonite, did not shift among samples (Supplementary
Table S1; Fig. S5). The wavenumber of the v, band is a function of the content of Sr within the aragonitic sample’;
accordingly a Sr content of about 8000 ppm can be estimated in each shell, independently from the collection site.
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Young’s modulus (kN mm ') | Maximum Load (kN),

Code n mean (CI) mean (CI)
MO 14 2.50 (0.54) 0.13 (0.02)
CH 30 2.80(0.16) 0.15(0.01)
GO 28 2.35(0.18) 0.11 (0.01)
CE 21 2.61(0.13) 0.13 (0.02)
SB 28 2.30(0.19) 0.11 (0.02)
CA 20 2.18 (0.29) 0.09 (0.01)
K-W ok ok

Table 4. Shell mechanical properties. Young’s modulus (kN mm-!) and Maximum load (kN) mean value
for each population. n = number of samples; CI =95% confidence interval. Values for each population,

in decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San
Benedetto), CA (Capoiale). K-W = Kruskal-Wallis equality-of-populations rank test, ***p < 0.001.

HA

IE 4 - 4 -

g

Z 3 g -

N’

=

-E 2 2 -

=

g 14 1 -

.(ﬂ

én O T T T 1 O T T 1
3 150 160 170 180 190 16 17 18 19
—

& 0.3 - rg=0.127 0.3 1 rg2=0.118
é r.=-0.356 r=-0.343
= s o  p<0.001 o o p<0.001
S 021 g e 02 - o ®

F : :

S 0.1 - 0.1 -

E 0

e

[~

E 0.0 T T T 1 O-O T T 1

150 160 170 180 190 16 17 18 19

SR (W m?) SST (°C)

Figure 3. Shell mechanical properties. Variation in mechanical properties of C. gallina with environmental
variables (SR and SST). r, = Spearman’s determination coefficient. Samples number and mean values for each
population are listed in Table 4.

A series of successive grindings of the powder from a shell sample for each population was carried out, following
a reported procedure to generate the grinding curve, a qualitative estimation of the atomic order®”. The bands
heights were measured and the height ratios v,/v; and v,/v; were calculated. All the ratio values fitted in a curve in
the v,/v; vs v,/v; graph (Supplementary Fig. S6). The obtained curve was compared with other curves fitted from
data from different marine calcifying organisms (Phyla: Cnidaria, Anellida and Mollusca) and from geogenic and
synthetic aragonite®” (Supplementary Fig. $6). The curve fitted from C. gallina data was located between those
of geogenic and synthetic aragonite, along with the other biogenic aragonite samples (Supplementary Fig. S6).
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The content of intra-skeletal OM, as weight percentage, was measured by thermogravimetric analysis
(TGA; Supplementary Fig. S7). It was in average below 2% in all samples and homogeneous among populations
(Supplementary Table S2); an equivalent result to that obtained from several other mollusk?®.

Discussion

The main aim of this study was to investigate the effect of SR and SST on shell features at macro (biometry),
micro (texture) and nanoscale (atomic order and composition) levels, in natural populations of the common
clam C. gallina along a latitudinal gradient in the Western Adriatic Sea, as a case study to gain further insight on
the relationship between phenotype and environment in calcifying marine organisms. The possible relationships
between growth rate and SR and SST were not considered in this study. Further investigation will be necessary to
better understand how bivalves’ growth respond to changes in SR and SST.

At macroscale level, shells of the same length of C. gallina were affected by increasing SR and SST, presenting
lighter, thinner, more oval shaped, more macro-porous and less resistant to fracture valves in the warmer and
more irradiated populations. Previous studies show that the shells of many mollusks species are affected along
latitudinal gradient due to decreasing SST®*. A possible explanation could be that at low SST, CaCOj; is more
soluble and seawater is less saturated, increasing energetic costs of shell formation®’. Moreover, it was shown that
low SST directly reduces growth?! and development*2. Conversely, in this study C. gallina seemed to be negatively
affected in shell biometry by high SST, showing an opposite trend. The effect of temperature on physiology of C.
gallina has been studied in specimens exposed to different temperature by Moschino and Marin?. They investi-
gated the scope for growth balancing the processes of energy acquisition (i.e. feeding, digestion) with the energy
expenditure (i.e. respiration, excretion) and providing an instantaneous measure of the energy state?. Specimens
of C. gallina exposed to high summer temperatures (28 °C), show a reduced energy absorption and an increased
energy expenditure via respiration, negatively affecting the energy balance? and probably growth, as found dur-
ing summer season (temperature > 27 °C) in specimens from the eastern coast of Spain®. A drop in metabolism
was recorded in the snail Littorina saxatilis exposed to elevated temperatures, with negative consequences in
growth and fitness**. Moreover, oxygen depletion due to high temperatures may produce detrimental effects on
the physiological performance of clams, as observed in the bivalve Ruditapes decussatus*. C. gallina seems to have
relatively low tolerance to high temperatures in comparison with other bivalve species, showing a great influence
in the overall physiological responses and heavy stress conditions when exposed to high temperatures, demon-
strating that temperature could be a tolerance limit for this species®.

Despite C. gallina being an infaunal bivalve, all macroscale (biometric) parameters of this species seemed to
be more correlated with SR than SST. SR could have no direct effect on this species, but the SR latitudinal gradient
is related to other abiotic and/or biotic parameters not investigated in this study, such as phytoplankton density
and its distribution. Food concentration is one of the major factors influencing the growth of suspension feeding
bivalves®. SR affects the growth, survival and distribution of phytoplankton*¢, which represent the food source for
higher trophic organisms, such as bivalves. Phytoplankton distribution in the Adriatic Sea is characterized by the
relative influence of northern Italian rivers and by the influence of Mediterranean waters on the southern Italian
coasts, showing a generally decreasing trend of nutrient concentration from North to South*’. The northern
Adriatic, influenced by Italian rivers outlets, was marked by low diversity but high density of phytoplankton; the
southern Adriatic influenced by Mediterranean waters, exhibited high diversity but low density of phytoplankton®.
The lower presence of phytoplankton density in southern Adriatic, could cause feeding deficits and consequently
a reduction of available energy for clam to invest in shell construction, which could explain the reduction in
weight, thickness and the higher porosity and fragility of shells.

Differences found in SST and SR along the gradient could also influence the type and/or density of predators.
Predation is an important factor associated with morphological plasticity in bivalves, which can exhibit induced
responses based on the capture techniques of the predators*®. Bivalves’ principal defense is their strong calcareous
shell, and among shell characteristics, thickness is the most influential factor for shell strength. The increased of
bivalve shell thickness can thus reduce the success of many predators®. The blue mussel Mytilus edulis exposed
to high predation density shows a thicker and more robust shell than those exposed to lower predation®.
Similar results, showing an increase in shell thickness in response to predators, were found in several mollusks
species*->°. Experimental works on gastropods show that shell thickening in response to predators could be
partly due to avoidance behavior, resulting in lower growth rates partly due to direct result of increased shell
deposition in the presence of predators™.

The observed phenotypic changes found in C. gallina could occur by genetic or plasticity variations, as found
in other bivalves*, and could be explained by SST difference, nutrient concentration and/or density of predators
along the latitudinal gradient. Increased porosity, decreased stiffness (Young’s modulus) and reduced thickness
of C. gallina shells, with increasing SR and SST, lower the shell’s fracture load. Resistance to breakage generally
increases as the square of the shell thickness increases®’, and the breaking resistance doubles with an increase of
41% in thickness, thus providing a good return in shell strength for each unit of shell thickening®. The warmer and
more irradiated populations of C. gallina showed reduced shell stiffness and fracture load, leading to a modified
shell resistance, with a lower load fracture and damage susceptibility that may affect the survival of the species.

Because of the importance of this species as a commercial resource in the Adriatic Sea, those variations in
macroscale parameters found in C. gallina shells could have economic implications for its fishery. More porous
and less resistant to load fracture shells, found in warmer and more irradiated populations, are less resistant to
breakage and could be more damaged during fishing with hydraulic dredges, with a larger amount of clams dis-
carded from the trade. This could mean a higher catch effort for fishermen with a loss in economic yield.

In addition, the lower clam mass due to thinner and more porous shells in the southern populations, requires
a major number of clams to obtain the same quantitative in kilograms compared to northern populations.
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Moreover, the northern populations could allocate a higher energy fraction to reinforce their shells at the expense
of a lower somatic growth?. Contrarily, the warmer and more irradiated populations could allocate most of their
assimilated energy towards somatic growth, compensating the negative aspect of shell variations with an increase
in edible mass per catch and per kilogram, with a potential positive economical yield both for consumers and
fishermen. Further analysis on edible animals may be necessary to understand if environmental parameters can
affect the growth of soft tissue.

Despite the reported differences at the macroscale level, at the microscale and nanoscale levels, all populations
of C. gallina showed the same skeletal features along the latitudinal gradient of SR and SST. The shells were always
made of aragonite, as seen in other mollusks®~>. That aragonite always showed the same extent of atomic order™,
evaluated by the grinding curve methodology. Indeed, grinding curves from C. gallina samples revealed that the
aragonitic atomic order does not vary among populations along the SR an SST gradient. Those curves of C. gallina
samples were close to that from the mollusk Vermetus triqueter shell and other aragonitic marine organisms
(Cnidaria, Balanophyllia europaea, Anellida Protula tubularia). All of them were located between the synthetic,
high order, and geogenic, low order, aragonite curves®” (Supplementary Fig. S4). The invariance in nanoscale
skeletal features is also confirmed by the constancy of shell chemical composition in the content Sr (FTIR data)
and OM (TGA data). This is in agreement with what expected for C. gallina, a calcifying organism having a high
degree of biological control over biomineralization, as other mollusks”3.

Electron microscopy observations, at the micro(nano)scale level, showed that valves of C. gallina were charac-
terized by two different aragonite structures: an external prismatic layer and an internal granular one, separated
by a transition zone. The basic particles composing both layers were similar in shape, spheroidal, and size, below
1 pm. This was observed throughout the whole valve section, independently from the shell collection site. This
constancy among all populations, suggests no difference among the aragonite “building blocks” at the micro and
nanoscale level, a data that fits well with the results from spectroscopic (atomic order) and diffractometric (tex-
ture) measurements at nanoscale level.

Shell micro-density (density of the CaCO; biomineral that composes the shell) did not change along the gra-
dient. This information, together with the homogeneous amount of OM and Sr among populations, indicates that
also other micro-skeletal parameters affecting micro-density, as occluded porosity and content of non crystalline
CaCOs, did not change. The latter being linked to shell elasticity, a parameter at the macroscale level, constant
along all populations of samples.

The constancy of OM content in C. gallina under different environmental conditions represents an important
result, which adds relevance to the long recognized key role of OM in biomineral skeleton formation”%-%¢, This
despite the fact that still little information is known on varying OM content and composition in relation to envi-
ronmental parameters.

As indicated by all micro and nanoscale analyses, the biomineral remained the same in all analyzed samples,
indicating that the “building blocks” produced by the biomineralization process are substantially unaffected by
the SR and SST variations among the different populations along the latitudinal gradient. Also the organization,
morphology and packing, of the constituent mineral crystals were the same along the gradient. This constancy, as
already discussed, has to be related to the high degree of biological control exerted by C. gallina over the calcifica-
tion process, able to overcome environmental stresses”®.

Conclusions

Differences found in shell parameters of the clam C. gallina along the latitudinal gradient could be the outcome of
phenotypic plasticity or a genetic adaptation of the populations subjected to different environmental parameters.
Environmental parameters could directly affect shell morphology, such as temperature, or indirectly, influencing
nutrient concentration and/or predator density. Shell morphology of the most irradiated and warmest popula-
tions was characterized by lighter, thinner, more porous and fragile shells, likely affecting the economic aspects
of fisheries and the survival of the species. At the same time, populations of C. gallina did not show significant
variations of structural parameters at the microscale and nanoscale level. The type of CaCO; polymorph, the
atomic order of the mineral skeletal phase and the percentage of organic matrix content were unaltered along the
latitudinal gradient, indicating no effects of SR and SST on the building blocks produced by the biomineralization
process of the clam shells.

Materials and Methods

Ethics Statement. This study was carried out following the fundamental ethical principles. According to
the European normative that regulates minimum fishing size of Chamelea gallina (25 mm, Council Regulation
(EC) No. 1967/2006), only clams of commercial size with minimum length of 25 mm were collected for this
study.

Collection and processing of specimens.  Between August 2013 and April 2015, specimens of C. gallina
of commercial size (25-30 mm), were collected from six sites along a latitudinal gradient in the Adriatic Sea from
45°42'N to 41°55'N (Supplementary Fig. S8).
Clams were sampled for each site using hydraulic dredges on soft bottoms in the subtidal zone at 3-7 m depth.
For each collected clam, the bivalve flesh was removed with a scalpel and the shell was cleaned with a tooth-
brush and washed with distilled water. The right and left valves were then separated, labeled and dried at 37 °C for
one night to remove any moisture that may affect measurements.

Shell biometric parameters. Clam shell length (maximum distance on the anterior-posterior axis), height
(maximum distance on the dorsal-ventral axis; Fig. 4) and bi-dimensional shell shape parameters, were obtained
with Image] software®” after data capture of each shell shape with a scanner (Acer Acerscan Prisa 620 ST 600 dpi,
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Left Right

Figure 4. Shell parameters. (a) Frontal orientation; by placing the umbo upwards can be distinguished the
valve left from the right one; (b) Lateral orientation, L =1length, H=height; (c) cross-sectional orientation,
W =width; (d) cross-section, T = thickness.

0.04 mm/px). Bi-dimensional shell shape parameters, obtained from shell outline, were perimeter (the length of
the outer contour of the shell), area (the space enclosed by the outer contour), aspect ratio (defined as length/
height), solidity (area/convex area enclosed by the convex hull), circularity (with a value of 1 indicating a perfect
circle and the value approaches 0 indicating an increasingly elongated shape) and roundness (the inverse of aspect
ratio).Width (maximum distance on the lateral axis) and thickness (Fig. 4) of the valve were measured with a pair
of calipers (0.05 mm) and dry shell weight was measured using an analytical balance (4-0.1 mg). Thickness was
measured in the middle of each valve. Volume and shell density parameters were measured by means of the buoy-
ant weight techniques, using a density determination kit Ohaus Explorer Pro balance (£0.1 mg; Ohaus Corp.,
Pine Brook, NJ, USA).
Measurements required for calculating shell parameters were:

p density of the fluid medium (in this case, double distilled water: 0.99823 g cm 2 at 20°C
and 1 atm).

DW dry mass of the shell.

SW saturated mass of the shell = mass of the shell plus mass of the water enclosed in its pores. To

obtain this measurement, shells were placed in a desiccator connected to a mechanical vacu-
um pump for about 1h in order to suck out all of the water and air from the pores. Still under
vacuum conditions, the dry shells were soaked by gradually pouring distilled water inside the
desiccator. The shell was taken out of the water, quickly blotted with a paper towel to remove
surface water, and weighed in air three times, making sure that no water droplets were left on
the weighing platform, which would lead to an overestimation.

BW buoyant mass of the shell = mass of the shell fully saturated with water minus mass of the
water displaced by it. The fully water saturated shell was slowly lowered onto the underwater
weighing pan, ensuring that no air bubbles adhered to its surface. The buoyant mass meas-
urements were repeated three times and the average was considered for statistical analysis.
This simple and nondestructive method has been widely used with great success to examine
various calcifying organisms, such as corals®® and marine mollusks™.

DW — B
V BIOMINERAL = bw — BW matrix volume = volume of the shell, excluding the volume of its pores. W
p 1
V pores = SW = bw pore volume = volume of the pores in the shell. @)
2
Vieor = Vuarrix T Vpores total volume = volume of the shell including its pores. (3)
Additionally, the following skeletal parameters were calculated:
Micro—density(matrix density) = DW/Varrix (4)
Bulk—density = DW/V o (5)
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Porosity = (Vpopes/ Vror)x 100 (6)

Shell mechanical properties. To test for shell mechanical properties, compression tests were conducted
using a universal testing machine equipped with a force transducer (Instron) of 1 kN maximum capacity. Thirty
shell samples were randomly selected from each population and were brought to fracture load using a 3 cm
diameter compression platen at a downward speed of 0.5 mm min~'. The Young’s modulus (kN mm™') and the
required force to fracture (Maximum load, kN) were recorded using the software Instron (Series IX).

Ten samples from each population were randomly selected and used for the following analyses. The valves
were treated with a 5% sodium hypochlorite solution for three days to completely remove any trace of external
skeletal organic tissue, and with a 1 M sodium hydroxide solution for one day to hydrolyze residual proteic mate-
rials from the shell surface. Samples were then rinsed with distilled water and dried at room temperature for one
day. Subsequently, the left valve was sectioned with a dremel (300 series, Dremel System) from the umbo to the
ventral margin. One half of each shell was finely ground in a mortar to obtain a homogenous powder to be used
for diffractometric and spectroscopic analyses. A transversal section of about 3 mm in width was cut from the mid
remaining shell for scanning electron microscope (SEM) observations (Supplementary Fig. S5a).

Diffractometric measurements. XRD analyses were performed on five randomly selected specimens for
each populations, preparing a thin, compact layer of powdered sample in a silica background signal free holder.
Diffraction patterns for each sample were collected using an X'Celerator detector fitted on a PANalytical X’Pert
Pro diffractometer, using Cu-Ka radiation generated at 40kV and 40 mA. Data were collected within the 20 range
from 15° to 60° with a step size (A26) of 0.02° and a counting time of 1200s. Fixed anti-scatter and divergence slits
of 1/16° were used with 10 mm beam mask and all scans were carried out in ‘continuous’ mode. The XRD patterns
were analyzed using the X’Pert HighScore Plus software (PANalytical) and the FWHM was measured for the peak
(111) of each diffraction pattern.

Spectroscopic measurements. FTIR analyses were performed on the same powder samples used for
XRD. FTIR analyses were carried out using a FTIR Nicolet 380 Spectrometer (Thermo Electron Corporation)
working in the range of wave-numbers 4000-400 cm™! at a resolution of 2cm ™. Sample disks were obtained
mixing a small amount (1 mg) of finely ground sample with 100 mg of KBr and applying a pressure of 670.2
MPa to the mixture using a hydraulic press. For each spectrum, characteristic CaCOj active vibrational modes
vy, V3 and v, bands were identified and their intensities were measured. To compare atomic order among the
six populations, for a sample of each population the intensity of the v, and v, bands were normalized to the
v; band and then graphed after successive grinding processes®. To understand if there were differences in the
atomic order within crystals, the plotted curves of C. gallina were compared with grinding curves of other
calcifying marine organisms (Balanophyllia europaea, Protula tubularia, Vermetus triqueter) and geogenic and
synthetic aragonite®’.

Evaluation of OM content. TGA was performed to estimate the OM content of each shell, using an SDT
Q600 instrument (TA Instruments). Powdered samples (5-10 mg) from 5 to 10 valves for each site were placed in
a ceramic crucible. The analyses were performed under a nitrogen flow of 100 mL/min with a first heating ramp
from 30 to 120°C at 10°C min~! heating rate, an isothermal at 120° for 5min, and a second heating ramp from
120 to 600°C, at 10°C min~! heating rate.

Skeletal micro-textural analyses. SEM observations were carried out on a subset of individuals from
Chioggia and Capoiale (characterized respectively by lowest and highest SST values), to obtain representative
information on the textural characteristics of C. gallina shell. Skeletal features were investigated on the transversal
valve sections. Each section was etched with an acetic acid solution (1% v/v) for 1 minute to remove debris and
artifacts from cutting. Samples were coated with a gold layer (5nm) and analyzed with a SEM Hitachi S4000.

Environmental parameters. SR (W m~2) and SST (°C) data were obtained for each site from the
Euro-Mediterranean Center on Climate Change (CMCC http://oceanlab.cmcc.it/afs/) data banks. Mean
annual SR and SST were calculated from daily values measured from July 2011 to June 2015 (number of daily
values = 1447 for each site), to enclose the almost full lifespan of two-three years for each sample.

Statistical analyses. Levenes test was used for testing homogeneity of variance and Kolmogorov-Smirnov’s
test was used for testing normality of variance for both environmental and shell parameters. One-way analysis
of variance (ANOVA) was used to test the significance of the differences among sites for environmental vari-
ables and shell parameters. When assumptions for parametric statistics were not fulfilled, the non-parametric
Kruskal-Wallis equality-of-populations rank test was used instead. Student’s t test was used to compare the mean
right and left valve shell parameters (length, width, height, thickness, mass, volume, micro-density, bulk den-
sity and porosity) in each site. Spearman’s rank correlation coefficient was used to calculate the significance of
the correlations between shell parameters and environmental parameters. Spearman’s rank correlation coeffi-
cient is an alternative to Pearson’s correlation coefficient; it is useful for data that are non-normally distributed
and do not meet the assumptions of Pearson’s correlation coefficient®. All analyses were computed using PASW
Statistics 22.0 (Apache Computer Software Foundation, Forest Hill, USA). Principal component analysis (PCA)
was used to test the bi-dimensional shell shape among populations using R Studio software (see Supplementary
Information).
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Tables

Table S1. Textural data of biogenic aragonite. Full width at half maximum (FWHM) of the X-ray powder
diffraction peak (111) and normalized (over v3) intensities of the aragonite Fourier transform infrared (FTIR)
bands v, and v4. The angle (20) of the maximum of the diffraction peaks and wavenumbers of the maximum of
the FTIR bands do not change among samples. n = number of samples; CI = 95% confidence interval. v, v3 and
V4 - characteristic calcium carbonate active vibrational modes.

Code n FWHM Vz/\’3 V4/V3
mean (CI) mean (CI) mean (CI)
MO 5 0.170 (0) 0.386 (0.014) 0.095 (0.005)
CH 5 0.180 (0) 0.345 (0.009) 0.058 (0.012)
GO 5 0.180 (0.006) 0.401 (0.014) 0.102 (0.015)
CE 5 0.172 (0.004) 0.388 (0.009) 0.100 (0.008)
SB 5 0.174 (0.005) 0.352 (0.014) 0.090 (0.007)
CA 5 0.188 (0.004) 0.369 (0.011) 0.075 (0.005)
K_W skskk

Values for each population, in decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE
(Cesenatico), SB (San Benedetto) and CA (Capoiale). K-W = Kruskal-Wallis equality-of-populations rank test,
kksk —

=p <0.001.

Table S2. Intra-skeletal organic matrix content. Mean organic matrix (OM) percentage weight loss for each
population of C. gallina. n = number of samples; CI = 95% confidence interval.

OM (%
Code n mean((C})
MO 10 1.95 (0.09)
CH 10 1.86 (0.11)
GO 5 1.83 (0.16)
CE 5 1.93 (0.16)
SB 5 1.72 (0.13)
CA 10 1.97 (0.08)
K-W NS

Values for each population, in decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE
(Cesenatico), SB (San Benedetto) and CA (Capoiale). K-W = Kruskal-Wallis equality-of-populations rank test,
NS = not significant
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PCA analysis

PCA analysis was obtained including bi-dimensional shell shape parameters, (perimeter, area, aspect
ratio, solidity, circularity and roundness), and length and height, to observe the possible differences in
bi-dimensional shell shape among populations, using R studio software!. Length, height, perimeter
and area were related to the PC1, aspect ratio and roundness were related to the PC2, and together
explained the 72.9% of the variance (Supplementary Fig. S2a). Circularity and solidity, closer to the
centre of the plot, were related to the PC3, which was not considered in the analysis because of the
low variance explained (18.7%; Supplementary Fig. S2a). PCA analysis resulted in a similar bi-
dimensional outline shape in shells of C. gallina from six populations along the Italian Adriatic coast,
due to the overlapping position of dots in the space (Supplementary Fig. S2b).

The result found using traditional morphometric analysis (PCA), was compared with the result of
Palmer et al.?, that studied the bi-dimensional shape of Mediterranean specimens of C. gallina by
combining elliptic Fourier decomposition of the shell perimeter and canonical variate analysis. They
find a geographical variability in bi-dimensional shell shape of C. gallina, by comparing samples
from seven geographical groups with highly various environments, from Malaga, Spain, to Venice,
Italy?. The differences in bi-dimensional shell shape of C. gallina found by Palmer et al.? is not in
contrast with our result, because we considered six population located along ~400 km in the Adriatic
Sea, from Monfalcone (MO) to Capoiale (CA) and characterized by more similar environmental
conditions. Nevertheless, differences in C. gallina shells among populations were obtained analysing
the tri-dimensional shell biometric parameters (length, height, width, mass, volume, bulk-density and
apparent porosity) not considered in Palmer et al.2, but considered in this study (see main text).
Analysing both, bi-dimensional shape shell parameters and tri-dimensional biometric shell
parameters, it was possible to discriminate groups rather geographically close and revealed which

shell parameters differed among populations.
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Figure S1. Environmental parameters. Relationship between environmental parameters (mean annual SR and
SST) and the latitude of study sites along the coast of Italy. The black dot indicates the site of Monfalcone,
which was characterized by higher temperature than expected at its latitude. n = number of stations; r =
Pearson’s correlation coefficient.

29



@ Circle of correlation @ PCA plot

PC2 axis
PC2 axis

igenvalue

PC1 axis

PC1 axis

Figure S2. PCA analysis. (a) Circle of correlations between the bi-dimensional shell shape parameters and
length and height and the first two principal components (PC1, PC2). Eigenvalues plot shows the percentage of
explained variance for each component (PC1=46 %, PC2=26.9%, PC3=18.7%). Length, perimeter (Perim),
height and area were related to PC1; the area variable is not visible, because covered by perimeter. Roundness
(Round) and aspect ratio (AR) were related to PC2; solidity and circularity (Circ) were related to PC3. (b) PCA
plot of the distribution of the dots in the space related to the bi-dimensional shell shape parameters and length
and height, interpreted by PC1 and PC2. Each dot represents one C. gallina shell. MO (Monfalcone) in black;
CH (Chioggia) in blue; GO (Goro) in green; CE (Cesenatico) in yellow; SB (San Benedetto) in orange; CA
(Capoiale) in red.
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Figure S3. Scanning electron microscopy images. Skeletal morphology of C. gallina microstructure. The
reported images are representative of all observed valves. (a, b) Images of the entire valve section. (a) Scale bar
5 mm. (b) Scale bar 0.3 mm. (¢, d, e) Outer layer, transition layer and inner layer, respectively. Scale bars: 100,
50 and 50 pum, respectively. (f, g, h) Details of the outer layer, transition layer and inner layer, respectively.
Scale bar 30, 20 and 5 pum, respectively. Outlined rectangles indicate areas of interest subject to higher
magnifications in subsequent images.
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Figure S4. X-ray powder diffraction (XRD) patterns from ground shells of C. gallina. 5 diffractograms for
each population were obtained. A representative diffraction pattern is shown for each population, in decreasing
order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto) and CA
(Capoiale). The diffraction peaks were labeled with the Miller index according to the PDF 01-075-22303. All the
peaks were assigned to aragonite. Diffraction patterns are offset to increase readability.
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Figure S5. Fourier transform infrared (FTIR) spectra from ground shells of C. gallina. 5 spectra for each
population were obtained. A representative FTIR spectrum is shown for each population, in decreasing order of
latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto) and CA
(Capoiale). Wavenumbers of the main absorption bands are indicated and those due to aragonite are assigned.

Spectra are offset to increase readability.
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Figure S6. Evaluation of atomic order by FTIR grinding curves. Combined plots of the v,/v3 vs. v»/v3 band
heights of C. gallina from this study, B. europaea, P. tubularia and V. triqueter* and fitted curves of the 14/v;

vs. v/v; peak heights of geogenic and synthetic aragonite.
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Figure S7. Intra-skeletal organic matrix content. A representative thermo gravimetrical profile is shown for
each population, in increasing order of latitude: CA (Capoiale), SB (San Benedetto), CE (Cesenatico), GO

(Goro), CH (Chioggia) and MO (Monfalcone). Weight lost (%) and derivate weight lost (%/°C) profiles are
drown with black and blue lines, respectively.
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Figure S8. Map of the Adriatic coastline indicating the sites where the C. gallina clams were collected.
Abbreviations and coordinates of the sites in decreasing order of latitude: MO, Monfalcone 45°42'N, 13°14'E;
CH, Chioggia 45°12'N, 12°19'E; GO, Goro 44°47'N, 12°25'E; CE, Cesenatico 44°11'N, 12°26'E; SB, San
Benedetto 43°5'N, 13°51'E; CA, Capoiale 41°55'N, 15°39'E. The map was downloaded from d-maps.com site
(http://www.d-maps.com/carte.php?num_car=5993 &lang=it) and modified with Adobe Photoshop CS4.
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ABSTRACT

Environmental variables are encoded in shells of marine organisms in the form of
geochemical properties, shell growth rate and shell microstructure. Few studies
have investigated how shell growth is affected by habitat conditions in natural
populations of the commercial clam Chamelea gallina. Here, skeletal parameters
(micro-density and apparent porosity) and growth parameters (bulk density, linear
extension and net calcification rates) were investigated in relation to shell size and
environmental parameters along a latitudinal gradient in the Adriatic Sea (400 km).
Net calcification rates increased with increasing solar radiation, sea surface
temperature and salinity and decreasing chlorophyll concentration in immature and
mature shells. In immature shells, which are generally more porous than mature
shells, enhanced calcification was due to an increase in bulk density. In mature
shells, which show reduced extension rates compared to immature shells, increased
calcification was due to an increase in linear extension rates. The presence of Po
river in the Northern Adriatic Sea was likely the main driver of the fluctuations
observed in environmental parameters, especially salinity and chlorophyll

concentration, that seemed to negatively affect the growth of C. gallina.

Keywords: calcification, marine molluscs, Mediterranean Sea, salinity, shell

properties
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INTRODUCTION

Important ecological interactions between organisms and their environment
can be unravelled through studies performed along latitudinal gradients, where
varying environmental pressures can be explored on both biological and
evolutionary processes!. Thermal conditions vary with latitude and the ability to
understand the relationship between growth and temperature is important because
global climate change will be a thermal challenge to most ectothermsz2.

Environmental variables are encoded in shells of marine organisms in the
form of geochemical properties, shell growth rate and shell microstructure? and
depending on the species and habitat, environmental or physiological factors are
more relevant for shell growth*®. Previous studies identified several drivers that
influence the shell growth rate of bivalves including temperature®?’, food supply and
quality®?, salinity1011, latitude!-12 and also reproduction!3. Evidence for variation in
growth in marine molluscs with the environment comes for example from the great
scallop Pecten maximus along the Northeast Atlantic coast from Spain to Norway?!
and from the Mytilus edulis along the British coast in the Irish Seal“.

Shell growth can be considered the result of the umbonal-ventral linear
extension of the shell per unit time (cm yr1) and the calcification process (CaCO3
growth rate;15). Net calcification rate is the product of shell bulk density (shell
mass/volume ratio, including the volume of pores) and linear extension rate. Shell
linear extension rates in bivalves decrease through ontogeny!® and it might be
influenced by seasonality or changes in environmental parameters!’. Since
decreasing linear extension rate is usually accompanied by an increasing in shell

bulk density, variations in the total CaCO3 precipitated by the animal and linear
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extension rate may not necessarily correlatel’. Therefore, differences in shell net
calcification can result either from constant bulk density and non-continuous linear
extension over the year, or varying bulk density and homogeneous linear extension
rate.

Linear extension rates also indicate how much time is required to reach a
certain marketable size!8 and the relationship between size and age is essential to
implement appropriate management strategies®. The hard calcareous shell of many
bivalves contains an ontogenetic record in the form of annually resolved growth
increments*. Hence, bivalves sampled along well-known environmental gradients
can provide reliable and accurate information on their individual ontogenetic life
history, including their chronological age?°.

Bivalve age can be estimated using a variety of methods: mark and recapture
experiments?21, analysis of size-frequency distributions??, counting of annual growth
marks or rings visible on the shell surface or in the microstructure of shell
sections?324 and analysis of oxygen isotopic composition along the shell growth
direction192> Visible rings and banding patterns are often formed on the shells of
bivalves when they undergo periods of reduced shell growth?26.27, Ring formation has
been associated with factors that probably affect the metabolic processes involved
in growth, such as shifts in environmental conditions (e.g., temperature) or intrinsic
conditions (e.g., spawning;28).

The present study investigated the shell growth of Chamelea gallina in six
sites along a latitudinal environmental gradient in the Adriatic Sea (eastern coast of
Italy). C. gallina (Linnaeus, 1758) is a bivalve species that occurs in the infralittoral
zone and is distributed throughout the Black Sea and Mediterranean?® and along the

Algarve coast (Southern Portugal). Along the Adriatic coast of Italy, C. gallina has a
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great economical relevance supporting an important commercial dredge fishery and
is one of the most valuable bivalve resources, with a high market price (8-10 € per
kg). Despite the economic importance of the clam, there have been few studies on
the growth of C. gallina during its lifespan and in relation with environmental
variation. A previous study investigated the effects of environmental parameters on
shell features of commercial size (> 25 mm) at macro, micro and nanoscale levels, at
the same six sites and showed that shells of the warmer and more irradiated
populations were more porous and less resistant to breakage30. Water temperature
has a dominant role in shell growth and metabolism of C. gallina??31. Temperatures
below 10 °C strongly slow or inhibit shell linear extension rates, whereas values
above 28 °C reduce energy absorption and increase energy expenditure via
respiration?231,

Previous studies on the age and shell linear extension rate of Chamelea
gallina in the Mediterranean have employed length-frequency distributions3?,
surface shell rings33, shell thin sections343> and acetate peels?239, In this study, three
different independent ageing methods were used: shell surface growth rings, shell
internal bands (shell cross-sections and Mutvei’s solution) and stable isotope
composition. The method based on external rings appears to be fairly accurate in
young shells??, as C. gallina is, reaching 4 years in the Mediterranean Sea, while it
becomes more difficult to make an accurate age determination with older and
thicker shells3’. Counting of internal bands in shell sections using Mutvei’s solution
is a new and easy-to-use technique that resolves annual and sub-annual growth
structures in skeletons of a wide range of different organisms38. Shell oxygen isotope
(8180) along the growth direction provides another clear method of ontogenetic age

determination, in which age is directly indicated by the sequence of lower (summer)
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and higher (winter) 6180 values recorded by the shells1939,

The purposes of this investigation were to:
1) determine the growth functions for each site using three independent ageing
methods;
2) measure shell linear extension and net calcification rates at each site comparing
shell growth parameters along a latitudinal gradient of environmental variables in
the Adriatic Sea.
While the previous study, along the same latitudinal gradient, considered only solar
radiation (SR) and sea surface temperature (SST) and only shell of commercial size
(>25 mm;39), here we investigated also sea surface salinity (SSS) and chlorophyll
concentration (CHL) and we considered all shells size, from immature to mature

clams.

RESULTS

SR, SST and SSS and CHL varied among sites along the latitudinal gradient
(Kruskal-Wallis test, df=5, p<0.001; Table 1). SR, SST and SSS correlated negatively
with latitude, while CHL showed the opposite trend (p<0.001; ESM, Fig. S1). SSS and
CHL showed high variations among sites and Goro and Cesenatico located near the
Po delta were the sites with higher data variability (ESM, Fig. Sla). All the
environmental parameters were significantly correlated with each other, in

particular SST with SR and SSS (p<0.001; ESM, Fig. S1b).
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Shell lengths were homogeneous among sites (Kruskal-Wallis test, df=5 and
p>0.05; ESM, Table S1). Also age did not differ among sites both for external rings
and internal bands (Kruskal-Wallis test, df=5 and p>0.05; ESM, Table S1).

There were no significant differences among the growth curves obtained
from the external and internal rings within each site (ESM, Table S2), therefore, a
generalised VBG curve was obtained for each site (Fig. 3). The 8180 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 to estimate
the age. Age from 6180 values validated the data from the other two ageing methods
fitting the VBG curves (Fig. 3). A significant difference was observed comparing the
generalised VBG function among sites (Kimura, p<0.05; ESM, Table S2).

At each site, shell skeletal and growth parameters were significantly
correlated with shell length (Fig. 4). Bulk density and apparent porosity showed an
opposite correlation with shell length and micro-density positively correlated with
length in all sites (Fig. 4). At all sites, shell length correlated negatively with linear
extension rates and net calcification rates (Fig. 4).

Variation of shell skeletal and growth parameters was then analysed in
relation to environmental variables along the latitudinal gradient. Correlations were
performed in the whole dataset of 84 shells for each site (Tables 2 and 3). Apparent
porosity and bulk density not correlated with environmental parameters, while
linear extension rate and net calcification showed significant positive correlations
with SR, SST, SSS and negative correlations with CHL (Table 3). Correlations with
the environment were also performed in the immature and mature shells separately
and in a subgroup of the mature shells including only shells of commercial size (>

22 mm). In all groups, linear extension and net calcification were positively
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correlated with SR, SST, SSS and were negatively correlated with CHL, except
extension rate which did not correlate with SST in immature shells (Table 3; ESM,
Figs S2-S3-S4). Micro-density, apparent porosity and bulk density showed no trends
with SR in immature shells (Table 3; ESM, Fig. S2). In mature shells, apparent
porosity showed no correlations with SST, SSS and CHL while bulk density
correlated with SR, SST and CHL (Table 3; ESM, Fig. S3). In shells of commercial size
apparent porosity positively correlated with SR, SST and negatively with CHL and
bulk density correlated positively with CHL and negatively with SR, SST and SSS
(Table 3; ESM, Fig. S4). Overall, comparing relationships between environmental
and growth and skeletal parameters in shells of different size, environmental
variables seemed to have a greater influence on shells of commercial size over 22

mm, in which we found 18 out 20 significant relationships (Table 3; ESM, Fig. S4).

DISCUSSION

In this study, we successfully used shell external and internal growth rings
to estimate the age of C. gallina and build growth curves for this species at six sites
along a wide latitudinal gradient. Both methods were validated by 880 profiles
along shell growth direction, resulting to be appropriate and reasonably accurate
for the age estimation of C. gallina specimens. This work was the first attempt to
estimate the age from the internal shell section of C. gallina using the Mutvei’s

solution to highlight internal growth bands. Our values are in conformity with the
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estimated maximum shell length and growth constant of C. gallina from previous
studies in the Adriatic Sea34, in the Western Mediterranean Sea?2 and in the Algarve
coast?l. The differences reported in maximum asymptotic length (Linf) and von
Bertalanffy growth constants (K) among sites (Table 3) are probably due to local
environmental conditions, as already suggested by previous studies on the growth
of C. gallina conducted in different areas. In previous studies, the eastern
populations of this species, from the Marmara and Adriatic Sea, exhibited greater
longevities than western populations in the Mediterranean (Spanish coast) and in
the Atlantic (Algarve coast)36.

As previously observed for molluscs and for other organisms#941, C. gallina
extension rate decreased with increasing length. The reduction in net calcification
rates with size was determined by decreasing linear extension rates, partly
countered by increasing bulk density. A higher apparent porosity was observed in
shells of small size and it sharply decreased to less than 20% approaching the length
at sexual maturity (about 18 mm)#2. High porosity influenced bulk density which
was conversely lower in small size shells. This suggests that during the first year of
life, C. gallina seems to promote porosity, enabling to keep higher linear extension
rates in order to reach the size at sexual maturity. Although juveniles are more
vulnerable than adults to most predators, a denser skeleton could limit the rate of
body growth, increasing the time spent at smaller, not reproductive sizes, while
more porous ones could lead to an increase in shell’s linear extension rate allowing
C. gallina to reach size at sexual maturity faster43. C. gallina is a gonochoric species
with external spawning thus having a larger shell could mean more space available
for gonads. From about 20 mm in length, C. gallina seems to change its

biomineralization behavior, showing small variations in apparent porosity and bulk
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density and a continuous decrease in linear extension rate and net calcification.
Thus, bigger and older individuals could make denser shells to be less vulnerable to
predators, while reducing the energetic cost expended in producing skeletal
material by depressing linear extension rate#*3.

A previous study conducted along the same latitudinal gradient in the
Adriatic Sea showed that solar radiation and sea surface temperature directly
affected shell skeletal properties in specimens of C. gallina of commercial size,
showing more porous and less dense shells in the most irradiated and warm
populations3?, but these trends were not analysed in specimens less than 25 mm
long. This is the first study investigating shell skeletal and growth parameters
during the lifespan of the clam C. gallina and in relation to solar radiation,
temperature, salinity and chlorophyll concentration in both immature and mature
shells. Environmental parameters seemed to have a greater influence on large shells
over 22 mm long. Large shells with lower growth rates tend to have higher standard
metabolic rates (SMR) as confirmed by the “principle of allocation” theory.#4. Earlier
studies in marine bivalves show that individuals with higher SMR are less resistant
to environmental stress and this is in agreement with our findings that mature shells
were more influenced by varying environmental variables than immature shells*445,
Individuals with higher SMR, like mature clams, must rely more on their reserves to
maintain vital functions and support physiological responses to stress; in contrast,
individuals with lower energetic requirements, like immature clams, have a surplus
of energy with which to resist against stressful conditions#>.

Net calcification rates increased towards southern populations, with
increasing SR, SST and SSS and lower CHL, in immature and mature shells. The

former, which were generally more porous than the latter, allocated increased
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calcification rates on bulk density. A possible explanation could be that denser clams
could make them less vulnerable to predation, which often affects early life
stages*6.This hypothesis is consistent with the general pattern of decreasing
vulnerability with increasing prey size reported for example for decapods preying
upon molluscs#’. Predation likely depends on the ability of the predators to crush or
perforate the valves and changes in shell characteristics to enhance strength, such
as increase in bulk density, could lead to higher survival of small individuals#®. In
mature shells, which showed reduced extension rates and higher bulk density
compared to immature shells, the increase in calcification rates towards Southern
populations was invested on increasing linear extension rates, but we are not able
to find a biological significance to this behaviour.

Since C. gallina is an infaunal bivalve, the effect of SR along the latitudinal
gradient is probably related to other abiotic and/or biotic parameters, such as
temperature and phytoplankton density. The increase in net calcification rates with
increasing SST could be due to a decrease in the energetic costs of shell formation
with increasing aragonite saturation state in warmer waters*8. Studies on molluscs
highlight that calcification increases with aragonite saturation state°. In this study,
SST does not exceed 19°C of mean annual sea surface temperature in the
southernmost site and producing carbonate shells could be less expensive than in
colder sites with mean SST of 16°C.

Chlorophyll a concentration is a good food proxy for clams, based on the
assumption that phytoplankton is the main component of suspension feeding
bivalves diet!5. Phytoplankton distribution in the Adriatic Sea is characterized by a
generally decreasing trend of nutrient concentration from North to South>0. Despite

growth increases as a function of food concentration®!, in this study shell linear
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extension and net calcification rates resulted to be lower with high CHL in all size
shells, suggesting there could be other environmental parameters that
synergistically affected the growth of C. gallina.

Here we show that in the northern sites under Po delta influence, in
particular in the site of Goro, linear extension and calcification rates of C. gallina
were negatively impacted. One possible explanation could be non-optimal salinity
conditions (SSS<30). The Po river flow reduces salinity, exposing C. gallina to strong
seasonal variations in salinity values with intense reductions in autumn and
increases in summer>®?2, especially in the site of Goro, while the other sites show
increasing salinity moving from Goro towards North and South. Suboptimal salinity
may constitute a stressor leading to energy reallocation from shell production to
cellular processes such as osmoregulation>? and prolonged exposure to low salinity
can stress the clams, reducing their shell growth and physiological condition.
Moreover, a recent study demonstrated that lower calcification in mussels at low
salinities resulted from the increased cost of calcification, rather than costs
associated with osmotic stress®*. Another possible explanation could depend on
eutrophication. The enormous input of fine-grained matter by the Po river and the
subsequent transport by surface currents have resulted in a well-defined clay belt
along the Italian coast. The records of the Po river nutrient load>>, sea water
transparency®® and anoxic events of the past decades®’ 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>® and for the bivalve Austrovenus stutchburyi>®
and these studies seem to confirm the results found for C. gallina that showed higher

extension and calcification rates in oligotrophic conditions. Moreover, silt and clay
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that characterise the bottom of the Po delta area could interfere with the feeding
mechanism, leading to low extension and net calcification rates and growth rates
were found to be higher in sand than mud>°. Thus, the observed reduction in
extension and calcification rates of C. gallina in those sites that are most influenced
by the Po delta could depend on a number of factors acting synergistically. However,

further studies are needed to test these hypotheses.

CONCLUSIONS

Differences found in shell skeletal parameters, especially apparent porosity
and bulk density, with length could be due to different behaviour in
biomineralization between immature and mature shells of C. gallina. Before
reaching sexual maturity, C. gallina seemed to promote porosity enabling to keep
higher linear extension rates in order to reach the size at sexual maturity faster,
while after sexual maturity shells seemed to depress linear extension rate and make
denser shells. reducing the energetic cost expended in producing skeletal material.

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
net calcification rates. Net calcification rates were significantly reduced in sites
around the Po delta, possibly as a result of reduced salinity and increased
eutrophication and silt and clay of the bottom driven by the river discharges. The
present study therefore points out the importance of considering multiple

environmental parameters to investigate bivalve growth. In addition, knowledge of
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the growth rates allows a proper management of bivalve fisheries. Given the great
socio-economic relevance of C. gallina in all the Italian Adriatic coasts, studies like
this one are crucial to guarantee a knowledge-based management of this important

resource.

MATERIALS AND METHODS

Between August 2013 and April 2015, specimens of C. gallina were collected from
six sites along a latitudinal gradient in the Adriatic Sea from 45°42'N to 41°55'N
(electronic supplementary material ESM, Fig. 1). Clams were sampled at each site
using hydraulic dredges at 3-5 m depth. 84 shells of different size from each site
were used for the analyses. Shells were divided in three groups: immature (up to 18
mm), mature shells (over 18 mm;®°) and commercial shells (over 22 mm, new
commercial size adopted from January 2017).

Skeletal apparent porosity (ratio of the pore volume connected to the
external surface; %) and micro-density (mass per unit volume of the material which
composes the shell, excluding the volume of pores; g cm=3) were measured by
buoyant weight analysis (see3° for calculation details). In addition, clam shell length
(anterior-posterior maximum distance), was obtained with Image] software after
data capture of each shell shape with a scanner and dry shell weight was measured
using an analytical balance (0.1 mg).

Bulk density (shell mass/volume ratio, including the volume of pores) was
measured by buoyant weight analysis. Shell linear extension rates were obtained

with the length/age ratio (cm y-1), while the net calcification rate (mass of CaCO3
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deposited per year per unit area g y-! cm?) was calculated for each shell by the
formula: net calcification (g cm~2 y-1) = bulk density (g cm3) x shell extension (cm
y—1)61_

Age was measured in a subsample of 30 shells of different size in each site,
by using three methods: shell surface growth rings (ESM, Fig. 2a), shell internal
bands (shell cross-sections and Mutvei’s solution; ESM, Fig. 2b) and stable 8180
composition (see ESM for the three ageing methods details). 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, using a non-linear model that provides estimates of the parameters in the
VBG equation®? through bootstrap method:

Ly = Lins[1 — 7]

where L; is individual length at age t, Lin is asymptotic length (maximum
expected length in the population), K is a growth constant, t is the age of the
individual. Two growth curves for each sites 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 method. Kimura’s method allows the
testing of several hypotheses to compare the two curves by analysing one or more
growth parameters simultaneously. For these purposes, the FSA (Simple Fisheries
Stock Assessment Methods) and the Fishmethods packages in R studio®* were used.
If no differences were revealed between VBG curves from shell surface growth rings
and internal bands, generalised growth curves for each site were constructed by
merging age-length keys from both methods and the resulted generalised VBG
function for each site were taken into account for extrapolating age in all the 84

shells. Age were calculated from the inverse of generalised VBG function of each site:
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1

Linf

t =

To validate the data from the two counting rings methods and the generalised
VBG curves, oxygen isotopic measurements (8180) were carried out on “spot”
samples collected in sequence along the shell growth direction. Age resulted from
counting lighter 6180 (summer) and heavier 8180 (winter) peaks were then plotted
with the age-length key from the two ageing methods. 8180 analysis was conducted
at The Godwin Laboratory for Palaeoclimate Research, Department of Earth

Sciences, University of Cambridge.

Environmental parameters

Solar radiation (SR; W m~2), Sea Surface Temperature (SST; °C) and Sea Surface
Salinity (SSS; PSU) data were obtained for each site from the Euro-Mediterranean
Center on Climate Change data banks (CMCC http://oceanlab.cmcc.it/afs/). Mean
annual SR, SST and SSS were calculated from daily values measured from July 2011
to June 2015 (number of daily values = 1447 for each site, instead of 1460 days for
4 years for 13 days missing data), to enclose the almost full C. gallina lifespan of two-
three years for the samples under investigation. For the same period, a mean annual
chlorophyll concentration (CHL; mg/m3) was calculated from monthly values of
CHL, obtained for each site (48) from the GlobColour data (http://globcolour.info)

by ACRI-ST, France (http://hermes.acri.fr).
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TABLES

Table 1. Environmental parameters. Mean annual values for solar radiation
(SR), sea surface temperature (SST), sea surface salinity (SSS) and chlorophyll
concentration (CHL) from 2011 to 2014. n = number of collected data, daily data
for SR, SST and SSS and monthly data for CHL; CI = 95% confidence interval. Values
for each site, in decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO

(Goro), CE (Cesenatico), SB (San Benedetto), CA (Capoiale).

CHL
Latitude 2 SST (°C SSS (PSU
Code . n SR(W/m) a ra a {Psu) a n o (mg/m) C
) mean mean mean

mean
MO 45.7 1447 159.44 155.45-164.43 16.96 16.58-17.34 3543 3537-35.49 48 4.50 4.11-4.89
CH 45.2 1447 160.76 155.82-165.70 16.47 16.09-16.85 30.89 30.72-31.06 48 2.88 245-3.31
GO 44.8 1447 163.78 158.74-168.82 16.54 16.17-16.91 28.52 28.36-28.68 48 4.98 4.21-5.75
CE 44.2 1447 165.17 160.18-170.16 17.05 16.65-17.45 34.19 34.11-34.27 48 6.23 5.03-7.43
SB 43.1 1447 172.39 167.39-177.39 17.90 17.52-18.28 36.29 36.24-36.34 48 2.09 1.54-2.64

CA 41.9 1447 180.44 175.36-185.52 18.60 18.27-18.93 37.43 37.40-37.46 48 1.21 0.85-1.57

Table 2. Shell skeletal and growth parameters. n = number of samples; CI = 95%
confidence interval. Sites are arranged in order of decreasing latitude: MO
(Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto), CA
(Capoiale). K-W = Kruskal-Wallis equality-of-populations rank test, NS = not

significant, ** p<0.01, *** p<0.001.

Length Micro-densit Apparent Bulk Linear Net
Ste. N (mm) “ (g/cm3) Y a porosity a density a extension a calcification a
(%) (g/cm3) rate (cm/y) (g/cm2y)

MO 84 21.26  19.59-22.94 2.76 2.75-2.77 7.60 6.22-8.98 255 2.51-2.60 1.50 1.44-1.55 3.78 3.68-3.89
CH 84 21.90 20.33-23.48 279 2.78-2.80 7.85 6.64-9.05 257 253-261 1.46 1.40-1.52 3.72 3.61-3.83

GO 84 22.05 20.63-23.47 278 2.76-2.80 9.60 7.46-11.74 252 2.45-2.59 141 136-147 3.51 3.42-3.60
CE 84 21.42 19.76-23.07 276 273-279 10.05 7.70-1239 249 241-2.57 148 1.43-1.53 3.61 3.52-3.70
SB 84 21.59 19.86-23.31 2.78 2.75-2.80 7.39 6.19-8.60 2.57 2.53-2.62 1.47 143-1.52 3.76 3.68-3.84
CA 84 22.59 21.29-23.90 2.79 2.78-2.80 812 7.05-9.20 257 2.53-2.60 1.69 164-1.74 431 4.22-4.40
K_W NS kK ** * kK **k kK
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Table 3. Linear regression and correlation analysis between environmental
and shell skeletal and growth parameters. rho, Spearman’s rho coefficient. rho
and p-value are shown only when Kruskal-Wallis test is significant. Regression
parameters are shown only where the linear relationship is significant. SR, solar
radiation; SST, sea surface temperature; SSS, sea surface salinity; CHL, chlorophyll

concentration; SE, standard error.

SR SST SSS CHL

Slope (SE) Intercept (SE) rho p Slope (SE) Intercept (SE) rho [] Slope (SE) Intercept (SE) rho [ Slope (SE) Intercept (SE) rho ]

All samples, n = 504

Micro-density 0.001 (0.001) 2.647 (0.087) 0.101 * - - -0.029 NS - - -0.063 NS - - -0.024 NS
Apparent porosity - - - - - - - - - - - - - - - -
Bulk density - - - - - - - - - - - - - - - .
Linear extension rate 0.009 (0.002) -0.055 (0.256) 0.217 *** |0.096 (0.015) -0.154 (0.252) 0.259 *** 10.020 (0.004) 0.828 (0.122) 0.282 *** (-0.031(0.007) 1.616 (0.026) -0.237 ***
Net calcification rate 0.027 (0.003) -0.701(0.474) 0.259 *** | 0.281(0.027) -1.062(0.46) 0.321 *** |0.058 (0.007) 1.806 (0.227) 0.398 *** [-0.011(0.012) 4.186 (0.048) -0.393 ***

H
*

*
H
*

Immature samples
(<18 mm), n = 150

Micro-density - - 0.156 NS [0.019(0.011) 2.401(0.185) 0.182 * |0.005(0.003) 2.558 (0.089) 0.283 *** |0.010 (0.005) 2.763 (0.018) -0.360 ***
Apparent porosity - - -0.117 NS |-2.920 (1.004)66.438 (17.328) -0.183  * |-0.854 (0.242) 45.153 (8.259) -0.276 *** |1.903 (0.409) 9.008 (1.672) 0.297 ***
* |-0.058 (0.012) 2.507 (0.050) -0.370 ***

Bulk density - - 0141 Ns |0.093(0.030) 0.690(0.520) 0.197 * |0.027(0.007) 1.378(0.248) 0.315 **
Linear extension rate 0.006 (0.001) 0.836 (0.238) 0.170  * - - 0.118 NS [0.007 (0.004) 1.587(0.123) 0.170  * |0.025(0.006) 1.915(0.025) -0.276 ***
Net calcification rate 0.025 (0.006) 0.030 (0.967) 0.189 * |[0.301(0.056) -1.019 (0.962) 0.255 ** [0.066(0.014) 1.911(0.473) 0.434 *** |-0.167(0.022) 4.788 (0.090) -0.540 ***

*

Mature samples
(>18 mm), n=354

Micro-density - - 0.049 NS (-0.001(0.005) 2.822(0.083) -0.114 * |-0.002(0.001) 2.858 (0.040) -0.159 ** - - 0.086 NS
Apparent porosity ~ 0.087 (0.024) -9.357 (4.032) 0.240 *** - - 0.070 NS - - -0.025 NS - - -0.101 NS
Bulk density -0.002 (0.001) 3.030(0.143) -0.141 ** (-0.017(0.008) 2.953 (0.139) -0.117 * - - -0.090 NS [0.005(0.004) 2.636(0.014) 0.118 *

H
*

Linear extension rate 0.013 (0.001) -0.745 (0.162) 0.466 *** | 0.115 (0.009) -0.613 (0.160) 0.446 **
Net calcification rate 0.030 (0.002) -1.400(0.388) 0.426 *** |0.277 (0.022) -1.169 (0.381) 0.422 **

0.020 (0.002) 0.682(0.084) 0.440 **
0.051(0.006) 1.917 (0.199) 0.438 **

-0.039 (0.004) 1.506 (0.018) -0.411 ***
-0.094 (0.011) 3.959 (0.043) -0.419 ***

H
*

Commercial samples
(>22 mm), n =310

*

0.000 (0.001) 2.805 (0.006) 0.161 **

Micro-density - - 0.033 NS |-0.004(0.003) 2.871(0.057) -0.174 ** (-0.002(0.001) 2.884 (0.027) -0.247 **
- - 0.038 NS |-0.319(0.089) 5.740 (0.358) -0.145 *

Apparent porosity ~ 0.103 (0.021) -12.594 (3.470) 0.303 *** [0.757 (0.200) -8.480 (3.467) 0.144  *
Bulk density -0.003 (0.001) 3.151(0.110) -0.182 ** [-0.026 (0.006) 3.130(0.108) -0.201 *** (-0.004 (0.002) 2.820 (0.053) -0.176 ** |0.009 (0.003) 2.643 (0.011) 0.172 **
Linear extension rate 0.013 (0.001) -0.849 (0.140) 0.521 *** | 0.125 (0.008) -0.820(0.138) 0.554 *** |0.023 (0.002) 0.555(0.077) 0.552 *** [-0.041(0.004) 1.483 (0.017) -0.486 ***
Net calcification rate 0.030 (0.002) -1.517 (0.375) 0.464 *** |0.292 (0.021) -1.475(0.367) 0.503 *** | 0.055 (0.006) 1.711(0.197) 0.519 *** [-0.094 (0.011) 3.913 (0.043) -0.460 ***

*
H
H

H
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Figure 1. Map of the Adriatic coastline indicating the sites where the C. gallina
clams were collected. Abbreviations and coordinates of the sites in decreasing
order of latitude: MO, Monfalcone 45°42’N, 13°14’E; CH, Chioggia 45°12’N, 12°19’E;
GO, Goro 44°47’N, 12°25’E; CE, Cesenatico 44°11’N, 12°26’E; SB, San Benedetto
43°5’N, 13°51’E; CA, Capoiale 41°55’N, 15°39’E. The map was downloaded from d-
maps.com site (http://www.d-maps.com) and modified with Adobe Photoshop

CS4.
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Figure 2. Shell ageing methods. a. External growth rings (black arrow) on the

surface of C. gallina after shell scanning. Scale bar = 1 cm. b. Internal annual growth

bands (red arrows) in the shell section of C. gallina from the umbo to the ventral

margin after Mutvei’s solution treatment. Yellow arrow indicates an ambiguous

band, less marked and too close to the adjacent annual growth bands. Scale bar = 0.5
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Figure 3. Von Bertalanffy growth curves. The generalised age-length von
Bertalanffy growth curve in each site obtained by all data from the two ageing
methods. Dotted lines indicate the maximum expected shell length (Linf), dashed

lines indicate the confidence intervals constructed through bootstrap method. Red

points are the ages obtained from the 6180 profiles along the shell growth axis.
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Figure. 4. Relationships between shell skeletal and growth parameters and
length. Black dots are immature clams (length < 18 mm), grey dots are mature
clams (> 18 mm) and white dots are the clams of commercial size (> 22 mm). n =
number of individuals. r = Pearson’s determination coefficient. Sites are arranged in
order of decreasing latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE

(Cesenatico), SB (San Benedetto), CA (Capoiale).
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METHODS

Shell ageing methods details

For counting surface external rings, shells were scanned in a transmitted light to
enhance contrast of surface’s ridge and highlight bands at different density that can
be considered growth external rings (Fig. 2a). In order to estimate age by means of
shell sectioning and Mutvei’s solution, 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 (Fig.
2b). Sections were subsequently mounted on glass slides with Crystalbond 509
Clear, ground with SiC paper (600 and 2500 mesh) and polished with abrasive
allumina compound (3M Perfect-it III Extrafine Pasta). Finally, the sections were
ultrasonically cleaned, rinsed in purified water and dried. The original Mutvei’s
solution consists of 500 ml 1% acetic acid, 500 ml 25% glutaraldehyde and ca. 5 to
10 g alcian blue powder! while the solution used in this study was made of acetic
acid, that removed the carbonate very gently and assisted formaldehyd in stabilizing
the organic compounds, formaldehyd fixative that traps proteins and toluidine blue
for staining. Shell sections were covered with some drops of Mutvei’s solution for
30 minutes at 37-40°C and shaken with a vortex every five minutes to facilitate
bubbles spill. Immediately after Mutvei’s removal, the etched sections were
carefully rinsed with purified water and allowed to air-dry. After Mutvei’s solution
shell sections with shadings of blue revealed three-dimensional growth structures,
with annual growth lines stood out as etch-resistant ridges, while growth
increments were etched. Shell sections were then examined under oblique light at
low magnification and photographed with a digital camera (PowerShot G12; Canon,
Tokyo, Japan), in order to identify internal growth bands (Fig. 2b).

To validate the data from the two counting rings methods, oxygen isotopic
measurements (8180) were carried out on “spot” samples collected in sequence from
the umbo to the ventral edge of the shells for each site. Between 50-200 micrograms
of dried homogenized powdered samples were treated with CP grade helium then
added an acidified solution consisting of 104% orthophosphoric acid, left to react

for 1 hour at 70 degrees Celsius. Each sample was then analyzed using a Thermo
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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. Analyses were
conducted at The Godwin Laboratory for Palaeoclimate Research, Department of

Earth Sciences, University of Cambridge.

Statistical analyses

Levene’s test was used for testing homogeneity of variance and Kolmogorov-
Smirnov’s test was used for testing normality of variance for both environmental
and shell parameters. Since the assumptions for parametric statistics were not
fulfilled, the non-parametric Kruskal-Wallis equality-of-populations rank test was
used to test the significance of the differences among sites for environmental
variables and shell parameters. Pearson’s correlation coefficient (r) was used to
correlate shell skeletal and growth parameters with respect to shell length in each
site, while Spearman’s rank correlation coefficient (rho) was used for the
relationships between shell parameters and environmental parameters. All

analyses were computed using R Studio Software (RStudio Team, 2016).
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SUPPLEMENTAL FIGURES
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b. Correlations among environmental parameters. rho = Spearman'’s
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Fig. S2. Relationships between skeletal and growth parameters and

environment in immature shells (< 18 mm). rho

Spearman’s

determination coefficient. Linear regression and correlations are listed in

Table 4. n

number of individuals. SR, solar radiation; SST, sea surface

temperature; SSS, sea surface salinity; CHL, chlorophyll concentration.
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environment in mature shells (> 18 mm). rho = Spearman’s determination

coefficient. Linear regression and correlations are listed in Table 4. n = number

of individuals. SR, solar radiation; SST, sea surface temperature; SSS, sea

surface salinity; CHL, chlorophyll concentration.
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Fig. S4. Relationships between skeletal and growth

parameters and

environment in shells of commercial size (> 22 mm). rho = Spearman’s

determination coefficient. Linear regression and correlations are listed in Table

4. n = number of individuals. SR, solar radiation; SST, sea surface temperature;
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SUPPLEMENTAL TABLES

Table S1. Length and age data. Mean length and age determined from the
external rings and internal growth bands counting in each site. n = number of
samples; CI = 95% confidence interval. Sites are arranged in order of decreasing
latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San
Benedetto), CA (Capoiale). K-W = Kruskal-Wallis equality-of-populations rank

test, NS = not significant.

site N Mean Length a Mean Age a Mean Age a
(mm) external rings (y) internal bands (y)

MO 30 19.33 16.29 - 22.37 1.37 1.03-1.70 1.40 1.09-1.71
CH 30 20.43 17.48 - 23.37 1.45 1.16-1.74 1.53 1.24-1.83
GO 30 19.18 16.20-22.16 1.43 1.13-1.74 1.42 1.10-1.73
CE 30 19.76 16.37 - 23.15 1.48 1.17-1.80 1.42 1.10-1.73
SB 30 21.24 17.90 - 24.58 1.57 1.26-1.88 1.57 1.26-1.87
CA 30 20.09 17.19 - 23.00 1.07 0.87-1.26 1.35 1.10- 1.60
K-W NS NS NS

Table S2. Von Bertalanffy growth parameters. Linf and K estimated from the
Von Bertalanffy growth function for external and internal bands and by pooling
the data of the two methods (generalised). CI = 95% confidence interval. Sites
are arranged in order of decreasing latitude: MO (Monfalcone), CH (Chioggia),
GO (Goro), CE (Cesenatico), SB (San Benedetto), CA (Capoiale).

External rings Internal bands Generalised

Site Linf [¢] K [¢] Linf a K c Linf a K a

MO 38.431 35.334-43.153 0.595 0.489-0.701 42.275  37.277-50.244 0.489 0.376 - 0.601 40.242  37.208 - 44.175 0.536 0.460-0.618
CH 37.253  32.454 - 46.686 0.621 0.429-0.817 38.950  33.459-48.140 0.544 0.381-0.727 37.931 33.925-44.168 0.584 0.454-0.718
GO 39.163  34.631-45.266 0.530 0.423 - 0.656 36.819  32.972-42.043 0.599 0.480-0.738 37.935 34.750-41.589 0.566 0.484 - 0.664
CE 44.766  38.205 - 56.576 0.439 0.312-0.570 40.321  35.045-50.363 0.547 0.385-0.721 42.298 37.214-49.431 0.492 0.387-0.609
SB 46.937  39.929 - 58.661 0.423 0.304 - 0.559 47.525  40.167 - 62.085 0.416 0.282 - 0.555 46.773  41.247 -54.883 0.426 0.334-0.522
CA 41.649  35.459 - 52.355 0.649 0.456 - 0.853 46.462  38.826 - 60.850 0.451 0.314 - 0.602 42.010  36.148 - 50.449 0.581 0.443 - 0.740
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ABSTRACT

Many calcifying organisms exert exquisite biological control over the construction
and composition of biominerals which are thus generally depleted in oxygen-18 and
carbon-13, relative to the isotopic ratios of aragonite. The shell 6180 and §13C values
of specimens of the clam Chamelea gallina were assessed in six sites along Eastern
[talian coasts, spanning ~1.5 °C, ~21 W m=2 and ~9 PSU of annual average sea
surface temperature, solar radiation and salinity, respectively. Seawater 6180 and
013Cpic were very different along the ~400 km latitudinal gradient and ~1.2%0 and
~1.8%o0 variation in shell 6180 and 6!3C respectively, was found among sites.
Isotopic analyses on C. gallina allowed the following conclusions:

1. the calcium carbonate of C. gallina shells was not deposited under isotopic
equilibrium conditions with the environmental variables;

2. only the sites near Po river showed positive §180/613C correlations and
heavy isotope depletions that could suggest the influence of metabolic
and/or kinetic effects on precipitation of shell aragonite.

3. calcification rate, linear extension rate and shell density were unrelated to
isotopic compositions.

4. the rate of calcium carbonate deposition decreased with increasing age;

5. the mean growth rate of the shells could be easily evaluated according to
the oxygen isotopic composition of the spot measurements;

6. the sites towards South showed higher growth rates despite the site in the
Northern Adriatic Sea

Furthermore, with this study that covers several sites and monitors ontogenic
stages, we can have a better understanding whether vital/ontogenic process or
environmental conditions govern the shell isotopic signature in the bivalve C.

gallina and also improve their utilization in future paleo-environmental studies.

Keywords: stable isotopes, Adriatic Sea, mollusc shells, vital effects, kinetic isotope

effects
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INTRODUCTION

Mollusc shells contain many isotopic clues about calcification physiology and
environmental conditions at the time of shell formationl. The potential utility of
mollusc shells as paleo-environmental archives is due to their incremental
deposition of carbonate material, such that they possess in their shell geochemical
composition a temporal record of physical and chemical ambient conditions during
growth2-4, In particular, intra-seasonal information can be gained from shells by
analysing the oxygen and carbon isotope composition of successive growth
increments of calcium carbonate along the direction of growth (known as
sclerochronology), although it should be noted that shell growth is often not
continuous and there may be significant seasonal cessations in growth 5.

Oxygen and carbon isotopic ratios of marine mollusc carbonates have been
shown to be reliable proxies for water temperature, salinity and dissolved inorganic
carbon isotopic composition (613Cpic)6-?. It is a common view that the oxygen-
isotope composition (180/160 ratios expressed as §180 values) of marine mollusc
shell carbonate is deposited at, or near, isotopic equilibrium with the seawater
solution from which precipitation occurs and hence reflects a combination of
ambient temperature and the oxygen-isotope composition of seawater (6180s,)10.11,
However, 6180 values lower than that predicted for equilibrium precipitation have
been observed in some bivalve species312-14, Differences in isotopic composition
between biogenic materials and compositions expected for thermodynamic
equilibrium with their environment are due to the so-called vital effects1>16, Various
explanations have been advanced for vital effects on the 6180 of biogenic carbonates,
one invoking Kinetic isotope effects associated with processes such as the hydration
and hydroxylation of CO2 in solution or crystal growth ratel’; a second set of
explanations invokes an equilibrium isotope fractionation associated with the
fractionation of isotopes between species of dissolved inorganic carbon, present in
an organisms calcifying fluids (isotope fractionation between CO2- and HCO-)18-21,
Other models have invoked kinetic effects associated with element partitioning or
isotope effects at the surface of a growing crystal, which is influenced by both crystal

growth rate and dissolved inorganic carbon (DIC) speciation?122, Temperature
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dependence of 8180 fractionation in biogenic carbonates can vary significantly,
showing that the vital effects is species-dependent1123-26,

The interpretation of carbon stable isotope ratios (13C/12C ratios expressed
as 613C values) in marine biogenic carbonates is more complex than for §180 values.
Some isotopic studies on shells have shown that §13C of the shell carbonate is
governed by the 13C of dissolved inorganic carbon (13Cpic) and therefore records
changes in environmental variables such as pH, temperature, and salinity?27-30,
Under ideal conditions at controlled temperature and constant chemical and
isotopic composition, shell carbonate would precipitate in equilibrium, resulting in
calcite which is 1%o enriched in comparison with bicarbonate, and aragonite that is
2.7%o0 enriched3!. On the other hand, shells 613C has been often found not to reflect
the predicted equilibrium fractionation32-35, In general, shell 613C is more negative
than predicted values and the offset is highly variable suggesting a significant and
variable incorporation of metabolic carbon into the shell carbonate3236-38 [n
bivalves there are varying degrees of 613C disequilibrium from &813Cp.. In some
species, strong ontogenic decreases in §13C have been noted®1439-41 whereas in
others there is no discernable decrease*?-#4. Considerations of kinetic and metabolic
effects, in addition to environmental conditions, therefore are paramount when
interpreting 813C records obtained from mollusc specimens. Only one previous
study investigated isotopic composition of the clam Chamelea gallina with
considerations on its growth rates and biological behaviour, but it is restricted to a
small area in the Northern Adriatic Sea, the Bay of Triestel4. Instead, the present
study wants to investigate the variations of shell §180 and §13C and “vital effects” in
C. gallina in six sites along a latitudinal gradient (~400km) in the Adriatic Sea,
characterized by different environmental conditions. Physical features and water
masses of the Adriatic Sea are well known#*> and they define a circulation pattern
that is primarily controlled by horizontal density and salinity gradients which are
derived from the mixing of southeast high-salinity waters and northwest riverine
waters#t. The presence of Po river delta plays an important role in the regional
dynamics and in the biogeochemical processes of this basin, causing seasonal high
fluctuations in salinity in the northern sites. We measured the surrounding seawater

6180 and 613Cpic to determine the fractionation between shells and seawater during
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calcification. We also presented shell isotopic profiles of C. gallina, one for each site
in order to study ontogenetic variations in shells §180 and 6!3C and to find out
differences among sites. 880 and &13C and their relationships with the
environmental parameters are of great value in obtaining a better insight into how
the species can face variation of environmental factors among investigated
locations. Furthermore, with this study that covers several sites and monitors
ontogenic stages, we can have a better understanding whether vital/ontogenic
process or environmental conditions govern the shell isotopic signature in the
bivalve C. gallina and also improve their utilization in future paleo-environmental

studies.

MATERIALS AND METHODS

Sample collection and treatment

Between August 2013 and April 2015, specimens of C. gallina of commercial size
(>25 mm) were collected from six sites along a latitudinal gradient in the Adriatic
Seafrom 45°42'N to 41°55'N, spanning ~ 400 km (Fig. 1). Clams were sampled using
hydraulic dredges on soft bottoms in the subtidal zone at 3-5 m depth along the
Eastern Italian coasts. For each collected clam, the bivalve flesh was removed with
a scalpel and the shell was cleaned with a tooth-brush and washed with purified
water. Seawater samples were collected on board of clam hydraulic dredge both in
summer and in winter season. Seawater samples were stored in plastic jars of 100
ml without additional treatments for 6180, and in brown glass bottles with 1ml of
saturated HgCl, for 8§13Cpic, in order to stop all biological activity. The bottles were
keptin a refrigerator at 4°C until measurements were carried out. Seawater samples

were collected in duplicate.

Carbon and oxygen isotopic compositions

For shell §180 and 813C analysis, 7-8 shells of each site were selected, treated with a

solution of H202 (10% buffered with ammonium hydroxide) to clean the superficial
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organic matter, rinsed with nanopure water and air-dried. The shells were sampled
manually by means of a dental drill (0.5 mm diameter) in the outer shell layer. For
isotope ratio comparison among sites, average powder samples, taken from
combined powders drilled in many points along the shell growth axis, were collected
in the whole shells along the maximum growth direction axis and each sample was
replicated twice. Furthermore, 6180 and 813C seasonal analysis was carried out on
one shell for each site, except for Chioggia. “Spot” samples were drilled in sequence
from the umbo to the ventral edge along the shell growth axis with ~1.4 mm mean
spatial resolution. The necessity of roasting (350°C for 45 min in vacuo; Keller et al.,
2002) was tested by analysing 12 random powder samples taken from all sites. Shell
CaCOs3 samples of 180-250 pg of powder were flushed with helium gas and reacted
with100% orthophosphoric acid and left to equilibrate at 25°C. The evolved CO2 gas
was analyzed using a Finnigan GasBench II connected in line to a Finnigan MAT252
isotope ratio mass spectrometer. Data are reported in per mil 6 units versus the Pee
Dee Belemnite (PDB) standard. Calibration was maintained by routine analyses of
internal and international standards. The long-term precision of our internal
laboratory standard is 0.05%0 and 0.08%o0 for carbon and oxygen, respectively.
Oxygen isotopes analysis of seawater (8§180sw) were carried out by equilibrating 0.5
ml of seawater with a mixture of 0.5% CO2 in helium at 25°C for 24h. The CO; gas
was analyzed using a Finnigan MAT 252 mass spectrometer connected online to a
Gas- Bench II. The results are reported in per-mill relative to the Vienna Standard
Mean Ocean Water (VSMOW) with 0.05%o (+0) long-term precision of laboratory
working standard. For carbon isotopes analysis of seawater (613Cpic), 1 ml of
seawater was injected into gas vials pre-flushed with He, then acidified with 0.15 ml
H3P0O4 and left to react for 24h in 25°C. The samples were analysed on a GasBench II
and Finnigan MAT 252. The results are reported relative to the international Vienna-
PeeDee Belemnite (VPDB) standard with 0.08%o0 (+0) long-term precision of
NaHCOs laboratory standard (chemically pure). All isotopic measurements
indicated above were performed in stable isotope laboratory of prof. Aldo Shemesh,
at the department of Earth and Planetary Sciences, Weizmann Institute of Science
Israel. The isotopic value for a biological aragonite precipitated in quasi-equilibrium

with ambient seawater along the latitudinal gradient is calculated from Grossman
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and Ku equation*” for oxygen [1] and Romanek equation3! for carbon [2].
t=218-4.69 (algoshell - 6180seawater) [1]
et i_pic(%o) = 2.66 — 0.131T (°C) [2]

Diffractometric measurements

XRD analyses were performed in one specimen for each site. Diffraction patterns for
each sample were collected using a D2 Phaser diffractometer with Lynxeye detector,
using Cu-Ka radiation generated at 30 kV and 10 mA at the department of Earth and
Planetary Sciences, in Weizmann Institute of Science Israel. Data were collected
within the 20 range from 15° to 60° with a step size (A20) of 0.02° and a counting

time of 1500 s. XRD patterns were analyzed using the Diffract.Eva software.

Shell skeletal and growth parameters

Clam shell length (maximum distance on the anterior-posterior axis), was obtained
with Image] software after data capture of each shell shape with a scanner (Acer
Acerscan Prisa 620 ST 600 dpi, 0.04 mm/px) and dry shell weight was measured
using an analytical balance (+0.1 mg). Skeletal apparent porosity (volume of the
pores divided by volume of the shell including its pores; %), micro-density (mass
per unit volume of the material which composes the shell, excluding volume pores;
g cm~3) and bulk density (shell mass divided by the total enclosed volume, including
the volume of pores; g cm=3) were measured by buoyant weight analysis (Jokiel et
al., 1978), using a density determination kit Ohaus Explorer Pro balance (+0.1 mg;
Ohaus Corp., Pine Brook, NJ, USA; see Gizzi et al., 20164° for calculation details). Age
was calculated from the von Bertalanffy growth functions for each site, found in
Mancuso et al. in preparation. Shell linear extension rates were obtained with the
length/age ratio (cm y-1), while the net calcification rate (mass of CaCO3 deposited
per year per unit area g y-1 cm?2) was calculated for each shell by the formula: net

calcification (g cm~2 y-1) = bulk density (g cm=3) x shell extension (cm y-1)5051,

Environmental parameters

Solar radiation (SR; W m_z), sea surface temperature (SST; °C) and sea surface
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salinity (SSS; PSU) data were obtained for each site from the Euro-Mediterranean
Center on Climate Change (CMCC http://oceanlab.cmcc.it/afs/) data banks. Mean
annual SR, SST and SSS were calculated from daily values measured from July 2011
to June 2015, to enclose the almost full lifespan of two-three years for each sample.
For the same period, monthly values of chlorophyll concentration (CHL; mg/m3)
was obtained for each site from the GlobColour data (http://globcolour.info) by
ACRI-ST, France (http://hermes.acri.fr).

Statistical analyses

One-way analysis of variance (ANOVA) was then used to test the significance of the
differences of environmental variables, seawater and shell isotopes data among
sites. When 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 calculate the significance of the correlations
between shell 613C and 6180 and environmental parameters. Spearman’s rank
correlation coefficient is an alternative to Pearson’s correlation coefficient; it is
useful for data that are non-normally distributed, after applying Shapiro-Wilk test
to check normality. All analyses were computed using R Studio Software (RStudio

Team (2016). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA).

RESULTS

Environmental parameters, 6180scawater and 613Cpic

SR, SST and SSS and CHL, were significantly different among sites along the
latitudinal gradient (Kruskal-Wallis test, p<0.001; Tables 1): SR, SST and SSS
correlated negatively with latitude, while CHL showed opposite trend.

Significant differences in summer, winter and annual mean 61805, and 613Cpic
were found among sites (Kruskal-Wallis test, p<0.001, Table 2-3) and they showed
correlations with latitude, except summer 613Cpic (Fig. 2). 6180w showed positive

values in summer season in four sites, while in Chioggia and Goro the §180s, shifted
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towards negative values during the warm season (Table 2). In winter negative
6180w values were still found in Goro, together with Cesenatico and the resulted
annual mean 8180y showed lighter values in Chioggia, Goro and Cesenatico (Table
2). Goro stood out for its deeply low values of §13Cpicin both seasons; Capoiale was
the only site with positive value of §13Cpic, both in summer and winter season (Table

3).

Shell 6180 and 613C

CaCoOs of the analysed shells of C. gallina consisted of aragonite as indicated by XRD
patterns obtained for six specimens (Fig. 3). The roasting test showed no differences
in the 6180shen and 613Cshen between roasted and not roasted powders, with a
homogeneous distribution of values obtained from the two procedures (p>0.05; Fig.
4). Hence, additional roasting treatment was avoided.
Shell isotope data are presented as 6180shel - §180scawater (0180shell correct) and 613Cshel
- 813Cpic (813Cshell correct) in order to account for the isotopic composition of the local
seawater in each site. A strong positive correlation between shell §180shell correct and
013Cshell correct Was observed considering all the isotope dataset (p<0.001; Fig. 5) and
only in two sites, Goro and Cesenatico (p<0.05; Fig. 5).

0180shell correct and 813Cshell correct Were different among sites (Kruskal-Wallis
test, p<0.001, Table 2); only 6180shel correct cOrrelated with latitude (Fig. 6). The site
of Goro resulted to be completely separated from the other sites for both 6180ghen
correct aANd 813Cshell correct (Fig. 6). Annual 8180shell correct Values showed more negative
values for the southern sites, San Benedetto and Capoiale, and only the site of Goro
showed positive value (Table 2; Fig.6). Annual values of 613Cshell correct Showed the
same trend of more negative values at South, while Goro and Cesenatico presented
positive values (Table 2; Fig. 6). All the environmental parameters showed
significant correlations with shell §180shel correct (Fig. 7). SST, SSS and CHL showed
significant correlations with shell §13Cshell correct (Fig. 7). 6180shell correct Was negatively
correlated with solar radiation, sea surface temperature and salinity and positively
correlated with chlorophyll concentration; while §13C showed the same trends
except for solar radiation that didn’t show significant correlation (Fig. 7). No

correlations were found between shell isotope values and growth parameters (net

82



calcification rate, linear extension rate and bulk density; Fig. 8). The Grossman and
Ku equation*’ suggested temperatures of CaCO3 precipitation in the shells of C.
gallina not reasonable compatible with annual mean, winter and summer SST in the
collected sites (Table 4). Only the site of Goro showed SST derived from the equation
closer to real mean annual SST (Table 4). Considering winter SST, the equation
reported high values not compatible with cold season, while considering summer
SST the sites of Chioggia and more evident Goro reported very low values for warm
season (Table 4).

Seasonal analysis obtained from the drilled spots along the shell growth axis
revealed that the drilling method, with a mean spatial resolution of ~1.4 mm,
resulted to be suitable to find out differences along the shells growth axis and
detected the distinctive seasonal peaks in the 680shel correct (Fig. 9). Indeed, the
oxygen isotope curves obtained from the spot samples in each shell exhibited a
roughly sinusoidal sequence of lighter and heavier values that are consistent with
seasonal variation in temperature. The age of five specimens could be easily defined
by means of the isotopically lower (summer) and higher (winter) values and also
the reduction of the growth rates could be detected with increasing age (Table 5;
Fig.9). There was a significant positive correlation between 613Cshell correct and annual
growth rates (Table 5; Fig. 10). The shells from Monfalcone and Goro were probably
born at the end of summer, while the shells from the other sites were born a little
bit early in spring or at the beginning of summer, according with the first isotopes
values of the curves (Fig. 9). 613Cshell correct Of C. gallina were not homogeneous inside
the shells and among sites, showing a decreasing trend from the umbo (oldest part
of the shell) to the ventral edge (youngest part) in all shells and higher variability
for 813Cshell correct in the shells from the northern sites (Fig. 9). The great variability
in 813Cshell correct Was observed especially over 30 mm and in the shells of Goro and
Cesenatico considerable peaks of reduced carbon isotope values were depicted (-

4.174 and -3.911 respectively; Fig. 9).
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DISCUSSION

Both § 1805y and & 13Cpic were remarkably different along the 400 km transect in the
Adriatic Sea. Because of the salinity change from 28.52 to 37.43 PSU, evaporation
could be the main factor controlling seawater 6 180 in this region. Variations in the
annual & 13Cpic likely reflected chlorophyll concentration change from 1.21 to 6.23
mg/m3, suggesting that local primary production could control the absolute value in
each site. Marked environmental variations in salinity and chlorophyll
concentration along the latitudinal gradient could be due to the influence of Po river
delta in the Northern Adriatic Sea that completely changes the seawater chemistry
with its freshwater flows. While today’s marine water shows 8180 values around
0%o0 SMOW and 613Cpic around 2%o0 PDB5Z, freshwater can exhibit a wide range of
isotope compositions, although 6180 and 6!3Cpic values are commonly distinctly
lower33. While evaporation processes tend to enrich surface water in heavy isotopes
(Mediterranean Sea reaches an average value of +1%o0 and the Red Sea an even
higher one>4), a depletion in heavy isotopes is caused by the inflow of continental
runoff and atmospheric precipitation. The Po river is the largest Italian river (673
km long), supplies over 50% of the fresh water input to the northern Adriatic basin>>
and is characterized by two annual floods associated with increased rainfall in
autumn and snow-melt in spring>¢>7. Thus, in the Northern Adriatic Sea, the
extremely low 6180s,, values were related to considerably low salinity conditions (<
30 PSU) due to mixing with freshwater from the Po river (6 180 of Po close to -10%o
according to>8. At the opposite in the Southern sites there were positive §180 values,
related to the inflow of the isotopically heavy and saltier water from the Southern
Adriatic>®. Also 6!3Cpic can provide a proxy for salinity. Fluvial DIC is often
isotopically lighter than oceanic §13Cpic, due to the input of CO; derived from the
decomposition of terrestrial plantsl. As rivers enter the sea, mollusc shells in coastal
areas pick up the mixture of fluvial and marine DIC, so shell 613Cpic reflects the
mixture43.60,

Together with salinity, 613Cpic in seawater is affected by chlorophyll,
especially in euphotic environments®162, Chlorophyll concentration is considered

the best proxy for phytoplankton biomass which represents the food source for
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suspension feeding bivalves®3. During photosynthesis molecular oxygen is released
and carbon dioxide is absorbed and convert in organic carbon, altering &13Cpic
signature in seawater towards lighter values®1.64, [t is reasonable to hypothesize that
regions of large chlorophyll blooms and high biological productivity may lower
613Cpic signature in seawater. In this study, the sites with higher CHL concentrations
showed marked negative 613Cpic and they were located in the Northern Adriatic Sea.
Poriver is the most important contributor of OM and nutrients to the Mediterranean
Sea® and in spring surface stratification, nutrient inputs from Po river and
atmospheric precipitation give rise to phytoplankton blooms, which make the
Northern Adriatic Sea a very productive area and a site of carbon uptake 4, This
river accounts for 50% of the total nutrient input®® and the highest average primary
production values were detected in the Northern region of the Adriatic Sea (588g C
m? y1). In contrast, production in the Middle and Southern regions of the Adriatic is
significantly lower (137 and 97g C m? yl, respectively), resulting in a strong
eutrophic/oligotrophic gradient along the Eastern coasts of Italy from North to
South®’. The Southern site Capoiale was the only site with positive §13Cpic.

At thermodynamic equilibrium, shell §180 is a function of temperature and
0180w from which the shell deposited its CaCO3°8. In this study, shells 6180 reflected
huge differences in 61805y and followed the same above trends of lighter and heavier
0180w along the latitudinal gradient. The yearly average temperature variation
along the transect was about 1.60 °C, yielding an expected shell 6180 change of about
0.4 %o according to the shell aragonite temperature dependency (0.24 %o per 1
°C)%8. Instead, a ~1.2 %o variation in shell §180 was observed in C. gallina among
sites (Tables 2-3; Fig. 6). The shell §13C, which derived mainly from feeding and
seawater DIC! exhibited also a wide range of variation ~1.8 %o among sites. These
ranges pointed either to the metabolic and/or Kinetic effects as possible controlling
factors of isotope variability of shell composition along the transect in the Adriatic
Sea.

The full range of the isotope effect was presented in the 6180shell correct VS. 813Cshell
correct plot (Fig. 5). The key observations from this plot were:
1. The isotope range of Goro and Cesenatico was much larger than that of the

other sites in both carbon and oxygen.
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2. Significant correlation was found considering all the sites, while considering
each site separately only Goro and Cesenatico showed significant
correlations.

3. Only Goro exhibited values close to the equilibrium value as calculated for
biogenic aragonite. Plus, isotopic features reminiscent of kinetic effects,
observed in positive §180/613C correlations seemed to be present in Goro and
Cesenatico.

4. High 6180/813C ratio found in Northern sites close to Po delta resulted in
lower calcification rates of C. gallina specimens and this resulted in agree
with the previous study that indicated colder temperature, huge variations
in salinity and high chlorophyll concentration as stressful environmental
conditions that negatively affected linear extension and calcification rates
(Mancuso et al. submitted to Scientific Reports).

Temperature derived from Grossman & Ku equation*’” showed mean winter
temperatures consistently higher than the real winter water temperatures (Table
4). A mean winter temperature over 20 °C was obviously incompatible with mean
winter temperature in these study areas. This inconsistency could be due to the fact
that C. gallina could precipitate the shell carbonate preferentially during the warm
period, considerably reducing its activity during the cold season1#469, According to
these results, C. gallina seemed not precipitate the CaCO3 of its shell in isotopic
equilibrium with seawater, in agree with Keller et al., 200214, In the case of most
marine organisms, carbon isotope disequilibrium is the rule, with §13C values
generally more negative than expected at equilibrium!# (Fig. 5). This happens
particularly in the case of benthic species, like C. gallina, where a correlation
between 613C and food could cause a shift of the carbon isotope composition
towards negative values, taking into account the very light carbon isotope
composition of marin organic matter (close to -20%0)1469.70,

Net calcification rate, linear extension rate and shell bulk density were
suggested as factors which impact the isotopic composition of calcareous organisms
such as corals17.7172, Qur results showed that there was no correlation between any
of these parameters and the measured isotope composition (Fig. 8). The lack of

correlation between shell chemistry and linear extension and calcification rates
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suggested that they could have minimal influence over shell chemistry and that their
influence may be obscured by variation in environmental factors (temperature and
salinity)32.

From 6180 and 813C profiles along the C. gallina growth direction we could
derive considerations on growth rates along the latitudinal gradient in the Adriatic
Sea. 8180 profiles showed that samples of Cesenatico, San Benedetto and Capoiale
were born in spring, while the samples of Monfalcone, the northern site was born in
summer. §180 Goro showed a strange profile with a sinusoidal sequence of lighter
and heavier values non consistent with seasonal variation in temperature. The
reduced seasonal variability in the intra-shell 6180 record, that not permitted to
have winter and summer peaks, could be due to a seasonal cessation of shell growth
in Goro or to the influence of salinity that masked seasonal changes in temperature.
Exceptin Goro, in the other sites the shell accretion seemed to take place throughout
the whole year, with a notable reduction in growth rates with increasing length (Fig.
9-10). Counting age from seasonal §180 peaks, in the Southern sites (San Benedetto
and Capoiale) C. gallina reached a length of about 20 mm after 1 year, while reached
the same age at length of about 13-15 mm in the sites of Monfalcone and Cesenatico
(Fig. 9-10). C. gallina seemed to have higher linear extension rates toward South, in
agree with the previous study that found out enhanced linear extension and
calcification rates in the southern sites, while in the sites under the Po influence,
growth resulted to be negatively affected (Mancuso et al. submitted to Scientific
Reports). 613C profiles indicated a trend of lower values with increasing length,
more pronounced in the Northern sites (Monfalcone, Goro and Cesenatico). Lorrain
et al, 200441 showed that the ratio of respired to precipitated carbon, which
represents the amount of metabolic carbon available relative to the carbon
requirements for calcification, increased through ontogeny in scallops. This
suggests that the decrease of §13C through ontogeny could be caused by increased
utilization of this metabolic carbon to satisfy carbon requirements for calcification.

The high resolution profiles showed that the intra-annual variability of §13C
could be large up to 2.4%o0 between the umbo (the older part of shells) and the
ventral margin (the youngest part of shells). Two possible explanations for this

trend: a deeper position in the sediment of oldest specimens, that led to a large
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availability in pore water of DIC produced by the oxidation of organic matter or the
incorporation of larger amounts of respiratory CO,1473, Respired CO; and ambient
inorganic carbon both contribute to mollusc shells formation and the relative
importance of each source determine whether shell §13C records mainly dietary 613C
or the 613C of ambient inorganic carbon!. McConnaughey et al., 199733 suggested
that land snails and other air-breathing animals build their carbonates mainly from
respired CO2, while aquatic animals build their shells mainly from ambient inorganic
carbon. The high dependency of calcification on external DIC from the ambient
seawater was further supported by isotopic data which revealed only a minor
fraction of metabolic COz (5-15 %) but a large seawater signal in the shells of
bivalves74,

Isotope data of the C. gallina samples along the Adriatic coasts yielded a large
range of values due to their origin from different environmental conditions. Some
specimens clearly reflected the influence of Po river (in the sites of Chioggia, Goro
and Cesenatico), others marine ingressions (in the site of Capoiale). Stable isotope
investigations of C. gallina supported their usefulness as isotopic indicators for
environmental parameters. Significant intra-shell variability in the stable isotope
values was also an indication that shells retained their primary geochemical
signature’>. However, paleo-environmental interpretation of the §180 values was
complicated because of an interplay between temperature, salinity and the 6180 of
the ambient water. Almost all the specimens exhibited shell §180 and §13C values
depleted in comparison to the estimated isotopic equilibrium with ambient
seawater, suggesting that this species cannot be used for thermometry-based
seawater reconstruction. Being able to predict the contribution of metabolic carbon
in the shell carbonate of molluscs would be of great value for reconstructing
environmental conditions. Controlled laboratory experiments, where
environmental parameters can be varied (such as §13Cpic, CO2/0> ratios, §13C of
food) and removed (such as a possible pore-water source) would be very beneficial

to determine fractionations at each step from carbon source to shell.
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TABLES

Table 1. Environmental parameters. Annual mean values for solar radiation
(SR), sea surface temperature (SST), sea surface salinity (SSS) and chlorophyll
concentration (CHL) from 2011 to 2014. n = number of collected data, daily data
for SR, SST and SSS and monthly data for CHL; CI = 95% confidence interval. Values

in decreasing order of latitude.

Population Code Latitude (°) n SR (W/ mz) SST(*C) $SS (PSU) n CHL (mg/ma)

mean (Cl) mean (Cl) mean (Cl) mean (Cl)
Monfalcone MO 457 1447 159 (5) 16.96 (0.38)  35.43(0.06) 48 4.50 (0.39)
Chioggia CH 45.2 1447 161 (5) 16.47 (0.38)  30.89(0.17) 48 2.88 (0.43)
Goro GO 44.8 1447 164 (5) 16.54 (0.37) 28.52 (0.16) 48 4,98 (0.77)
Cesenatico CE 44.2 1447 165 (5) 17.05(0.40)  34.19(0.08) 48 6.23 (1.20)
San Benedetto SB 43.1 1447 172 (5) 17.90(0.38)  36.29(0.05) 48 2.09 (0.55)
Capoiale cA 41.9 1447 180 (5) 18.60(0.33)  37.43(0.03) 48 1.21(0.36)

Table 2. Isotope data. 61805y (summer, winter and annual average seawater),
shell 6180 and 6180shel correct (by subtracting summer, winter and annual seawater
values from shell values). SD, standar deviation of the shell isotope values for each
site. Values for each site, in decreasing order of latitude: MO (Monfalcone), CH

(Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto), CA (Capoiale).

&§®0shell- &®0shell- 60 shell -

. . Summer Winter Annual 520 shell g
Site  Latitude (°) 590, (%) 690, (%) &°0,, (%) n (%) SD iummer Winter Annual
50, (%) 6°0,, (%) 620, (%o0)
MO 45.700 0.797 0.119 0.458 8 -0.307 0.348 -1.104 -0.426 -0.765
CH 45.200 -1.243 0.870 -0.187 7 -0.828 0.096 0.415 -1.698 -0.641
GO 44.783 -2.843 -0.648 -1.745 7 -0.981 0.526 1.862 -0.333 0.764
CE 44.183 0.474 -0.603 -0.064 7 -0.910 0.428 -1.384 -0.307 -0.846
SB 43.083 1.317 0.680 0.998 7 -0.079 0.284 -1.396 -0.759 -1.077
CA 41.917 1.632 1.414 1.523 7 0.240 0.208 -1.392 -1.174 -1.283
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Table 3. Isotope data. §13Cpic (summer, winter and annual average seawater),

shell §13C and 613Cshell correct (by subtracting summer, winter and annual seawater

values from shell values) values. SD, standar deviation of the shell isotope values

for each site. Values for each site, in decreasing order of latitude: MO

(Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB (San Benedetto), CA

(Capoiale).
13 13 13
. . Summer Winter Annual 2C shell &67°Cshell [ C.shell &67°Cshell
Site  Latitude (°) _,, 13 13 SD Summer Winter Annual
§7°Cpic (%) & Coic (%) & Coic (%) (%) 13 13 13
5 QJIC (%") 6 CQIC (%0) 6 QJIC (%")
MO 45.700 -0.046 -1.914 -0.980 8 -1.467 0.324 -1.421 0.447 -0.487
CH 45.200 -0.731 -0.786 -0.759 7 -1.163 0.276 -0.432 -0.377 -0.404
GO 44.783 -3.541 -2.338 -2.939 7 -2.141 0.385 1.400 0.197 0.798
CE 44.183 -1.558 -1.882 -1.720 7 -1.618 0.298 -0.060 0.264 0.102
SB 43.083 -0.207 -0.794 -0.501 7 -1.196 0.243 -0.989 -0.402 -0.695
CA 41.917 0.283 0.115 0.199 7 -0.342 0.128 -0.625 -0.457 -0.541

Table. 4. Comparisons between derived temperatures from Grossman & Ku

equation and real temperatures in the sites. Values for each site, in decreasing
order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE (Cesenatico), SB
(San Benedetto), CA (Capoiale).

Mean annual Winter Summer

SST (°C) SST (°C) SST (°C)
Site Derived Real |Derived Real |Derived Real
SST SST SST SST SST SST
MO 25.39 16.96 23.80 10.34 26.97 23.52
CH 24.81 16.47 29.77 10.01 19.85 22.71
GO 18.21 16.54 23.36 10.17 13.07 22.70
CE 25.77 17.05 23.24 10.16 28.29 23.70
SB 26.85 17.90 25.36 11.39 28.35 24.19
CA 27.82 18.60 27.31 12.91 28.33 24.10
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Table. 5. Annual growth rate calculated from length/age at each year. From
the 6180shell correct Of Goro we could not count the seasonal peaks and calculate age.
No 8180 seasonal profile for Chioggia. Values for each site, in decreasing order of

latitude: MO (Monfalcone), GO (Goro), CE (Cesenatico), SB (San Benedetto), CA

(Capoiale).

Site Length (mm)  Age (y) A:\arlt;a(lrs::/\n;;h "*Osheticorrect 8" Cael correct
MO 12.68 1 12.68 -2.050 -0.937
MO 24.06 2 11.38 -1.520 -2.334
MO 31.65 3 7.59 -2.042 -2.872
MO 33.54 3.25 1.89 -0.399 -2.835
GO 30.43 - - - -

CE 15.1 1 15.1 -2.053 0.105
CE 27.08 2 11.98 -1.421 -1.025
CE 32.21 2.75 5.13 -1.896 -3.911
SB 20.00 1 20.00 -1.348 -0.638
SB 28.66 2 8.66 -1.311 -1.087
SB 33.86 2.75 5.20 0.095 -1.147
CA 20.44 1 20.44 -1.101 -0.131
CA 30.58 2 10.14 -0.810 -0.925
CA 32.61 2.25 2.03 -2.060 -1.643
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Fig. 1. Map of the Adriatic coastline indicating the sampling sites of C. gallina
clams. Abbreviations and coordinates of the sites in decreasing order of latitude:
MO, Monfalcone 45°42’N, 13°14’E; CH, Chioggia 45°12’N, 12°19’E; GO, Goro
44°47’'N, 12°25'E; CE, Cesenatico 44°11’N, 12°26’E; SB, San Benedetto 43°5’N,
13°51’E; CA, Capoiale 41°55’N, 15°39’E.
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Figure 2. The relation between summer, winter and annual mean §80scawater and
813Cpic with latitude in the 6 sites along the east coast of Italy (~400 km transect).
Orange dots are summer values, green dots are the winter ones and black crosses
are the annual isotope average between summer and winter. rho = Spearman’s

correlation coefficient.
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Fig. 3. X-ray powder diffraction (XRD) patterns from ground shells of C.
gallina. A representative diffraction pattern is shown for each population, in
decreasing order of latitude: MO (Monfalcone), CH (Chioggia), GO (Goro), CE
(Cesenatico), SB (San Benedetto) and CA (Capoiale). All the peaks were assigned to

aragonite.
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taken from Mancuso et al... (manuscript submitted to Scientific Reports.)
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Fig. 10. Relationship between 8180shen correct and 813C shell correcc and annual
growth rates. Annual growth rates are calculated from the length and age at each

year, by means of 6180 profile along the shell growth axis.
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Chapter 5

General conclusions
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Environmental factors, such as solar radiation, temperature, salinity and food
availability, all influence energy expenditure in marine organisms, especially in
temperate seas, where marine organisms show marked seasonal patterns in growth,
reproduction and abundance. To study the effect of environmental parameters on
marine organisms, latitudinal gradients are useful natural laboratories, influencing
variations in SR and SST and allowing to examine long-term effects on populations of
the same species, adapted to different environmental conditions. Along the latitudinal
gradient in the Adriatic Sea, the commercial clam Chamelea gallina was affected by
different environmental conditions and variations found in shell parameters could be
the outcome of phenotypic plasticity or a genetic adaptation of the populations
subjected. Shell morphology of the most irradiated and warmest populations was
characterized by lighter, thinner, more porous and fragile shells, leading to a modified
shell resistance, likely affecting the economic aspects of fisheries and the survival of this
species. 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. C. gallina also showed variations in linear extension and net calcification
along the latitudinal gradient and differences found in the growth rates among sites are
probably due to local environmental conditions. Towards South, with higher
temperatures, higher and steady salinity and oligotrophic conditions C. gallina
enhanced linear extension and net calcification. At the opposite, prolonged exposure to
low salinity, eutrophicated habitats and the presence of silt and clay in the substrate
could stress the clams and negatively affect shell growth. These stressful habitat
conditions heavily characterised the site under the influence of Po river delta in the
Northern Adriatic Sea, as supported by high 6180/613C ratio found in Northern sites that
confirmed lower calcification rates of C. gallina specimens in these sites. Shell isotope
composition as a signature of environmental conditions, pointed out marked variations
in shell 6180 and 813C among sites and suggested that this species cannot be used for
thermometry-based seawater reconstruction due to isotope depletion in comparison to

the estimated isotopic equilibrium with ambient seawater.
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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.

This study highlights variations in shell properties and growth rates of the clam
Chamelea gallina along a latitudinal gradient of environmental parameters and it can
be considered a case study to gain further insight on the relationship between

phenotype and growth and environment in calcifying marine organisms.
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