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A B S T R A C T

Here we apply a sclerochronological approach to reconstruct the life-history of two stenohaline bivalves of the 
family Pectinidae, Gigantopecten latissimus and Pecten jacobaeus from the Pliocene of Italy. The specimens come 
from the locality of Torrita di Siena (Siena-Radicofani Basin, Tuscany), dated to the late Zanclean-Piacenzian 
with nannoplankton biostratigraphy and Sr-isotope stratigraphy. After measuring the width of micro-growth 
increments and verifying that the shells were not diagenetically altered, we sampled them at high resolution 
for carbon and oxygen stable isotopes. δ13C and δ18O shell values allowed to distinguish between specimens that 
lived above or below the thermocline. Those influenced by surface waters indicate temperatures (for δ18Oseawater 
= 1.5‰) with winter minima of 16–18 ◦C and summer values up to 28–29 ◦C, close to present temperature 
conditions in the tropical west-African climate belt. In line with this, we found that the two species had similar 
seasonal growth patterns, with faster growth during colder months and summer slowdown, a typical adaptation 
of bivalves of tropical affinity suffering from summer temperature extremes. Despite this similar adaptation, 
G. latissimus, with large and heavy shells (length up to 30 cm) became extinct around 3.0 Ma, while the smaller 
P. jacobaeus survived Plio-Pleistocene cooling. Different growth rates between the two species and, therefore, 
different metabolic costs, might explain such differential response, together with differences in reproduction 
strategies. Habitat loss and fragmentation, due to the decrease of shelf margins and organogenic substrates 
caused by cooling and sea level fall, are abiotic factors that could have also contributed to the extinction of 
G. latissimus. P. jacobaeus adaptation to live across a larger bathymetric range, which indicates the ability to 
thrive in a wider range of temperatures, most likely played a role in its survival. Further studies, including more 
specimens across multiple localities, will help verifying these hypotheses.

1. Introduction

The Mediterranean Sea is presently recognised as a biodiversity 
hotspot (Coll et al., 2010), and it was more so during the Pliocene, as 
documented by the molluscs. Species loss occurred between 3.0 and 2.5 
Ma and coincided with climate and other environmental changes caused 
by the intensification of the Northern Hemisphere Glaciation (Monegatti 
and Raffi, 2001; Danise and Dominici, 2023). Concerning bivalves, 
around 17% of the species went extinct; extinction was selective, as 
suspension feeders, both infaunal and epifaunal, were more affected 
compared to infaunal deposit feeders (Mondanaro et al., 2024). Tropical 

climate conditions, that for most of the Pliocene extended from southern 
Portugal to western Africa, at the end of the Pliocene retreated their 
latitudinal extension to south of the Cape Verde Islands, leaving a warm- 
temperate climate in the Mediterranean Sea (Silva, da C.M., Landau, B., 
2007; Ávila et al., 2016). Most of the extinct species are considered of 
tropical affinity, and climate cooling is considered the primary cause of 
extinction (Raffi and Marasti, 1985; Monegatti and Raffi, 2001). Besides 
that, it has never been directly investigated whether temperature drop 
was the primary, direct driver of extinction, by physiologically 
impacting species survival, or if indirect drivers linked to changes in the 
environment or species interactions had a greater role in biodiversity 
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loss. Plio-Pleistocene extinctions of some large tropical species in the 
western Atlantic and the Caribbean Sea have been ascribed, for instance, 
to changes in ocean circulation and primary productivity (Kirby and 
Jackson, 2004), or to increased predation vulnerability due to slower 
growth rates caused by climate cooling and reduced productivity 
(Johnson et al., 2019, 2021a).

Sclerochronology by combining the analysis of bivalve seasonal 
growth patterns with geochemical proxies, like carbon and oxygen sta
ble isotopes, has the potential to help understand the adaptation of 
species to climatic conditions (Moss et al., 2016, 2021; Peharda et al., 
2021), and its application to Pliocene bivalves can improve our under
standing of their possible responses to climate change. Bivalves form 
their shells at varying rates throughout the year, and this is represented 
by growth increments and growth lines. Growth increments represent 
intervals of times in which the organisms produce their shell with fast 
growth and can provide information on environmental conditions dur
ing growth. Growth lines identify periods of very slow growth and/or 
growth cessation. These can be caused by multiple factors, like geneti
cally encoded biological clocks (e.g. daily growth pattern), other bio
logical processes (e.g. spawning) or abiotic factors, especially 
temperature and primary production (Schöne and Surge, 2012). Tem
perature is one of the main controls on growth rate of bivalve shells. It 
has been observed, for instance, that many modern cold-temperate bi
valves inhabiting mid- to high latitudes stop growing preferentially 
during winter months, whereas those from low latitudes, belonging to 
tropical and warm-temperate provinces, tend to form annual growth 
lines during summer months (Killam and Clapham, 2018). Most likely 
because of its past climate history, the Mediterranean Sea hosts bivalves 
with both summer and winter shutdown strategies (Killam and Clap
ham, 2018; Peharda et al., 2019). Furthermore, temperature is one of 
the most significant abiotic factors in marine ecosystems, affecting 
almost all aspects of organismal physiology. Hence, adaptation to 
environmental conditions is considered one of the major challenges in 
evolutionary adaptation and survival, and is thought to be dependent, to 
a large extent, on the organism's ability to undergo metabolic reorga
nization on both short-term and evolutionary time-scales (Heilmayer 
et al., 2004).

Here we analyse with a sclerochronological approach two species of 
Pectinidae from the Pliocene of central Italy. Pectinidae are a family of 
bivalves that suffered high extinction rates through the Plio-Pleistocene 
interval (Danise and Dominici, 2023). Among the two species, Gigan
topecten latissimus (Brocchi, 1814) went extinct, and the other, Pecten 
jacobaeus, Linnaeus, 1758, survived and is the largest scallop inhabiting 
the Mediterranean Sea today. In order to reconstruct the life-history 
traits of these two organisms we combined the analysis of growth 

increments and carbon and oxygen stable isotopes from the shell, with 
the starting hypothesis that different adaptations might have controlled 
species survival or extinction (e.g. Moss et al., 2021). After discussing 
the possible biotic and abiotic factors of such differential extinction, we 
finally use oxygen isotope data to reconstruct seasonal temperatures in 
the Pliocene of the Tyrrhenian Sea and discuss the challenges of such 
reconstructions.

2. Geological setting

The studied specimens come from mid-Pliocene sediments of the 
Siena-Radicofani Basin (Tuscany, Italy, Fig. 1), one of the Neogene- 
Quaternary intermontane basins of the Northern Apennines, a Tertiary 
fold-and thrust belt resulting from the collision between the Adria and 
Corsica-Sardinian microplates, in the larger context of the collision of 
Africa with Eurasia (Carmignani et al., 2001 and references therein). 
These basins developed in the westernmost sector of the Northern 
Apennines starting from the early-middle Miocene as NW to NNW 
elongated (up to 200 km long) and relatively narrow (up to 25 km wide) 
morpho-structural depressions, crossed transversely by SW-NE-oriented 
tectonic lineaments (Martini and Sagri, 1993; Pascucci et al., 2007). The 
Siena-Radicofani Basin is located east of the Middle-Tuscan Range and 
extends from the southern part of the Chianti Hills to the northern part 
of the Vulsini Mountains. It is filled by late Serravallian to Gelasian age 
continental and marine sediments (Bossio et al., 1993; Martini et al., 
2011, 2021) that have been subdivided into four unconformity-bounded 
stratigraphic units, SU1 (oldest) to SU4 (youngest; Bonini and Sani, 
2002). The studied specimens come from unit SU4. Unit SU4 is up to 
600 m thick (Bonini and Sani, 2002; Brogi, 2011) and consists of 
Zanclean-early Gelasian marine deposits with subordinate alluvial sed
iments. The unit starts with fluvial sandy conglomerates and floodplain 
organic-rich silty clays grading upward to offshore silty clays overlain by 
regressive shallow-marine sand and conglomerates (Bossio et al., 1993; 
Martini and Aldinucci, 2017). Following a regional uplift, the area 
emerged above sea level in the latest Piacenzian-early Gelasian and was 
later dissected by fluvial networks (Martini et al., 2016).

The 1.5 m-thick sequence exposed at the investigated outcrop, 
located close to the town of Torrita di Siena (43◦09′30.13”N; 
11◦47′03.29″E), is made of beds of coarse sand, with gravel and calci
lutite pebbles, interbedded with thinner beds of sandy mudstones, all 
included in the upper, regressive part of unit SU4. Beds range in thick
ness from 10 to 25 cm. Pebbles, up to 20 cm in length, are often 
encrusted with balanids and bioeroded by Gastrochaenolites borings. The 
lower part of the outcrop is rich in macro-invertebrates, especially 
molluscs, including bivalves belonging to the Pectinidae (G. latissimus, P. 
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jacobaeus, Flabellipecten flabelliformis, Aecquipecten opercularis, Talochl
amys multistriata, Mimachlamys varia, Flexopecten flexuosus), Ostreidae 
(Ostrea edulis) and Chamidae (Chama gryphoides), scaphopods, gastro
pods (Petaloconchus glomeratus, Helminthia sp.) and terebratulid bra
chiopods (Fig. S1a). The sedimentary facies and the fossil association 
point to a shoreface setting characterized by sediment starvation and 
condensation. Finer grained interbeds indicate short-term rises of fair- 
weather wave base (see Martini and Aldinucci, 2017).

2.1. Ecology and palaeoecology of the species under study

Pectinidae of the extinct genus Gigantopecten have inhabited the 
western Tethys since the late Oligocene (Bongrain, 1992) and the proto- 
Mediterranean and the Paratethys since the early Miocene (Bongrain, 
1992; Harzhauser et al., 2003). Early Miocene species of Gigantopecten 
occupied high-energy, fully marine, shallow-water environments and 
had large heavy shells (Harzhauser et al., 2003), being preferentially 
adapted to bioclastic carbonate seafloors and coarse shallow-water sil
iciclastic environments (Bongrain, 1988; Mandic and Piller, 2001). 
Their abundance has been related to the presence of extended shelf re
gions typical of eustatic sea level high-stand conditions and times of 
global warming (Bongrain, 1988). While some authors attribute some 
Miocene specimens to G. latissimus (e.g. Freneix et al., 1987; Bongrain, 
1992), others attribute the Miocene forms to G. nodosiformis (see dis
cussion in Studencka, 2019). The undoubted stratigraphic distribution 
of G. latissimus is from the Zanclean to the lower Piacenzian in the 
Mediterranean Sea (Danise and Dominici, 2023) and the Zanclean in the 
eastern Atlantic, from the Azores to the Canary Islands (Ávila et al., 
2015; Meco et al., 2020). Its extirpation from the Canary Islands, 
together with other tropical species, occurred around 4.0 Ma, with the 
establishment of the cool Canary Current and of the Trade Winds from 
the north (Meco et al., 2020). Its final extinction, involving disappear
ance from the Mediterranean Sea and the rest of the Atlantic, around 3.0 
Ma ago, coincides with the initiation of the cooling related to the 
Northern Hemisphere Glaciation and the reduction of continental shelf 
regions (Harzhauser et al., 2003; Danise and Dominici, 2023). During 
the Zanclean this species mostly occurs in conglomerates, coarse- 
grained sands, and calcarenites-calcirudites (Jiménez et al., 2009; Gar
cía-Ramos and Zuschin, 2019). In southern France it reaches a maximum 
length of 30 cm and might approach 25 years of age (Bongrain, 1992). 
The extreme mineralization of their giant and heavy shells, observed 
also in other extinct species of Pliocene Pectinidae from North America 
and Japan (Ward and Blackwelder, 1975; Hayami and Hosoda, 1988), 
has no current equivalents in tropical-subtropical settings (Bongrain, 
1988), and indicates high metabolic costs (Harzhauser et al., 2003).

P. jacobaeus is the largest scallop inhabiting the Mediterranean Sea 
today and can attain a shell length of up to 14–16 cm, and a maximum 
recorded age of 13 years (Peharda et al., 2003). This stenohaline species 
lives at depths ranging from 25 to 250 m, on sand, mud and gravel 
substrates, although is more common up to a depths <80 m (Poppe and 
Goto, 2000). P. jacobaeus first appeared in the Zanclean of the Medi
terranean Sea (Monegatti and Raffi, 2001). In the Zanclean of southern 
Spain, it is common in assemblages from coarse-grained lithofacies, 
from siliciclastic and carbonate conglomerates to coarse and medium 
sands (Aguirre et al., 1996), where it often co-occurs with G. latissimus 
(e.g. García-Ramos and Zuschin, 2019). Present occurrences of 
P. jacobaeus are mostly registered in the Mediterranean Sea, with oc
casional reports from the Atlantic (e.g. Borges et al., 2010). It is closely 
related to Pecten maximus, which lives today in the eastern Atlantic, from 
Norway to Morocco, although it can also be found in the Mediterranean 
along the Alboran Sea coasts (Saavedra and Peña, 2005; Gofas et al., 
2017). The two species can be easily distinguished by their shell 
morphology. However, genetic studies carried out with different types of 
markers indicate that P. jacobaeus and P. maximus could be morphs or 
subspecies (Wilding et al., 1999; Saavedra and Peña, 2004, 2005; 
Morvezen et al., 2016). Palaeontological evidence suggests that the 

common ancestor of the two was Pecten grayi Michelotti, 1839, which 
lived in the proto-Mediterranean Sea during the late Miocene (Fatton, 
1973). The latter gave rise directly to P. jacobaeus, and indirectly, in the 
Pleistocene, to P. maximus via the Pliocene Atlantic species P. grandis 
(see Waller, 1991).

3. Material and methods

Studied specimens are two articulated valves of G. latissimus (GL1: 
length: 13.5 cm, height: 13.1 cm; GL2: length: 15.9 cm, height: 15.4 cm), 
two articulated valves of P. jacobaeus (PJ1: length: 11.3 cm, height: 9.4 
cm; PJ2: length: 9.9 cm, height: 8.2 cm), and one partial left valve of 
P. jacobaeus (PJ3) (Fig. 2, S1b). All, except PJ3, were collected by 
Marino Tommasi, and donated to the Museo di Storia Naturale, Uni
versity of Florence (Italy) by his heirs. Labels included information on 
the locality of origin added by Massimiliano Ghinassi at the donation 
(2014, personal communication). Museum catalogue numbers are: GL1: 
IGF 105164, GL2: IGF 105163; PJ1: IGF 105165; PJ2: IGF 105166; PJ3: 
IGF 105167 (IGF, Istituto Geologico Fiorentino).

Complete, well-preserved specimens, with the entire shell preserved, 
of the two species here under study are in general difficult to find. 
Moreover, the partially destructive approach undertaken (see below) 
does not warrant the use of historical museum collections. We proceed 
with the analysis of a small number of specimens, knowing that a larger 
number would have allowed to better characterise species adaptation to 
changing climate and environmental conditions.

3.1. Dating techniques

To better constrain the age of the studied outcrop, a biostratigraphic 
analysis of the sediment through calcareous nannofossils was per
formed, accompanied by Sr isotope analysis of the shells.

A sample of sediment was collected from the valves of PJ1 and 
examined for its calcareous nannofossil content. The sample was pre
pared as a smear slide following the standard preparation technique of 
Monechi and Thierstein (1985) and analysed using a polarizing micro
scope at 1250× magnification. The biostratigraphic investigation was 
conducted following the zonations of Backman et al. (2012), Okada and 
Bukry (1980) and Martini (1971).

Two small fragments of shell of GL1 and PJ1 were analysed for their 
elemental and isotopic Sr content. Sample preparation was performed in 
the Clean Room of the Filippo Olmi Laboratory of the Department of 
Earth Sciences of the University of Florence (Italy). Small chips of each 
sample were digested in PFA Savillex beakers using 7 M HNO3. Chro
matographic separation using Eichrom Sr-Spec resin was performed to 
ensure Sr purification from the matrix elements (following Avanzinelli 
et al., 2005). The collected fraction was then refluxed at 150 ◦C twice 
with concentrated HNO3 and H2O2 to ensure the removal of any organic 
residue from the resin. About 200 ng of Sr in nitrate form was loaded 
onto a single Re filament along with TaCl5 and H3PO4 to improve the 
ionisation efficiency and keep the stability of the signal during mea
surement. The isotopic composition of the two samples was analysed by 
Thermal Ionisation Mass Spectrometry (TIMS, Triton Plus, Thermo 
Fisher) in static mode, and is given as the average of 240 measurements 
for each sample. The instrumental mass bias was corrected off-line 
applying the exponential fractionation law to the measured 88Sr/86Sr 
ratio and the natural value (88Sr/86SrN = 8.375209). The isotope 
composition of the international reference standard NIST SRM987 
analysed along with the samples was within the error of the long-term 
reproducibility, i.e., 0.710248 ± 0.000050 (2 s.d., n = 148), and in 
agreement with the values reported in Thirlwall (1991). The obtained 
87Sr/86Sr values were converted into numerical ages using the regres
sion curve LOESS look-up Table version 6 from McArthur et al. (2020)
(Table S1).
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3.2. Shell preservation

The degree of preservation of the original calcite (e.g. possible 
presence of neomorphic minerals and the ultrastructure of the outer 
layer) of the five specimens was assessed using a scanning electron 
microscope (SEM, Fig. S2), and by minor and trace element analysis 
(Mn, Fe, Sr: Table S2).

For SEM analysis small shell fragments (1–2 cm in size) were 
removed from right valves. The surface of the samples was etched with 
5% v/v hydrochloric acid for 5–10 s to reveal the microstructure before 
rinsing with deionized water. Dry specimens were then gold-coated with 
a Quorum Q150R ES, and studied with a ZEISS EVO MA15, equipped 
with an Everhart–Thornley detector, at the M.E.M.A laboratory of the 
University of Florence (Italy). Samples were observed in secondary 
electron signal at 48× to 4× magnification.

For elemental analyses (Mn, Fe and Sr), powder samples were 
collected close to the transect of isotope sampling where the shell looked 
pristine, and in areas where shells looked altered (e.g. orange stains). 
Around 30 mg of powder for each sample was totally digested with 1 ml 
7 M HNO3 and measured at the University of Florence using an ICPMS 
(Agilent 7800) using Rh as internal standard and a multi-elemental 
standard solution for calibration (Inorganic Ventures, VA, USA). Accu
racy and precision were tested by replicate measurements of the certi
fied rock standards AGV-1 (andesite) and JLs-1 (limestone) (see 
Table S2). AGV-1 standard yielded results within 1% of the refence 
values (GeoRem database: Jochum et al., 2005); JLs-1 measurements 
provided values within the range of previously published ones (GeoRem 
database: Jochum et al., 2005) that are however more variable.

3.3. Growth increment widths

Width of micro-growth increments was measured on the surface of 
the left shell along the axis of maximum growth. When possible, mea
surements were taken from the second and third annual cycles (GL1, 
GL2, PJ1), which were identified by counting prominent visible marks 
on the surface of shells, interpreted as annual in modern Pectinidae 
(“annual rings”; e.g. Mason, 1957; Roux et al., 1990; Schein et al., 1991; 
Barbin et al., 1991; Chauvaud et al., 2012; Peharda et al., 2019). The 
first years of growth were chosen in order to measure parts of the shell 
with fastest seasonal growth, as growth rate decreases during the life
span of bivalves (e.g. Goodwin et al., 2003). On PJ2, prominent annual 
rings were not visible, and growth increment widths were measured on a 
part of the shell from which sediment had been removed (total of 3.2 cm, 
Fig. S1b). On PJ3, that is only partially preserved (Fig. S1b), we sampled 
what we considered a full annual cycle, which we tentatively interpreted 
as the second year of growth. Micro-growth increments were measured 
at μm-resolution (error 0.7%) on digital images taken with a Zeiss Stemi 
508 binocular microscope equipped with a 5 megapixel 5MP HDMI 
Oculux CAM digital camera, with dedicated software for image analysis 
called Image View. To compare relative differences in shell growth, 
widths of micro-growth increments of the five specimens have been 
normalised to the largest measured value.

3.4. Stable carbon and oxygen analysis

Before sampling for δ13C and δ18O values, specimens were cleaned 
by brushing them under deionized water to remove the surrounding 
matrix, mostly made of silt and fine sand. To better remove the matrix 
and the small foraminifera trapped between lamellae, the valves of 

Fig. 2. Two of the studied specimens showing the annual growth lines and daily growth increments. (a) G. latissimus (specimen GL1). (b) Enlargement of the boxed 
area indicated in (a), showing detail of the micro-growth increments. (c) SEM image showing the microstructure of micro-growth increments in G. latissimus, which 
are pierced by numerous small holes. (d) P. jacobaeus (specimen PJ1). (e) Enlargement of the boxed area indicated in (d), showing detail of the micro-growth in
crements. (f) SEM image showing the microstructure of -micro-growth increments in P. jacobaeus, which are pierced by numerous small holes. Small planktonic 
foraminifera at the bottom. Black dashed lines in (a) and (d) indicate annual rings. White arrows indicate years 2 and 3 on the shell surface.
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P. jacobaeus were additionally immersed in an ultrasonic bath with 
deionized water for 30 min each, and then rinsed in deionized water. 
After drying the valves in an oven at 40 ◦C, powder samples were 
collected by milling small sample swaths from the shells by hand under a 
stereo microscope using a DREMEL 3000 equipped with a Komet 
(Komet-Brasseler GmbH & Co. KG) drill bit. The drill bit is made of 
tungsten carbide, its tip has a diameter of 300 μm with rounded burs 
(model H71 104,003). Milling was completed parallel to the growth 
striae, avoiding parts of the shell still covered by matrix. Average swath 
length is 2500 μm for P. jacobaeus and 4580 μm for G. latissimus; average 
width is 425 μm for P. jacobaeus and 380 μm for G. latissimus, depth is 
around half of width. In total, 304 samples for stable isotopes were 
collected: 55 from GL1 (27 from year 2; 28 from year 3), 79 from GL2 
(51 from year 2; 28 from year 3), 35 from PJ1 (18 from year 2; 17 from 
year 3), 58 from PJ2 (no information on year), 27 from PJ3 (7 from year 
1?; 20 from year 2?).

Carbonate samples of ca. 100 μg of CaCO3 were dissolved in H3PO4 
(100%) for 1 h at 70 ◦C and mass spectrometric measurements were 
made on evolved CO2 gas using a Gas Bench II (Thermo Scientific) 
coupled to a Delta Plus (Finnigan MAT) at the “Stable Isotopes Labo
ratory” of the Institute of Geosciences and Earth Resources of the Italian 
National Research Council (IGG-CNR), Pisa (Italy). All sample were 
measured twice. In this work, results are reported relative to the Vienna 
Pee Dee Belemnite (VPDB). Calibration of the data was accomplished 
with a three-point calibration using in-house standards MS (δ13C =
2.13‰, δ18O = − 1.73‰), MOM (δ13C = 2.53‰ δ18O = − 4.73‰) and 
NEW12 (δ13C = − 3.83‰, δ18O = − 9.59‰), previously analysed by 
external research laboratories. NBS-18 was used for internal quality 
check. The mean analytical precision, calculated considering 1 STDEV 
for repeated MS standard (n = 40), was ±0.09‰ for δ13C and ± 0.12‰ 
for δ18O.

After linearly interpolating micro-growth increment widths and 
δ13Cshell and δ18Oshell values, in order to have equally spaced values 
(regular interpolation function, software Past), cross plots of normalised 
micro-growth increment widths versus δ13Cshell and δ18Oshell values 
were created, to compare the relative growth of the two species at given 
values of δ13C and δ18O. After that, the Pearson correlation coefficient 
(r) and the coefficient of determination (r2) were calculated, applying 
the Bonferroni correction on the p value.

3.5. Estimate of palaeotemperature

The isotopic composition of the shell of bivalves can be used as a 
proxy for temperature and the oxygen isotope signature (and salinity) of 
the ambient water during biomineralization, as most bivalves form their 
shells in oxygen isotope equilibrium with the ambient aquatic medium, 
and seasonally changing seawater temperatures (and salinity) affect 
δ18Oshell values (Jones et al., 1989; Wefer and Berger, 1991; Weidman 
and Jones, 1994; Surge et al., 2001; Ivany et al., 2008; Schöne and 
Surge, 2012). A shift in δ18Oshell towards more positive values indicates 
colder temperatures, whereas more negative values reflect warmer 
temperatures.

Many equations have been developed over the years to estimate 
palaeotemperatures from δ18Oshell. Here we used the equation of 
Anderson and Arthur (1983), one of the most frequently used in palae
oclimatic studies (e.g. Bice et al., 1996; Immenhauser et al., 2005; Lar
taud et al., 2010; Walliser et al., 2016; Briard et al., 2020; see also 
Wierzbowski, 2021 for a comparison of different equations), for low Mg- 
calcite bivalves:

T(
◦

C) = 16.0–4.14* ( δ18Oshell − δ18Osw

)
+0.13* ( δ18Oshell − δ18Osw

)2 

where T is the water temperature in ◦C, δ18Oshell is the δ18O value of 
the sample and δ18Osw the δ18O value of seawater. δ18Oshell and δ18Osw 
values are expressed relative to VPDB and VSMOW, respectively.

Estimating the value of δ18Osw correctly is fundamental to obtain 

accurate palaeotemperature reconstructions. The local or regional 
δ18Osw value is a function of the global mean seawater composition as 
well as geographical variations caused by the combined effects of 
changes in evaporation/precipitation patterns, runoff (in coastal re
gions), and ocean circulation patterns (Zachos et al., 1994; Schmidt, 
1998). As there are no direct data for the oxygen stable isotope 
composition of seawater in the mid-Pliocene of the Mediterranean area, 
the value of δ18Osw has been assumed taking into consideration re
constructions of the climate regime of this time interval and model 
simulations.

The current Mediterranean hydrological cycle is unbalanced. The 
mean annual precipitation, about 400 mm/yr, and the mean annual 
runoff, about 100 mm/yr, do not compensate for the large evaporation 
rates occurring over the Mediterranean Sea (≈1000 mm/yr), resulting in 
a deficit in the hydrological budget (Mariotti et al., 2002). Depending on 
studies, current values of δ18Osw of surface waters are 0.76–1.37‰ 
(Pierre, 1999) or 0.13–2.29‰ (Dämmer et al., 2020) in the western, and 
1.30–1.66 ‰ (Pierre, 1999) or 0.73–2.43‰ (Dämmer et al., 2020) in the 
eastern Mediterranean Sea, with a general increase towards the north 
and towards the east, which mirrors an increase in salinity (Pierre, 
1999). Estimates from the modern Tyrrhenian Sea are 1.00–1.33‰ 
(Iacumin et al., 1992; Pierre, 1999).

Pollen and macroflora remains from several sites of the peri- 
Mediterranean region, together with climate models for the Mediterra
nean area, indicate that the late Zanclean-Piacenzian interval was 
characterized by relatively stable climatic conditions, with a humid 
climate, values of temperature and humidity higher than today, and 
lower seasonality (e.g. 1–5 ◦C warmer and 400–1000 mm/yr wetter than 
present: Haywood et al., 2000; Fauquette et al., 2007; Jost et al., 2009). 
High precipitation was, however, balanced by high evaporation rates, 
which are estimated about 50% larger than pre-industrial levels 
(Colleoni et al., 2015; Tindall and Haywood, 2015). According to the 
climate model of Tindall and Haywood (2015), the δ18Osw value of the 
Mediterranean Sea was slightly more positive than today, with average 
values ranging from 1 to 1.5‰, due to a more intense hydrological cycle 
and higher salinity. Ragaini et al. (2019) estimated that δ18Osw values 
would have been around 0.25‰ lower than now, i.e., about 0.9‰ in the 
western Mediterranean during the mid-Pliocene. They used this value in 
reconstructing paleotemperatures from a shell of the venerid bivalve 
Pelecyora gigas from the Siena-Radicofani basin. In the absence of tighter 
constraints, we chose to estimate palaeotemperature using the two 
available extremes, 0.9‰ as estimated by Ragaini et al. (2019), and 
1.5‰ as the maximum value of Tindall and Haywood (2015).

4. Results

4.1. Age of the samples

Following biostratigraphic analysis, we observed a Pliocene calcar
eous nannofossil assemblage characterized by common and moderately 
to well preserved coccoliths. Moderately preserved specimens, despite 
the evidence of etching and/or overgrowth in the primary morpholog
ical characters, do not prevent identification at the species level. The 
assemblage consists of abundant small Gephyrocapsa spp., common 
Coccolithus pelagicus, occasional Pontosphaera spp., Reticulofenestra min
utula (5–6 μm) and rare Discoaster in the form of D. asymmetricus, D. 
brouweri, D. surculus and D. tamalis. Other rare species include Braar
udosphaera bigelowii, Calcidiscus leptoporus, C. macintyrei, Helicosphaera 
carteri and Pseudoemiliania lacunosa. The occurrence of D. tamalis, D. 
asymmetricus and the absence of R. pseudoumbilicus (see also Fig. S3) 
enables us to identify the following biozones: the lower D. tamalis Top 
Zone (CNPL4) of Backman et al. (2012), CN12a of Okada and Bukry 
(1980) and NN16 of Martini (1971), spanning from the late Zanclean to 
Piacenzian. The assemblage is also characterized by Paleogene and 
Cretaceous reworked taxa in the form of occasional Sphenolithus spp. and 
rare D. barbadiensis and Micrantolithus sp. According to Backman et al. 
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(2012) the estimated age of the CNPL4 Zone is 3.81–2.76 Ma.
87Sr/86Sr analyses gave the same mean ratios for the two analysed 

shells (GL1, PJ1) of 0.709061 (± 0.000007). These values, converted 
into numerical ages according to the calibration curve of McArthur et al. 
(2020), correspond to an average age range of 3.672–2.580 Ma 
(Table S1). As such, dates obtained from Sr isotope stratigraphy largely 
confirm biostratigraphic results, indicating a late Zanclean-Piacenzian 
age for the samples.

4.2. Bivalve preservation

In P. jacobaeus and in the closely related P. maximus the external 
surface of the outer layer is organized in thin lamellae pierced by 
numerous small holes (cribriform lamelleae; Bongrain, 1988; Chauvaud 
et al., 2005). A similar cribiform structure of the outer layer is also 
present in G. latissimus, although the lamellae are wider than in 

P. maximus, and their inner part is characterized by small ovoidal bumps 
(see Bongrain, 1988: plate 1). This, and other similarities in the shell 
structure of P. maximus and species of the genus Gigantopecten, like the 
presence of a calcitic middle layer (see Taylor et al., 1969), point to a 
phylogenetic affinity between the two genera (Bongrain, 1988). The 
lamellae of the outer layer, with their cribiform structure, are preserved 
in the studied specimens, as shown by optical microscopy and SEM 
images (Fig. 2, Fig. S2). Furthermore, in specimens of G. latissimus and 
P. jacobaeus, the holes are empty (Fig. S2c, h), pointing to a good pres
ervation of the outer shell layer that was sampled for oxygen and carbon 
stable isotope analyses.

The outer shell layer of Pectinidae is made of foliated low Mg-calcite 
(Taylor et al., 1969; Carter, 1990). Because of the stability of this 
mineralogical composition the shell is relatively immune to diagenetic 
processes like dissolution and recrystallization (see Marshall, 1992). An 
established tool to check the degree of calcite preservation, to be used in 

Fig. 3. Micro-growth increment widths and stable carbon and oxygen isotope data for G. latissimus. (a) Specimen GL1, second and third year of growth. (b) Specimen 
GL2, second and third year of growth. Dark-grey vertical bars indicate visible annual growth lines on the surface of the shell. Dotted, horizontal lines indicate the 
mean size of micro-growth increments in complete annual cycles (see Table 1). The distance between the dorsal margin and the point where we started measuring the 
width of micro-growth increments is 4.5 cm in GL1 and 5.5 cm in GL2.
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combination with other screening techniques like optical and SEM im
aging is the measurement of the concentration of minor (Sr) and trace 
elements (Fe, Mn) (Ullmann and Korte, 2015 and references therein). As 
meteoric water generally contains more Mn and Fe and less Sr compared 
with seawater, Fe and Mn concentrations increase and Sr concentration 
decreases in diagenetically altered marine carbonates (Brand and 
Veizer, 1980; Marshall, 1992). Mn and Fe composition of recent marine 
bivalves ranges between 1 and 250 p.p.m., and values of Sr between 700 
and 1900 p.p.m. (Immenhauser et al., 2016). Mn concentrations of the 
studied specimens are all extremely low (between 14 and 43 p.p.m., 
Table S2), and Fe concentrations are all reasonably low (below 300 p.p. 
m.), except for one sample coming from an area of G. latissimus covered 
in orange stain (436 p.p.m.) that was avoided during isotopic sampling. 
Sr values are all above 700 p.p.m., except one (545 p.p.m., Table S2). In 
any case, a good preservation of the specimens is also supported by the 
positive correlation between Mn and Sr values (Table S2), in contrast to 
the negative correlation that is supposed to be characteristic of partially 
altered material (Ullmann and Korte, 2015).

4.3. Patterns of growth in Gigantopecten latissimus

In both specimens of G. latissimus, the width of micro-growth in
crements is highly variable, with minimum values of 100–200 μm and 
maximum values of 600–700 μm in GL1 and up to 900 μm in GL2 
(Figs. 3, 5, Table S3). The narrowest micro-growth increments occur in 
the proximity of prominent growth lines on the outer shell surface 
(Figs. 2–3). In modern Pectinidae, these prominent growth lines, or 
annual rings, are interpreted to be formed annually, during periods of 
extremely slow accretion and/or cessations of bivalve growth (e.g. 
Chauvaud et al., 2005; Peharda et al., 2003). The widest micro-growth 
increments occur in the middle between annual rings, with intermedi
ate width-values in-between, so that growth variation approximates a 
parabolic shape (Fig. 3). Two growth cycles are well recognizable both 
in GL1 and GL2 (Fig. 3). This general pattern has some exceptions, for 
instance in GL2, at around 65000 μm, there is an abrupt decrease in the 
micro-growth increment width, followed by a sudden increase, forming 
a prominent line on the shell surface (Fig. 3). We counted 81 micro- 
increments in the second year of growth and 66 in the third year for 
GL1; 121 in the second year and 69 in the third year for GL2 (Table 1). 
The average width of the micro-growth increments is 341 μm in GL1 and 
434 μm in GL2; GL2 has overall higher width of increments compared to 
GL1 (Table 1, Fig. 6). GL2 also attained a larger size (length 15.9 cm, 
height 15.4 cm) compared to GL1 (length 13.5 cm, height 13.1 cm).

Resolution of δ18Oshell and δ13Cshell curves is lower compared to the 
micro-growth increment curves, as powder samples were obtained from 
1 to 4 micro-growth increments, depending on the width of the in
crements. Notwithstanding this, it is possible to observe that, overall, the 
shape of the oxygen isotope curve shows a similar pattern to that of the 
micro-growth increment widths: high δ18Oshell values correspond to 
wider growth increments and low δ18Oshell values to narrower growth 
increments (Fig. 3). This positive correlation is also observed when, after 
linear interpolation, normalised growth increment widths are plotted 
against δ18Oshell values (Fig. 5a; r: 0.43 in GL1 and r: 0.47 in GL2). 
Despite this, δ18Oshell values only partially explain the variation of 
micro-growth increments width (r2: 0.19; p: 0.001 in GL1; r2: 0.22; p: 

<0.0001 in GL2). In fact, although the positive correlation is broadly 
valid, there are some parts of the shells where δ18Oshell values are high 
and micro-growth increment width is low (towards the end of years 2 
and 3 in GL1) or δ18Oshell values are falling and micro-growth increment 
width is rising (middle part of year 3 in GL2). Correlation between 
δ13Cshell values and micro-growth increment widths is slightly negative 
and δ13Cshell values do not explain variation in shell growth (r: − 0.05; r2: 
0.002; p: 0.70 in GL1; r: − 0.22; r2: 0.05; p: 0.05 in GL2; Fig. 5b). Despite 
this, in GL1 low micro-increment width mostly coincides with intervals 
of high δ13Cshell values, and this is observed especially at the beginning 
of each annual’ cycle (Fig. 3a). This can be also observed at the begin
ning of the second annual cycle of GL2 (Fig. 3b). In both specimens, 
δ18Oshell and δ13Cshell curves are not correlated (Fig. S6). GL1 δ18Oshell 
and δ13Cshell values are slightly lower than those of GL2 (Fig. 7a-b).

4.4. Patterns of growth in Pecten jacobaeus

In P. jacobaeus the shape of the curves of the micro-growth increment 
widths is less regular compared to G. latissimus, and prominent growth 
lines, attributable to slow growth and low biomineralization rate, are 
less visible (Figs. 2, 4b, Fig. S2). The second annual cycle of PJ1 is 
incomplete during the first half of the main growing season, while the 
third year, which is complete, displays a more regular curve, with nar
row micro-growth increments at the two sides, and wide increments in 
the middle part (Fig. 4a). In the last part of the second year, micro- 
growth increments were so closely spaced that it was impossible to 
measure their width (straight line in micro-growth increments at 20000- 
24000 μm from the dorsal margin, Fig. 4a). In PJ2, where prominent 
growth lines were not observed (Fig. S2), it is hard to find a cyclicity in 
the growth patterns. Growth increments are narrow in the first measured 
part, up to 14000 μm from the dorsal margin (Fig. 4b), and then remain 
of medium or high width until the end of the sampled transect (Fig. 4b). 
PJ3 shows more regular growth patterns, with narrow micro-growth 
increments before the first observed annual ring, wide increments in 
the following annual cycle, which could correspond to the second year of 
growth, and decreasing micro-growth increment width towards the end 
(Fig. 4c). In PJ1, we counted 74 micro-growth increments in the second 
year, although this number is underestimated as in the interval between 
20.000 and 25.000 μm the lamellae were so closely spaced that it was 
impossible to count and measure them, and 73 in the third year (Table 1, 
Fig. 4a). In PJ3 we counted a total of 97 micro-growth increments in 
what could be the second year. The average width of the micro-growth 
increments is 267.7 μm in PJ1, 212.6 in PJ2 and 202.5 in PJ3. PJ1 has 
wider micro-growth increments compared to PJ2 and PJ3 (Table 1, 
Fig. 6a). PJ2 also reaches a maximum size (width 9.9 cm, height 8.2) 
smaller than PJ1 (length 11.3 cm, height 9.4 cm). Micro-growth in
crements of P. jacobaeus tend to be narrower than those of G. latissimus: 
the largest micro-growth increments of P. jacobaeus are included in the 
third quartile of the size-distribution of G. latissimus (Fig. 6).

For P. jacobaeus, samples for δ18Oshell and δ13Cshell analyses were 
collected from 1 to 6 micro-growth increments, apart from one part of 
PJ3 where micro-growth increments were so closely spaced that one 
sample covers 25 increments (Fig. S1b). Because of the narrower size of 
the micro-growth increments of P. jacobaeus compared to G. latissimus, 
sampling resolution is lower in the former. In PJ1, a decrease in width of 
micro-growth increments during year 2 is coupled with a decrease in 
δ18Oshell values; in year 3, the shape of the δ18Oshell curve resembles that 
of the micro-growth increment widths (Fig. 4a). The correlation be
tween the interpolated growth increment widths and δ18Oshell is positive 
(r: 0.30) although oxygen isotope data do not explain in a significant 
way the variation of micro-growth increments (r2: 0.09; p: 0.08; Fig. 5c). 
In PJ3 there is also a positive correlation between δ18Oshell and growth 
increments, which is significant (r: 0.5; r2: 0.25; p: 0.007; Figs. 4c, 5c). In 
PJ2, narrow micro-growth increments correspond to high δ18Oshell 
values, and vice versa (Fig. 4b). The correlation of the interpolated data 
between δ18Oshell and growth increment widths is negative, although 

Table 1 
Width of micro-growth increments for each measurable annual cycle.

GL1 GL1 GL2 GL2 PJ1 PJ1 PJ3

year 2 year 3 year 2 year 3 year 2 year 3 year 2?

No. 81 88 121 69 74 73 97
min size 142 82 122 181 82 97 45

max 
size 648 742 688 902 537 486 463

avg size 352.5 332.0 426.0 451.9 277.6 256.8 236.2
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Fig. 4. Micro-growth increment widths and stable carbon and oxygen isotope data for P. jacobaeus. (a) Specimen PJ1, second and third year of growth. (b) Specimen 
PJ2, no annual growth lines visible on the surface of the shell. (c) Specimen PJ3, second? year of growth. Dark-grey vertical bars indicate visible annual growth lines 
on the surface of the shell. Dotted, horizontal lines indicate the mean size of micro-growth increments in complete annual cycles (see Table 1). The distance between 
the dorsal margin and the point where we started measuring the width of micro-growth increments is 3.76 cm in PJ1 and 1.98 cm in PJ2; the same measurement 
cannot be taken on PJ3 because the specimen is broken.
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oxygen isotope data do not significatively explain the variation of 
growth increment widths (r: − 0.19; r2: 0.04; p: 0.15; Fig. 5c). In PJ1, 
δ13Cshell values do not show a strong variability, and are negatively 
correlated with the growth-increment curve (Figs. 4a, 5d). There is in 
PJ2 also a negative correlation, but this is significant (Fig. 5d). In PJ3, on 
the other hand, there is a positive correlation between interpolated 
growth-increments and δ13Cshell (Fig. 5d). The correlation between 
δ18Oshell and δ13Cshell is positive and significant for PJ2 (r: 0.68; r2: 0.47; 
p < 0.0001) and PJ3 (r: 0.67; r2: 0.45 p: 0.0001), and negative, although 
not significant in PJ1 (r: − 0.35; r2: 0.1; p: 0.04; Fig. S10). In terms of 
absolute values, δ18Oshell and δ13Cshell values of PJ1 are in the same 
range of variation as GL1 and GL2, as PJ1 interquartile range includes 
the interquartile range of GL1 and GL2 (Fig. 7). PJ2 has higher values for 
both parameters compared to PJ1, GL1 and GL2. δ18Oshell values of PJ3 
are included within the median and the minimum scores of the first 
three shells, while δ13Cshell values are mostly lower than those of the 
other shells (Fig. 7).

4.5. Seasonal palaeotemperatures

Palaeotemperature estimates are >2 ◦C higher applying a value of 
δ18Osw of 1.5‰ compared to estimates using a value of 0.9‰ (Figs. 7, 8, 
Table S4). Overall, GL1, GL2, PJ1 and PJ3 record similar ranges of 
palaeotemperatures, but PJ2 shows lower values (Figs. 7, 8). The 
interquartile ranges of GL1, GL2, PJ1 and PJ3 estimated for δ18Osw=0.9, 
are all between 16 and 21 ◦C, but the interquartile range of PJ2 is colder 
(14–16 ◦C), with almost no overlap with the other four specimens 

(Fig. 7). The coldest temperature, recorded by PJ2, is 12 ◦C for 
δ18Osw=0.9 and 14.8 ◦C for δ18Osw=1.5 (Figs. 7, 8). The highest temper
ature is registered by GL1: it is 26 ◦C for δ18Osw=0.9 and 29 ◦C for 
δ18Osw=1.5. The coldest temperature, excluding the values of PJ2, is 
equally registered by GL2 and PJ1, and is 14 ◦C for δ18Osw=0.9 and 
16.8 ◦C for δ18Osw=1.5 (Figs. 7, 8).

For both species, except for PJ2, micro-increment width is lower 
when temperature is higher (in summer; Fig. 5c). Maximum temperature 
is registered just before (PJ1, PJ3) or after (GL1) the growth break, 
except in GL2, where the maximum temperature coincides with it 
(Fig. 8). Therefore, PJ1, PJ3 and GL1 most likely register both minimum 
winter temperature and peak summer temperature.

5. Discussion

5.1. Seasonal growth-strategy of Pliocene G. latissimus and P. jacobaeus

Prominent growth lines, or rings, found on the surface of the shell of 
Pectinidae, as on other bivalves, are usually interpreted to be formed 
with an annual periodicity, and to represent annual periods of growth 
slowdown and eventually cessation (Clark II, 1974; Richardson, 2001; 
Chauvaud et al., 2005; Louis et al., 2022). However, large, non-periodic 
growth lines can also be formed due to environmental disturbances (e.g. 
storms) and biological (e.g. reproduction and predation) factors 
(Goewert and Surge, 2008; Schöne, 2008). The study of micro-growth 
patterns can enhance our understanding of factors controlling bivalve 
growth. For instance, any abrupt decrease in micro-growth increment 
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widths over short time scales, related perhaps to disturbance or 
spawning, can be distinguished from the gradual changes in increment 
widths associated with seasonal growth patterns (Owen et al., 2002a). 
This has also been observed in modern P. jacobaeus, where disturbance 
rings are characterized by nearly equally spaced lamellae immediately 
before and after the environmental disturbance, whereas annual rings 
are associated with small, crowded lamellae (Peharda et al., 2003). 
Furthermore, while for modern specimens direct monitoring of envi
ronmental and growth conditions can help to distinguish between pe
riodic annual and non-periodic growth patterns, in fossil specimens the 
combination of growth patterns and geochemical data can help in 
identifying seasonal growth patterns (Jones and Allmon, 1995; Williams 
et al., 2010; Johnson et al., 2019).

In our study, the regular, bell-shaped pattern of micro-growth 
increment widths observed in the two specimens of G. latissimus, 
which are delimited by distinct growth lines associated with very low 
growth rates, indicates that shell growth follows an annual periodicity 
(Fig. 3). The presence of annual growth patterns in specimens of 
G. latissimus is supported by the seasonal cycle shown by δ18Oshell data, 
with minimum values concomitant with narrow micro-growth in
crements and annual growth lines, and maximum values associated with 
wide micro-growth increments (Fig. 3). This indicates that G. latissimus 
formed its shell mainly during the colder months, and that growth slow- 
down occurred during the warmer season, as shown by the “rounded” 
winter and more cuspate summer sectors of the 18Oshell profiles. Also the 
positive correlation between the width of micro-growth increments and 
δ18Oshell, observed in both studied specimens, suggests that growth was 
probably faster during winter compared to summer (Fig. 5a). Abrupt 
decreases in the width of growth- increments followed by an equally 
rapid increase, are sometimes observed (e.g. GL2 at around 65000 μm 
from the shell dorsal margin, Fig. 3b), and are interpreted instead as 
disturbance rings.

Overall, PJ1 and PJ3 show seasonal growth patterns similar to those 
of G. latissimus, with faster growth at colder temperatures and slower 
growth at higher temperature (Figs. 4, 8). Indeed, also, in PJ1 and PJ3 
there is a positive correlation between the width of micro-growth in
crements and δ18Oshell values (Fig. 5c). The same relationship between 
prominent growth lines observed on the external shell surface and sea
sonal δ18Oshell cycles has been observed in modern Pecten jacobaeus from 
the Northern Adriatic Sea (Peharda et al., 2019). In these specimens, 
collected at depths between 25 and 30 m along the western coast of the 
Istrian peninsula, major growth lines coincided with δ18Oshell minima, 
suggesting that growth slowdown and potentially cessation occurred 
during the warmest part of the year. By contrast, highest δ18Oshell values 
(corresponding to lowest water temperature) were detected in fastest- 
growing shell portions of the growing season (Peharda et al., 2019). 
Furthermore, no, or very little shell growth occurred during a period of 
approximately five months, between July and November, while shells 
grew at fastest rates during winter and spring (Peharda et al., 2019). 
This information suggests that, at least two of the three studied fossil 
specimens of P. jacobaeus had a growth-behaviour similar to modern 
specimens, characterized by summer growth slow down and/or 
cessation.

PJ2 differs from the other studied specimens for two main reasons. 
First, there are no prominent growth lines on the surface of the shell 
(Fig. S1b); second, it is not possible to identify a clear seasonal cyclicity 
by comparing the trend of micro-growth increment widths and oxygen 
isotope values (Fig. 4b). Also δ18Oshell values do not significantly explain 
variation in growth (Fig. 5c). The absence of prominent growth lines on 
the surface of Pectinidae is not untypical, especially in the juvenile part 
of the shells (Owen et al., 2002a), which we have sampled. Furthermore, 
the absence of a clear cyclic signal in δ18Oshell values might be indicative 
of calcification under less seasonal conditions, for instance, at a high 
depth below the mixed layer (e.g. Johnson et al., 2000; Johnson et al., 
2021a, 2021b; Chauvaud et al., 2011). The high, positive correlation 
between δ18Oshell and δ13Cshell supports this interpretation, because 

bivalves that live above the thermocline sometimes show a negative 
covariation between δ18Oshell and δ13Cshell values (i.e., antiphase onto
genetic profiles), while bivalves living below it show a positive covari
ation (i.e. in-phase ontogenetic profiles; Arthur et al., 1983). 
Theoretically, if δ13Cshell values in shallow water bivalves were only 
controlled by variations of the δ13C of dissolved inorganic carbon (DIC), 
excluding the role of metabolic and kinetic effects (see Immenhauser 
et al., 2016), δ13Cshell should show low values during the winter and 
higher values during the other months. This is because δ13CDIC values 
typically increase over spring and summer at shallow depths due to the 
preferential uptake of 12C by photosynthesizers, and then progressively 
decrease over the rest of the year, as a result of respiratory return of 
isotopically light carbon to the DIC pool and low photosynthetic uptake 
(Lorrain et al., 2004). Thus, a supra-thermocline bivalve inheriting its 
shell carbon from DIC would show a pattern of seasonal variation in 
δ13Cshell values opposite to that in δ18Oshell. By contrast, a sub- 
thermocline bivalve might be expected to show parallel variation of 
δ13Cshell and δ18Oshell values because DIC with a high 13C content would 
only be available following the autumn breakdown of stratification and 
mixing down of surface waters (Johnson et al., 2021a). The interpreta
tion that PJ2 lived at a greater depth compared to the other specimens is 
supported by the higher δ18O values registered by its shell, which 
translate into lower water temperatures (Figs. 7, 8d). Such a discrepancy 
in water depth can be explained by time-averaging, which can condense 
in the same horizon fossils that lived at slightly different depths. In fact, 
fossiliferous levels in nearshore and shelf settings commonly form by the 
accumulation of shells over thousands to tens of thousands of years, an 
interval of time in which relative sea level can fluctuate (Flessa and 
Kowalewski, 1994; Kidwell, 1997). Presence, in the same outcrop, of 
shells that lived at different times and depth is supported by sedimen
tological evidence at the studied outcrop that points to a shoreface 
setting characterized by sediment starvation and condensation, with 
finer grained interbedding indicating short-term rises of fair-weather 
wave base (see Martini and Aldinucci, 2017). In contrast to PJ2, GL1, 
GL2, and PJ1 show the typical behaviour of supra-thermocline bivalves, 
with high δ13Cshell values during the warmer months, and low δ13Cshell 
values in winter (Figs. 3, 4). The same antiphase ontogenetic profiles can 
be observed in some modern P. jacobaeus shells collected from 25 and 
30 m water depth (Peharda et al., 2019: Fig. 5).

Finally, although PJ3 shows a seasonal variation in δ18Oshell values 
that covaries with the shape of micro-growth increment widths, it also 
shows a positive correlation between δ13Cshell and δ18Oshell values 
(Figs. 4, S10). Furthermore, the δ13Cshell and δ18Oshell values of PJ3 are 
lower compared to the other specimens, especially δ13Cshell (Fig. 7). 
Depletion in δ13Cshell is not rare and it is usually linked to metabolic 
sources through the introduction and incorporation of respiratory CO2 
into the shell (Owen et al., 2002b; Immenhauser et al., 2016). Also, 
changing relationships between δ13Cshell and δ18Oshell values in coeval 
specimens from the same habitat, both in modern and fossil examples, 
are often observed, and interpreted as reflecting biological controls on 
the incorporation of carbon isotopes into the shell (Lorrain et al., 2004; 
Peharda et al., 2019; Johnson et al., 2017).

5.2. Daily growth and growth rates of Pliocene G. latissimus and P. 
jacobaeus

While prominent growth lines are mostly associated with annual 
growth cycles, many subtidal bivalves form micro-growth increments 
daily (see Louis et al., 2022 for a review). However, this is not a rule. 
Concerning Pecitindae, some studies found a daily periodicity in the 
formation of striae (Clark II, 2005; Chauvaud et al., 1998, 2005), but 
others didn't. For instance, Owen et al. (2002a) showed that P. maximus 
formed daily striae only during the summer, the season that also coin
cided with the time during which the broadest micro-growth increments 
were formed, while striae production was less than one per day (down to 
<0.1 striae per day) during the rest of the year. A similar pattern was 
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observed for the species Chlamys opercularis, which formed daily micro- 
growth increments only when environmental conditions were favour
able for growth, that is, during the summer (Broom and Mason, 1978). 
On top of that, the number of striae formed in one year is usually <365, 
also because bivalves can experience summer or winter cessation, or 
both (see Killam and Clapham, 2018), and the duration of the growing 
season decreases with age (Schöne and Surge, 2012), the very reason 
why it is important to compare specimens from the same ontogenetic 
stage, as we did. Table 1 shows clearly that the number of micro-growth 
increments counted in each annual cycle (identified by the presence of 
prominent growth lines and δ18Oshell minima) of both G. latissimus and 
P. jacobaeus is far <365. To tentatively compare the growth rates of the 
two species we focused on the central part of each annual growth cycle, 
where the broadest micro-growth increments (wider than the average 
size in each cycle; Table 1) are formed, which have the highest proba
bility of being formed daily according to the literature on modern 
specimens (e.g. Broom and Mason, 1978; Owen et al., 2002a). To esti
mate growth rate we selected only those micro-growth increments that 
occur in the central part of annual cycles, most of which are wider than 
the average micro-growth increment value of each annual cycle 
(Table S3). We used this approach only on available complete annual 
cycles for each specimen, which are year 2 and year 3 in GL1, year 2 in 
GL2 (Fig. 3), year 3 in PJ1 and year 2? In PJ3 (Fig. 4). By dividing the 
width of this interval of the shell by the number of observed striae, we 
estimate that G. latissimus grew around two times faster than P. jacobaeus 
(GL1 year 1: 508 μm/“day”; GL2 year 2: 648 μm/“day”; GL1 year 3: 527 
μm/“day”; PJ1 year 3: 346 μm/“day”; PJ1 year2?: 299 μm/“day”), at 
least during the time of the year of formation of the widest micro-growth 
increments that coincides with low temperatures. We are aware that this 
is a partial estimate of growth rates, and that the two species could have 
had very different growth patterns when forming narrower micro- 
growth increments.

5.3. Extinction and survival at the demise of tropical marine conditions in 
the Mediterranean Sea

The available data, albeit derived from a few specimens that might 
not be representative of the entire variability of the species' adaptations, 
show that the growth strategies of G. latissimus and P. jacobaeus (for 
those specimens that lived above the thermocline) are typical of bivalves 
of subtropical affinity, as summer growth slow down and cessation 
typically occurs in modern bivalves that live between 15◦- and 30◦

latitude (e.g. Ansell, 1968; Chauvaud et al., 1998; Hall et al., 1974; 
Tanabe and Oba, 1988; see Killam and Clapham, 2018 for a review). The 
Mediterranean Sea is located between 30◦ and 46◦ latitude, which is at 
the northern edge of such a latitudinal distribution. However, during 
most of the Pliocene, global climate was warmer than today (Salzmann 
et al., 2011, see also next paragraph), and the Mediterranean area was 
characterized by tropical-subtropical conditions (Suc et al., 2018).

In the late Zanclean-Piacenzian, the time interval of our studied 
specimens, average sea surface temperatures (SSTs) were warmer than 
today. This includes an interval of prolonged warmth, the mid- 
Piacenzian Warm Period (3.3–3.0 Ma; Dowsett et al., 2013), when 
mean SST was 1.8–3.6 ◦C higher than today (Haywood et al., 2020). 
According to some authors, tropical conditions extended south from the 
Peninsula of Setubal in southern Portugal (about 40◦ N) to the Canary 
(Raffi and Marasti, 1985; Monegatti and Raffi, 2001); according to 
others, tropical conditions extended to south of Cape Verde (Silva, da C. 
M., Landau, B., 2007; Ávila et al., 2016). In both scenarios, the Medi
terranean area was included in the tropical belt. Over the time interval 
between 3.0 and 2.5 Ma there was a major shift in climate system 
involving increased climate variability, gradual cooling, and the inten
sification of Northern Hemisphere Glaciation, resulting in the appear
ance of large continental ice sheets over northern Eurasia and North 
America during two phases, at 2.7 and 2.5 Ma (Mudelsee and Raymo, 
2005). In the Mediterranean basin, this interval can be regarded as a 

transitional period characterized by the emergence of a Mediterranean 
seasonal rhythm with summer drought and cooler winters, under more 
temperate conditions (Suc et al., 2018); the largest drop in SST was 
observed at c. 2.5 Ma (Herbert et al., 2015). Tropical conditions shrank 
in latitudinal extent to south of the Canary Islands, leaving a warm- 
temperate climate in the Mediterranean Sea. The onset of the cold Ca
nary Current in the Atlantic, along the African coast, hindered the 
migration of species towards lower and warmer latitudes (Meco et al., 
2020). This climate transition coincided with the extirpation from the 
Mediterranean Sea, or the global extinction, of many warm-adapted 
Pliocene species, including G. latissimus (Raffi and Marasti, 1985; 
Monegatti and Raffi, 2001; Danise and Dominici, 2023). Although 
P. jacobaeus was restricted to the Mediterranean Sea (only rare occur
rences are found just outside Gibraltar: Rico-García, 2008) and had less 
probability of survival compared to eurythermal species living also in 
the North Atlantic and the North Sea (see Raffi and Marasti, 1985; 
Danise and Dominici, 2023), it survived climate and environmental 
change to the present. Raffi and Marasti (1985), hypothesised that the 
duration of summer temperatures necessary for reproduction was 
probably a key factor in controlling the extinction or survival of species 
at the Plio-Pleistocene transition.

Thermal stress is usually the main trigger of summer slowdown (or 
even cessation) of growth in bivalves that live under subtropical con
ditions, as they may not be able to adapt to the warmest temperatures 
(Killam and Clapham, 2018, and references therein). Even if there are no 
direct estimates of peak temperatures for the Mediterranean Pliocene, 
estimates based on the modern climate off the West African coast south 
of latitude 20–22◦ N, where a few Mediterranean Pliocene tropical 
survivors are found, suggest that mean monthly SSTs were probably 
over 24–25 ◦C for at least five to six months of the year (Monegatti and 
Raffi, 2001). Although the two investigated species had the same 
growth-adaptation to tropical-subtropical temperature, climate- 
environmental changes at the Plio-Pleistocene transition affected them 
in opposite ways, as one survived climate cooling while the other went 
extinct. Below we present some hypotheses that might explain such 
differential extinction.

The time of the year dedicated to spawning, and therefore the tem
perature at which it occurs, varies among species and strongly affects 
species survival (Vazquez et al., 2021). Field studies have suggested that 
a minimum threshold temperature or critical temperature range is 
necessary for spawning to occur in bivalves. The temperature that ini
tiates spawning depends on acclimation history and can occur either 
with both increasing and decreasing temperatures (Barber and Blake, 
2016). It has also been demonstrated that under increased thermal 
stress, bivalves may allocate energy away from growth and reproduction 
towards costly physiological defences to survive, and fecundity loss is 
one of the most likely consequences of that scenario (Petes et al., 2008) 
with, as an ultimate consequence, the decline or local extinction of 
populations (Parmesan, 2006). Different species of Pectinidae, like all 
marine bivalves, exhibit variation in gametogenic cycles. Gametogenesis 
can occur on an annual, semi-annual, or more continuous basis, when 
spawning takes place throughout the year (Barber and Blake, 2016). The 
few studies made on modern P. jacobaeus indicate that this species can 
spawn up to three times a year, in the spring, in the late summer/fall and 
in the winter (Castagnolo, 1991; Topić Popović et al., 2020; Ezgeta-Balić 
et al., 2022). Increased gametogenesis, shown by high values of the 
gonadosomatic index (GSI), during the late summer/fall interval co
incides with the formation of the annual growth line, suggesting that 
P. jacobaeus transfers energy from shell growth to reproduction during 
this time of the year; by contrast, during the winter and spring, both 
growth rates and GSI values are high, indicating that P. jacobaeus has 
enough energy to sustain both shell growth and gametogenesis (Ezgeta- 
Balić et al., 2022). Although bivalves can modify their strategy of 
reproduction according to environmental conditions (e.g. at changing 
latitudes: Santos et al., 2011; Uribe et al., 2012), we hypothesize that the 
adaptation of P. jacobaeus to reproduce at different temperatures 
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through the year could have been one of the keys to its survival once sea 
water temperature decreased at the onset of the Northern Hemisphere 
glaciation. The evidence that P. jacobaeus is a eurythermal species with a 
wide bathymetric range (from 25 to 250 m; Poppe and Goto, 1993), as it 
was in the past (Danise and Dominici, 2023: Supplementary Material), 
supports the hypothesis that it can thrive and reproduce under a large 
range of temperatures.

Although G. latissimus show a similar life-habit, with summer slow
down, we observed that this species had higher growth rates compared 
to P. jacobaeus, at least when both species form broad micro-growth 
increments, which most likely formed daily (see above). Overall, bi
valves of the genus Gigantopecten with their thick and large shells, had 
higher growth rates compared to most Pectinidae (Bongrain, 1988). In 
scallops, like in other ectotherms, metabolic rate is linearly correlated 
with temperature, as species with higher growth rates, and thus with 
higher metabolic costs, tend to live at higher temperature than species 
that have lower growth rates (Heilmayer et al., 2004). Therefore, 
G. latissimus might have had a narrower thermal range, and lower 
acclimatization potential compared to P. jacobaeus (see Pörtner et al., 
2006). As there are no well-defined methods to distinguish with cer
tainty, in the fossil record, spawning breaks on bivalve shells from 
breaks related to abiotic factors, it is difficult to infer the strategy of 
reproduction of G. latissimus, and how this could have impacted its 
survival. However, in some modern, tropical, large Pectinidae with 
summer growth-cessation (e.g. Nodipecten subnodosus, the largest trop
ical scallop), gametogenesis occurs in parallel with temperature rise, 
increasing towards the end of the summer, with spawning in the fall 
(Arellano-Martínez et al., 2011). If G. latissimus had a similar strategy, 
we can hypothesize that a decrease in summer temperature after 3.0 Ma 
might have inhibited gametogenesis, hampered its reproduction po
tential, and contributed to its extinction. Temperature might have also 
been an indirect driver of the extinction of G. latissimus. The Gigan
topecten lineage diverged from the genus Pecten during the Early 
Miocene (Aquitanian-lower Burdigalian) or earlier (Bongrain, 1988). It 
developed gigantism to adapt to high-energy organogenic carbonate 
platforms that flourished during warm intervals of sea-level high stand 
(Bongrain, 1988). Large and thick shells, and several morphological 
characters (i.e., higher convexity of the left valves, nodes close to the 
umbo, low number of radial ribs), limit the movement of the shells under 
strong bottom currents and help to avoid burial (Bongrain, 1988). 
G. latissimus is the last known species of the genus, flourishing up to the 
mid-Piacenzian Warm Period (Dominici et al., 2020). The deterioration 
of climatic condition at the end of the Pliocene caused the reduction of 
shelf seas due to sea level fall and a massive decrease of organogenic 
substrates (Nalin et al., 2016; Cau et al., 2019). Such habitat loss and 
fragmentation could have also contributed to the extinction of the spe
cies (Bongrain, 1988; Danise and Dominici, 2023; Dominici and Danise, 
2023). On top of this, whereas warm tropical surface waters are super
saturated with calcium carbonate and facilitate the production of thick 
shells, carbonate saturation decreases at lower seawater temperature, 
reducing the efficiency of shell formation (Watson et al., 2012).

Extinction of large, fast-growing bivalves during the Pliocene is not 
only documented from the Mediterranean Sea, but also from the 
Caribbean Sea (genus Crassostrea) and the western Atlantic coast (Pec
tinidae of the genera Chesapecten and Carolinapecten). Change in ocean 
circulation and planktonic productivity because of constriction and final 
closure of the Central American seaway has been invoked for the 
extinction of the giant oysters from the Caribbean Sea (Kirby and 
Jackson, 2004). We cannot exclude that, besides temperature, a change 
in primary productivity could have also impacted populations of 
G. latissimus, considering that is might have had high metabolic re
quirements. For instance, palaeogeographic and palaeoecological evi
dence suggest that nutrient-rich waters sustained during the Pliocene a 
high biomass of primary producers and a community of apex consumers 
and mesopredators, with a species-richness of cetaceans higher than the 
modern and a more complex trophic structure (Dominici et al., 2018). 

Such diversity is not documented during the Pleistocene (Dominici et al., 
2020) and could be linked to a drop in primary production. The 
extinction of large western Atlantic scallops might have been also caused 
by the combined impact of declines in primary production and winter 
temperature, as the lower growth rate associated with these changes 
would have increased mortality through predation by preventing rapid 
achievement of the refuge offered by large size, causing a progressive 
reduction in overall population size (Johnson et al., 2019, 2021b). 
Analysis of the size of G. latissimus populations close to the timing of 
extinction, combined with an analysis of the evidence of predation (e.g. 
drill holes), might help in testing the possible role of increased predation 
pressure on its extinction.

5.4. Seawater palaeotemperature estimates

Limitations of our temperature reconstructions are mainly due to the 
uncertain estimate of δ18Osw values when our specimens formed their 
shells. For this reason, we chose a wide range (0.9–1.5 ‰), the lower 
estimate being the value previously applied for palaeotemperature re
constructions on a late Zanclean-early Piacenzian bivalve from the 
Siena-Radicofani Basin (Ragaini et al., 2019), the higher estimate being 
the value obtained from numerical models of Mediterranean Sea 
seawater during the mid-Piacenzian Warm Period (Tindall and Hay
wood, 2015; see also Material and Methods). We also assumed that 
δ18Osw values remained constant throughout the sampled seasons.

Ragaini et al. (2019) analysed through sclerochronology a valve of 
the infaunal venerid bivalve Pelecyora gigas from the same sedimentary 
basin of our specimens, and from a similar inner subtidal setting with a 
sandy bottom. Applying a δ18Osw value of 0.9 ‰ to the equation of 
Grossman and Ku (1986) for aragonite bivalves, an average temperature 
of 23 ◦C was obtained by Ragaini et al. (2019), with warm peaks up to 
26–27 ◦C and cold temperatures down to 19–20 ◦C. For the same value 
of δ18Osw, our minimum temperatures are substantially lower than those 
from P. gigas (minima of 14 ◦C), whereas our maximum temperatures are 
about the same (maxima up to 26 ◦C). Higher winter minima registered 
by P. gigas might be explained by winter-growth cessation for this extinct 
species, but more information on its growth pattern is needed to prove 
this hypothesis.

Additional estimates of the temperature of Pliocene Mediterranean 
Sea water come from other temperature proxies, especially from alke
nones, organic molecules produced by coccolithophores, which allow 
reconstruction of SST in open ocean hemipelagic settings. Data from 
southern Italy indicate average SST of 25.5 ◦C between 3.5 and 2.6 Ma, 
with maximum values of 27–28 ◦C and minimum values down to 23.7 ◦C 
(Herbert et al., 2015; Beltran et al., 2021). Using a δ18Osw value of 1.5‰, 
our estimate of summer temperature is close to that derived from alke
nones, but our minimum temperatures are substantially lower, with 
minima down to 17 ◦C and first percentile values down to 18–20 ◦C 
(Figs. 6, 7; excluding PJ2, which gives even colder estimates, see above). 
If, as recently shown, alkenone records are biased towards mean sum
mer temperatures (Bova et al., 2021), our temperature estimate using 
the 1.5‰ value of δ18Osw seems to be the more reliable, as summer 
temperatures coincide using the two methods.

Help in interpreting our data comes from modern seasonal temper
atures recorded in the Tyrrhenian Sea and in West Africa. Seasonal SSTs 
in the Tyrrhenian Sea for the years 1960–2017, reported in the ICOADS 
dataset, typically range between minimum values around 14 ◦C and 
maximum values of 26 ◦C, with peaks up to 27 ◦C (SNPA, 2018). Mea
surements near the Elba Island (northern Tyrrhenian Sea) in the years 
2019–2022, include constant minimum winter temperatures of 14 ◦C at 
5–25 m depth, and maximum summer temperatures that exceed 27 ◦C at 
5 m depth and decrease 1 ◦C with every 5 m increase in depth (to 25 ◦C 
at 15 m, to 24 ◦C at 20 m, and to 23 ◦C at 25 m). Winter temperatures are 
thus constant through the depth gradient, while summer temperatures 
sharply decrease with depth (Azzola and Montefalcone, 2023). In 
Senegal, on the tropical western African coast, where a few 
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Mediterranean Pliocene tropical species still survive (Monegatti and 
Raffi, 2001), SST is instead 18–22 ◦C in the winter and 26.8–29.6 ◦C 
during summer (Huang et al., 2017). If, during the Pliocene interval here 
under study, climate conditions were comparable to those of West Af
rica, temperature estimates for a δ18Osw value of 1.5 ‰ would be again 
the most accurate, with minimum temperature of 16–17 ◦C, and 
maximum temperature of 28 ◦C or slightly higher (Fig. 7d, 8).

To avoid circular reasoning, additional proxies are needed to obtain 
temperature estimates with less uncertainty. For instance, experimental 
studies on modern species, like P. jacobaeus, combining δ18O analyses 

with another independent palaeotemperature proxy from the same 
carbonate biomineral archive (e.g. Mg/Ca), could help to circumvent the 
main source of uncertainty in interpreting δ18O palaeo-records: the 
value of δ18Osw. This method, already successfully used for many other 
bivalves, including Pecten maximus, needs specific constraints as the 
equations are species-specific (Freitas et al., 2012). Alternatively, reli
able temperature estimates could be obtained by combining clumped 
isotope (Δ47) with δ18O values, as recently done for Pliocene bivalves 
from the North Sea (Wichern et al., 2023). Such approaches would give 
not only more reliable reconstructions of past seasonal temperatures but 
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would also shed light on the adaptation and plasticity of species, like 
Pecten jacobaeus, thriving under different climate regimes. For instance, 
modern P. jacobaeus in the Adriatic Sea sharply decreases its growth 
during summer at temperatures higher than 20 ◦C, and its shell does not 
record temperatures higher than 22 ◦C (Ezgeta-Balić et al., 2022), while 
during the Pliocene it could withstand higher temperatures. This pro
vides a perspective on whether populations will be able to adapt to 
future warming (e.g. Parmesan, 2006), although other evidence suggests 
that the scope for rapid adjustment to adjust the individual energy 
budget to changing temperature is rather limited for scallops (Heilmayer 
et al., 2004). Models of the future distribution of Mediterranean Sea 
endemic species, including P. jacobaeus, predict substantial range con
tractions and fragmentation, leading to complete extinction by end- 
century of most endemic species, given the fast rate of global change 
(Gallagher and Albano, 2023).

6. Conclusions

In this study we applied a sclerochronological approach to compare 
the growth patterns of two species from the Pliocene of the Mediterra
nean Sea, the extinct Gigantopecten latissimus and the extant Pecten 
jacobaeus. Our aim was to investigate whether such an approach would 
help in better understanding the causes of the extinction of the former 
and the survival of the latter due to climate and other environmental 
changes linked to the onset of the Northern Hemisphere Glaciation. We 
then used seasonally constrained oxygen isotope values from the shells 

to estimate absolute palaeotemperatures for the Tyrrhenian Sea during 
the late Zanclean-Piacenzian.

Our dataset is small, and analysing a larger number of specimens 
would have allowed a more robust reconstruction of the life-habit of the 
studied species, given that environmental and climate conditions in
fluence shell growth, and that the latter vary on inter-annual and 
decadal time-scales. From the data available so far, we can conclude 
that, for those specimens that lived above the thermocline and were 
influenced by surface waters, the two species had very similar seasonal 
growth patterns, characterized by summer slowdown, with a brief 
shutdown, often not at the temperature peak. Such behaviour is typical 
of subtropical species that decrease their growth around summer tem
perature maxima because of thermal stress. We also estimated that 
G. latissimus had higher growth rates compared to P. jacobaeus (at least 
during the colder months, when micro-growth increments possibly 
formed daily). This could have implied higher metabolic costs and 
possibly narrower thermal limits for G. latissimus. We hypothesised that 
higher costs might have been no longer sustainable under a colder 
climate regime and could have contributed to its extinction. Further 
analyses, with a higher number of specimens and longer time-series of 
δ18Oshell δ13Cshell values, will help testing this hypothesis. A second 
driver to consider, when advancing hypotheses to explain the extinction 
of G. latissimus and the survival of P. jacobaeus, is the strategy of 
reproduction, in terms of timing of spawning, usually strongly influ
enced by temperature in bivalves. Modern P. jacobaeus shows a high 
versatility in reproduction, as it can spawn up to three times a year, 

Fig. 8. Micro-growth increment widths and palaeotemperature estimates for δ18Osw of 0.9‰ and δ18Osw of 1.5‰ for G. latissimus (a: GL1; b: GL2) and P. jacobaeus (c: 
PJ1; d: PJ2; e: PJ3). Dark-grey vertical bars indicate visible annual growth lines on the surface of the shell.
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during different seasons. Possibly G. latissimus had a more specialised 
adaptation (i.e., spawning only once per year when temperature reached 
its maximum values), like some modern pectinids from tropical waters, 
characterized by a similarly very large size. This cannot be verified 
because it was not possible in this study to distinguish spawning breaks 
from breaks linked to abiotic factors in fossil shells. Climate change 
might have also played an indirect role in the extinction of G. latissimus 
in the form of habitat loss and fragmentation due to the reduction of 
shelf seas resulting from sea level fall, a massive decrease of organogenic 
substrates, and the onset of the cold Canary Current on the western 
African coast, interrupting the connection with southern tropical areas.

Comparison of fossil and recent P. jacobaeus from the Mediterranean 
Sea indicates that Pliocene specimens lived and reproduced under 
warmer conditions, and this opens the question on the potential adap
tation of modern populations of P. jacobaeus to future warming 
scenarios.

Temperature estimates from fossil shells indicate a Pliocene climate 
in the Mediterranean Sea with winter minima down to 18 ◦C and sum
mer maxima up to 29 ◦C, when applying a δ18Osw value of 1.5‰; this 
temperature regime is comparable to that of the west Africa tropical 
belt. However, integrated sclerochronological analysis of modern and 
fossil specimens, combining different geochemical proxies (i.e., δ18O, 
Mg/Ca, Δ47), would allow the production of more reliable re
constructions of past seasonal temperatures.

Funding

Italian Ministry for University and Research, Grant Programma per 
Giovani Ricercatori “Rita Levi Montalcini” to S. Danise.

CRediT authorship contribution statement

Silvia Danise: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Funding acquisition, Formal analysis, 
Conceptualization. Giada Giachetti: Writing – review & editing, 
Writing – original draft, Investigation, Formal analysis. Ilaria Baneschi: 
Writing – review & editing, Writing – original draft, Resources, Inves
tigation, Formal analysis, Conceptualization. Martina Casalini: Writing 
– review & editing, Writing – original draft, Resources, Investigation, 
Formal analysis. Francesco Miniati: Writing – review & editing, 
Writing – original draft, Methodology, Investigation, Formal analysis. 
Stefano Dominici: Writing – review & editing, Writing – original draft, 
Data curation. Chiara Boschi: Writing – review & editing, Writing – 
original draft, Resources, Investigation, Formal analysis, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Al used data are available in the Supplementary Material

Acknowledgments

The authors thank M. Ghinassi for providing the location of origin of 
the specimens. Thanks to J. McArthur for providing the up-to-date 
LOESS look-up table of values of 87Sr/86Sr for dating our samples, and 
to M. Belvedere for the helpful discussions. We are also thankful to three 
anonymous reviewers for their detailed and insightful suggestions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2024.112429.

References
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