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ABSTRACT 

Understanding the transformations of the climate system may help to predict and reduce 

the effects of global climate change. The geological record provides a unique archive that 

documents the long-term fluctuations of environmental variables, such as seasonal change. Here, 

we investigate how seasonal variation in seawater temperatures varied in the Mediterranean Sea 

during the early Pleistocene, approaching the Early-Middle Pleistocene Transition (EMPT) and 

the beginning of precession-driven Quaternary-style glacial-interglacial cycles. We performed 

whole-shell and sclerochemical stable isotope analyses (δ18O, δ13C) on bivalves, collected from 
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the lower Pleistocene Arda River marine succession (northern Italy), after checking shell 

preservation. Our results indicate that seawater temperature seasonality was the main variable of 

climate change in the Mediterranean area during the early Pleistocene, with the Northern 

Hemisphere Glaciation (NHG) exerting a control on the Mediterranean climate. We show that 

strong seasonality (14.4–16.0 °C range) and low winter paleotemperatures (0.8–1.6 °C) were 

likely the triggers leading to the establishment of widespread populations of so called “northern 

guests” (i.e., cold water taxa) in the Mediterranean Sea around 1.80 Ma. The shells postdating 

the arrival of the “northern guests” record a return to lower seasonal variations and higher 

seawater paleotemperatures, with seasonality increasing again approaching the EMPT; the latter, 

however, is not associated with a corresponding cooling of mean seawater paleotemperatures, 

showing that the observed seasonality variation represents a clear signal of progressive climate 

change in the Mediterranean Sea. 

 

1. Introduction  

In order to understand climate change and to predict and potentially reduce its impending effects, 

it is important to estimate the long-term natural variability of certain environmental variables 

(e.g., albedo, ice cover, ocean acidification, seawater temperature and seasonality) in the recent 

and distant past. The geological record provides a unique opportunity to document and scrutinize 

the effects of environmental variables on climate and ecosystem behaviors, including seasonal 

change. 

Seasonality is a fundamental component of the climate system and has a strong influence on 

biotic distribution and evolution, in particular on human societies (Hansen et al., 2011). Hominid 

evolution was controlled by seasonality (Foley in Ulijaszek and Strickland, 1993). Resolving 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

seasonality during periods of climate change in the geological past has important implications for 

predicting and understanding the transformations which will affect human society in the future. 

Few studies have addressed the question of how seasonality varied during global climate change. 

During the Eocene–Oligocene greenhouse to icehouse transition, an increase in seasonality with 

constant mean paleotemperatures, was recorded by the isotope composition of fish otoliths 

(Ivany et al., 2000) and by spore and pollen assemblages (Eldrett et al., 2009). Denton et al. 

(2005) and Ferguson et al. (2011) showed that extreme seasonality occurred during the last 

glaciations and into the Holocene, respectively analyzing ice-core oxygen isotopes and limpet 

shells geochemistry. Recently, Hennissen et al. (2015), analyzed planktonic foraminifera 

paleotemperature records across the Neogene–Quaternary boundary (2.78–2.52 Ma) and 

observed an increase in seasonality with relatively stable summer paleotemperatures and with 

seasonality peaking during glacial intervals. 

Here, we investigate how seasonality in Mediterranean seawater temperatures varied during the 

early Pleistocene (2.58–0.78 Ma; ICS, 2015), an interval characterized by climatic oscillations 

related to glacial/interglacial cycles. These climatic oscillations caused several cooling events, 

producing an increase in the ice cap thickness and significant sea level drops (e.g., Clark et al., 

2006; Sosdian and Rosenthal, 2009; Elderfield et al., 2012). The beginning and end of this time 

interval coincide with two important climatic events: the intensification of the Northern 

Hemisphere Glaciation (NHG) ~2.6 Ma ago (Sosdian and Rosenthal, 2009) and the Early-Middle 

Pleistocene Transition (EMPT, 1.4–0.4 Ma; Head and Gibbard, 2015), which marks the onset of 

precession-driven Quaternary-style glacial-interglacial cycles (e.g., Clark et al., 2006; Ehlers and 

Gibbard, 2007; Sarnthein et al., 2009; Elderfield et al., 2012; Head and Gibbard, 2015). 
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The Mediterranean area was affected by early Pleistocene climatic changes both in marine and 

continental settings (e.g., Bertini, 2010; Fusco, 2010; Combourieu-Nebout et al., 2015). In the 

marine environment important biotic events are represented by the disappearance of warm water 

taxa and by the occurrence of “northern guests”, i.e. organisms such as the bivalve Arctica 

islandica and the foraminifera Hyalinea balthica and Neogloboquadrina pachyderma left-

coiling, which lived and are living nowadays at higher northern latitudes and migrated into the 

Mediterranean Sea through the Strait of Gibraltar as a consequence of the cooling beginning in 

the Calabrian (Suess, 1883–1888; Raffi, 1986; Martínez-García et al., 2015). The first 

occurrence of “northern guests” in the Mediterranean Sea at ∼1.806 Ma has an historical 

importance; it was used for the definition of the Pliocene–Pleistocene boundary (Aguirre and 

Pasini, 1985) at the former Global Stratotype Section and Point (GSSP) at Vrica (Calabria, Italy). 

The Pliocene–Pleistocene boundary has now been revised and lowered to 2.58 Ma at the base of 

the Gelasian Stage (e.g., Gibbard et al., 2010; ICS, 2015). 

The Arda River marine succession, cropping out in northern Italy, continuously covers the early 

Pleistocene and is rich in macrofossils, representing an ideal setting to study how seawater 

temperature seasonality varied using the isotope composition of fossil bivalve shells. Bivalve 

shells are excellent archives of proxies which can be used to track past oceanic conditions (e.g., 

O'Neil et al., 1969; Schöne and Surge, 2012; Brocas et al., 2013) because they record the primary 

isotope composition of the seawater in which they lived with no vital effect (Hickson et al., 

1999; Royer et al., 2013; Schöne, 2013). Also, they grow episodically rather than continuously 

and major growth lines or bands form due to seasonal perturbations, providing a tool to resolve 

annual variations (e.g., Ivany and Runnegar, 2010; Schöne and Surge, 2012).  
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To evaluate temperature seasonality in the Pleistocene Mediterranean we use a multidisciplinary 

approach based on sedimentology, isotope sclerochemistry (δ18Osh, δ
13Csh) - “a sub-discipline of 

sclerochronology used to describe solely geochemical studies of the accretionary skeletal parts of 

fossil organisms” (Gröcke and Gillikin, 2008, p. 266) - and stable isotope composition of whole 

bivalve shells (δ18Owh). This gives us the opportunity to analyze not only mean seawater 

paleotemperature/salinity changes, but also to explore how the seasonal seawater 

paleotemperature/salinity variations evolved through key intervals during the early Pleistocene. 

 

2. Geological setting  

The 237 m-thick Arda River marine succession belongs to the upper part of the Castell’Arquato 

Formation (Calabrese and Di Dio, 2009), which crops out in northern Italy along the Arda River 

at Castell’Arquato (Western Emilia) (Fig. 1). It comprises sandstones, siltstones and mudstones 

deposited in the Paleo-Adriatic in a tectonically active setting during phases of advance of fan 

deltas. It shows a general regressive trend punctuated by lower order transgressive and regressive 

cycles with shifts from infralittoral to shallow circalittoral environments, at water depths 

between 5 and 50 m. The base of the section is cut by a fault, causing the repetition of the first 37 

m of the succession (base at 44°51’18.52’’N; 9°52’26.7’’E); the succession described here 

begins stratigraphically above the fault (Fig. 2E). The succession is bounded at the top by 

continental conglomerates that indicate a major sea level drop and the establishment of a 

continental environment with vertebrate faunas and freshwater mollusks, which is typical of 

Western Emilian Pliocene–Pleistocene successions (Cigala Fulgosi, 1976; Pelosio and Raffi, 

1977; Ciangherotti et al., 1997). 
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The changes in both grain size and depositional environments have been taken as an indication 

of increased sedimentary input due to high uplift and erosion rates in the Apennines (Amorosi et 

al., 1996; Argnani et al., 2003), and indicate that the tectonic evolution between early and Middle 

Pleistocene of the northern Apennines was dominated by vertical motions (Argnani et al., 1997). 

Additional evidence in support of the increased Pleistocene uplift and erosion rates comes from 

estimates of sedimentation rates for the Po Plain basin infilling (Bartolini et al., 1996), which for 

the Middle Pleistocene are almost double the rates for the Pliocene (Argnani et al., 2003). 

2.1. Age of the section: Calcareous nannofossil and foraminifera bio-chronostratigraphy 

Based on original data on calcareous nannofossil and foraminifera biostratigraphy, here shown 

for the first time, the succession is assigned to the Calabrian Stage (early Pleistocene) ranging 

from ~1.8 to 1.2 Ma, as also supported by a previous study on the mollusk fauna (Crippa and 

Raineri, 2015). 

2.1.1 Calcareous nannofossils 

A total of 58 samples from the Arda section were analyzed for nannofossil biostratigraphy and 

abundance (Fig. 3; Table S1 in the Supplementary Material). The most important and common 

nannofossil taxa discussed in the paper are shown in Figure 4. Microscopic analyses were 

performed on smear slides under polarizing light, at 1250x magnification. Smear slides were 

prepared following the methodology described by Monechi and Thierstein (1985). For each 

sample, nannofossils were quantitatively characterized by counting at least 300 specimens. In 

addition, two random traverses were studied to detect rare and/or marker species. Specimen 

preservation is moderate to good throughout the entire studied interval (Table S1 in the 

Supplementary Material). 
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Calcareous nannofossil biozonations for the Cenozoic were developed by Martini (1971), Bukry 

(1973, 1975, 1978) and Okada and Bukry (1980), and were updated by Backman et al. (2012), 

who proposed the scheme used here. The identification of Gephyrocapsa specimens is based on 

the informal taxonomic concepts established by Raffi et al. (1993): “small” Gephyrocapsa refers 

to specimens <4 µm in size, “medium” Gephyrocapsa refers to specimens ≥4 µm, “large” 

Gephyrocapsa refers to specimens >5.5 µm. 

The assemblages are characterized by the presence of small placoliths (e.g., reticulofenestrids 

and gephyrocapsids <4 µm in size), Pseudoemiliania lacunosa, Calcidiscus macintyrei, 

Helicosphaera sellii and, in some intervals, by Gephyrocapsa ≥4 µm, and/or Gephyrocapsa >5.5 

µm. All these taxa are considered to be in situ (Fig. 3). In addition, reworked Cretaceous and 

Cenozoic species have been detected in relatively high abundance making up ca. 80% of the 

assemblage (Fig. 3). Specifically, the abundance of reworked Upper Cretaceous species is 

constant throughout the section (20%), while Lower Cretaceous species become more abundant 

(up to 5%) in the upper part of the section from 135 m. Reworked Cenozoic species are present 

throughout the section with an average of 24%. The presence of reworked species in the 

assemblages was likely supplied by the erosion of the Apennine chain to the Pleistocene Paleo-

Adriatic basin. 

 

The nannofossil events (First Occurrences - FOs, and Last Occurrences - LOs) recognized in the 

Arda section, allowed the identification of some of the biozones defined by Backman et al. 

(2012) and, consequently, the age determination of the studied part of the section (Figs. 2D, 3). 

Specifically, the following biozones were identified: 
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a) The interval from 37 to 111 m is assigned to Zone CNPL7 due to the presence of 

Gephyrocapsa <4 µm, and the absence of Discoaster brouweri. In this interval, the assemblage is 

also characterized by specimens of H. sellii, C. macintyrei and P. lacunosa. 

b) The interval from 111 to 230 m is assigned to Zone CNPL8 (1.71–1.25 Ma) for the presence 

of Gephyrocapsa ≥4 µm at 111 m. At 180 m, the lowest occurrence of Gephyrocapsa >5.5 µm is 

recorded (dated 1.59 Ma). These “large” Gephyrocapsa specimens are found up to 230 m where 

their LO marks the top of Zone CNPL8. 

c) The interval from 230 m to the top of the studied interval is assigned to the lower part of Zone 

CNPL9. In this interval specimens of Gephyrocapsa (<4 µm) occur concomitantly with 

relatively abundant P. lacunosa and few specimens of H. sellii. This suggests that the section 

extends into the lowermost part of Zone CNPL9 (below the LO of H. sellii and the FO of 

Reticulofenestra asanoi, dated at 1.14 Ma) and that the studied part of the Arda section is older 

than 1.14 Ma. 

2.1.2 Foraminifera 

Planktonic and benthic foraminifera were isolated from 48 samples which were soaked in tap 

water, washed under running water through >63 µm, >125 µm and >250 µm sieves and then 

dried. The washed residues contain varying amounts of quartz, mica, ostracods, mollusk and 

echinoid fragments, plant debris, iron oxides and aggregated grains. Foraminifera are common to 

abundant in all samples, with benthic forms generally occurring in greater abundance than 

planktonic forms. Residues were split into a fixed aliquot containing approximately 500–600 

specimens; samples were scanned for the presence of biostratigraphic marker species when 

necessary. 

Taxonomic concepts for species identification applied in this study follow Colalongo and Sartoni 
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(1977), AGIP (1982), Kennett and Srinivasan (1983), Iaccarino (1985), Iaccarino et al. (2007) 

and Holbourn et al. (2013). Selected species are illustrated in Figure 5. Foraminiferal biozonation 

follows Iaccarino et al. (2007) and Cita et al. (2012). 

Benthic foraminifera are abundant and preservation is generally good. Samples include 

circalittoral assemblages with increased frequency of Buliminidae, Bolivinidae and 

Cassidulinidae, and infralittoral assemblages dominated by Rotalidae, Elphididae, Astigerinidae 

and Nonionidae with intercalated lagoon-brackish species (i.e., Ammonia tepida, Elphidium 

granosum). Generally, benthic foraminiferal assemblages reflect a wide variety of environments 

controlled by sea level oscillations that range from infralittoral to circalittoral, including 

infralittoral environments characterized by high nutrient input and freshwater influence. Further 

studies are in progress to provide a detailed paleoenvironmental interpretation based on 

variations in the foraminiferal assemblages. 

Planktonic foraminifera are rare to frequent and usually small size. Preservation is generally 

good but becomes moderate to poor in the upper part of the section. The assemblages are 

generally composed of common Globigerina bulloides, Globigerinoides elongatus, 

Globigerinoides obliquus, Globigerinoides ruber, Globigerina falconensis, Turborotalita 

quinqueloba and Orbulina universa. 

Common Paleogene and Pliocene planktonic foraminiferal taxa occur throughout the section, 

indicating a strong reworking from older stratigraphic levels. Reworked planktonic foraminiferal 

taxa include Catapsydrax spp., Paragloborotalia spp., Globigerina venezuelana, 

Globorotaloides spp., Globorotalia crassaformis gr. and Globorotalia mediterranea. 

Nevertheless, we observe a reliable sequence of planktonic and benthic foraminiferal bioevents 

correlatable with the record of the Calabrian GSSP boundary stratotype of Vrica (see Cita et al., 
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2012 and references herein) as described below in stratigraphic order. 

The presence of rare specimens of Globigerina cariacoensis and of the benthic foraminifera 

Uvigerina mediterranea and Uvigerina bradyana at the base of the section (37.05 m), followed 

upward at 48 m by the lowest occurrence of the cold water adapted Neogloboquadrina 

pachyderma left-coiling, allows us to assign the Arda section to the Calabrian Stage (early 

Pleistocene) Globigerina cariacoensis Zone (Fig. 2D). Additional data are the highest 

occurrence of Globigerinoides obliquus extremus at 63 m, while the “northern guest” Hyalinea 

balthica is first recorded at 98.30 m. The presence of Bulimina elegans marginata and Bulimina 

etnea at 151 m further confirms an early Pleistocene age in agreement with data from previous 

studies in the Mediterranean area (e.g., Colalongo and Sartoni, 1979; Ragaini et al., 2006; 

Cosentino et al., 2009; Di Bella, 2010; Maiorano et al., 2010; Baldanza et al., 2011, among many 

others). 

The age of the top of the section cannot be precisely constrained owing to the absence of marker 

bioevents (e.g., temporary disappearance of N. pachyderma left-coiling, lowest occurrence of 

Truncorotalia truncatulinoides excelsa). However, based on foraminiferal biostratigraphy and 

geochronology data from the Vrica section, the age of the studied stratigraphic interval is 

between 1.78 Ma at the base and about 1.1 Ma at the top (see Cita et al., 2012; Gradstein et al., 

2012) (Fig. 2D). 

 

3. Material: The bivalve fossil archive 

The bivalves used in the present analyses belong to the species Glycymeris glycymeris (Linnaeus, 

1758), Glycymeris insubrica (Brocchi, 1814), Glycymeris inflata (Brocchi, 1814), Glycymeris 

sp., Aequipecten opercularis (Linnaeus, 1758), Aequipecten scabrella (Lamarck, 1819) and 
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Arctica islandica (Linnaeus, 1767). These species have been shown to lack vital effects which 

make them suitable for stable isotope analyses and seasonal paleotemperature reconstructions 

(e.g., Hickson et al., 1999; Schöne et al., 2005; Brocas et al., 2013; Royer et al., 2013; Schöne, 

2013; Bušelić et al., 2015). Shallow-water mollusks represent an accurate archive of 

paleoclimatic information, and have been successfully used for past climate reconstructions (e.g., 

Ivany et al. 2008; Huyghe et al., 2015), even if they can be influenced by salinity changes that 

affect δ18O and thus the estimated paleotemperatures (Huyghe et al., 2015). To accurately 

interpret the data resulting from the isotope analyses it is thus important to take into account also 

the paleoecology of the studied species, focusing especially on those variables which can affect 

the isotope signals and their consequent interpretation, such as the living depth and the tolerance 

to salinity changes. 

The species of Glycymeris identified in this study are known to be poor burrowers (Thomas, 

1976), they are often found lying on the surface of the seabed or partially buried in sediments 

(Oliver and Holmes, 2006). Glycymeris glycymeris usually inhabits coarse sand and gravel 

substrates at depths of up to 100 m in water of normal marine salinity (Royer et al., 2013), 

whereas the extinct species Glycymeris inflata probably lived in gravel-sand deposits in water of 

normal marine salinity up to 70 m depth (Raineri, 2007). Glycymeris insubrica is the shallowest 

among the Glycymeris species occurring in the Arda succession, being abundant in medium-fine 

sand or mud deposits of the infralittoral zone (from 2.5 m to 40 m depth), but also in lagoonal 

settings (Malatesta, 1974; Lozano Francisco et al., 1993; Raineri, 2007; Crnčević et al., 2013); it 

is thus well adapted to tolerate salinity fluctuations. 

The epifaunal species A. opercularis thrives in medium to fine grained sands, silts and shell 

gravels, at depth ranging from a few meters up to 180 m (Jimenez et al., 2009; Johnson et al., 
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2009), tolerating only small salinity changes and constrained to a temperature range of about 5–

24°C (Johnson et al., 2009). Less is known about the extinct taxon A. scabrella, but Jimenez et 

al. (2009) described it as a very generalist species. 

In contrast with the above mentioned species, A. islandica is the only species living outside the 

Mediterranean Sea at the present. It thrives buried in muddy, sandy and gravelly sediments on 

continental shelves on both sides of the North Atlantic in Europe and North America (e.g., 

Witbaard, 1997), at water depth from 5 to more than 500 m (Schöne, 2013) with its short siphons 

just at the sediment-water interface (Lutz et al., 1981). In general it lives in water of normal 

marine salinity and has a temperature tolerance of 0–20°C (optimum temperature 6–16°C; 

Cargnelli et al., 1999). According to Raffi (1986) the ability of A. islandica to colonize widely is 

related more to the occurrence of low winter temperatures than to low summer ones. 

 

4. Methods 

4.1. Screening tests 

The stable isotope composition of bivalve shell carbonate has been proven to be a very powerful 

tool for paleoclimatic and paleoenvironmental reconstructions (e.g., Schöne and Fiebig, 2009; 

Ivany and Runnegar, 2010; Royer et al., 2013; Beard et al., 2015). However, diagenetic 

processes may alter fossil bivalve shell isotope composition; for this reason it is important to 

check if the shell carbonate is pristine (i.e., unaltered from the time of growth). As shown by 

Brand et al. (2011) for other fossil archives, the best way of assessing the degree of alteration of 

an individual specimen is to apply as many screening tests as possible. We thus applied four 

different screening tests. 
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Scanning Electron Microscopy (SEM) (Fig. 6). We analyzed 245 fossil specimens with 

SEM. All the specimens were cut longitudinally along the axis of maximum growth 

(perpendicular to the growth lines). The obtained sections were then embedded in epoxy resin; 

every block was polished, ground-smooth and etched with 5% hydrochloric acid for 15–20 s in 

order to reveal the detail of the microstructure; finally, each block was gold-coated and studied 

with a Cambridge S-360 SEM with lanthanum hexaboride (LaB6) cathodes at the University of 

Milan. 

Cathodoluminescence (CL) (Fig. 7). To check if the shells are non-luminescent and thus 

adequately preserved (Barbin, 2000; England et al., 2006), bivalve shell sections were analyzed 

by CL at the University of Milan (Courtesy of F. Jadoul), using a Nuclide ELM2 cold cathode 

luminoscope operating at 10 kV and a beam current of 5–7 mA. Electron beam exposure (before 

taking the photo) was of the order of 15–30 s for all specimens to minimize damage to the micro-

fabric. Photographic exposure time was set to 2 s for consistency using a Nikon Coolpix 4500 

operating at 400 ISO. 

X-Ray Powder Diffraction (XRD) (Fig. S1 in the Supplementary Material). A small 

amount of powder (~0.1 g) was collected from 65 bivalve shells, from species belonging to the 

genera Glycymeris and Arctica, using a microdrill (Dremel 3000) equipped with a 300-µm 

tungsten carbide drill bit. The powders were deposited on glass sample holders and fixed with 

acetone; finally, they were qualitatively analyzed with the X-ray powder diffractometer at the 

University of Milan (Courtesy of M. Dapiaggi) and the British Geological Survey (Keyworth, 

UK). 

Feigl’s solution (Feigl, 1937) (Fig. S2 in the Supplementary Material). Several aragonite 

and calcite bivalve shells were immersed in Feigl’s solution for 30 minutes. At room 
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temperature, aragonite stains black if immersed in this solution for less than 30 minutes, whereas 

calcite remains unstained. 

4.2. Isotope analyses  

The oxygen isotope composition of shell carbonate (whole shell: δ18Owh, sclerochemistry: δ18Osh) 

was used to understand the evolution of temperature and water isotope composition (salinity and 

ice volume variations) through the succession (e.g., Epstein et al., 1953). The carbon isotope 

composition (sclerochemistry: δ
13Csh), although more complex to interpret, is thought to reflect 

paleosalinity and nutrient variations (Gillikin et al., 2006; McConnaughey and Gillikin, 2008). 

For δ18Owh, 249 fossil bivalve specimens belonging to species of Glycymeris, Aequipecten and 

Arctica (see section 3) from 141 stratigraphic intervals through the section were analyzed (Fig. 

2C; Table S2 in the Supplementary Material); one valve of each specimen was brushed under 

deionized water, dried and cut longitudinally. One half was then crushed, using an agate pestle 

and mortar to a fine powder. 

For δ18Osh and δ13Csh, ten shells of G. insubrica, G. inflata and A. islandica were collected from 

six stratigraphic horizons and analyzed (Figs. 8, 9; Tables S3, S4 in the Supplementary Material). 

Valves were sliced along the axis of maximum growth, and 5 mm-thick sections were cut from 

each specimen and mounted on glass slides; they were smoothed with 400 and 1000 grit SiC 

powder, polished with 1 µm Al2O3 powder and cleaned with deionized water. The shells were 

then sampled at high resolution (spacing <1 mm) using a microdrill (Dremel 3000) equipped 

with a 300-µm tungsten carbide drill bit. Because growth rate decreases during the lifespan of 

bivalves (e.g., Goodwin et al., 2003), shells were sampled only in the first years of growth (AGI: 

number of annual growth increment sampled per shell, see Table 1) in order to sample the 

maximum growth rate interval and avoid mixing material from closely spaced annual bands. Up 
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to 12 samples were collected in each annual growth increment of the outer layer in the 

ontogenetically youngest portions of the shells (from 14 to 54 samples per shell). 

For both whole shell and sclerochemical isotope analyses c. 50 microgrammes of carbonate were 

dissolved in 100% phosphoric acid and the oxygen and carbon isotope ratios (18O/16O and 

13C/12C) were measured using an Isoprime dual inlet mass spectrometer plus Multiprep device at 

the British Geological Survey, Keyworth (UK). Isotope values (δ18O, δ13C) are reported as per 

mil (‰) deviations of the isotope ratios (18O/16O and 13C/12C) calculated to the V-PDB scale 

using a within-run laboratory standard (KMC) calibrated against the international NBS standards 

(NBS18 and 19). Analytical reproducibility for these analyses was better than 0.1‰ for δ
18O and 

δ
13C. 

4.3 Stack correlation 

The resulting Arda whole shell oxygen curve (Fig. 2C) was compared to the global benthic 

oxygen isotope stack of Lisiecki and Raymo (2005) (LR04; Fig. 2A) and to the planktonic 

Mediterranean stack (Lourens et al., 1996; Lourens, 2004; Wang et al., 2010; Fig. 2B). The 

graphic correlation of the Arda section with the LR04 and Mediterranean stacks was made using 

the lineage routine in Analyseries 2.0 (Paillard, 1996), constraining the interval from 1810 to 

1220 ka, for a total duration of 590 ky over a depositional thickness of 200 m. Tie-points for the 

correlation were provided by nannoplankton biozonation (following Backman et al., 2012) and 

comparison to the LR04 benthic stack. Graphic correlation was attempted in areas where the 

sample density allowed the use of this technique, especially around 1600 ka. 

The Arda whole shell oxygen curve is based on both aragonite and calcite shells, whereas the 

LR04 and Mediterranean stacks are based entirely on foraminiferal calcite. Oxygen isotope 

fractionation between aragonite-water and calcite-water is controversial: some authors (e.g., 
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Tarutani et al., 1969; Böhm et al., 2000) observed that calcite is depleted in 18O relative to 

aragonite, while others studies suggested the opposite (e.g., Epstein et al., 1953; Zhou and 

Zheng, 2003). In a recent paper, Lécuyer et al. (2012), analyzing mollusk species that secrete 

both aragonite and calcite layers in their shell, noted that biogenic aragonite is 18O‐enriched by 

0.37‰ relative to coexisting biogenic calcite. However, this discrepancy was assigned to the 

difference in the acid fractionation factors between the two polymorphs digested at 90°C (Kim et 

al., 2007); therefore no oxygen fractionation is assumed between coexisting aragonite and calcite 

layers within the same mollusk shell. 

4.4 Paleotemperature equation and estimate of seasonality  

To calculate paleotemperatures from δ
18Osh, we used the modified equation of Grossman and Ku 

(1986), as reported in Schöne (2013), for species of Arctica and Glycymeris, which have an 

aragonite shell. A small modification of their equation was required because they report δ
18Osw 

values in V-SMOW – 0.27% (see footnote 1 in Dettman et al., 1999): 

Tδ18
O (°C) = 20.60 − 4.34 [ δ18Oaragonite − (δ18Osw − 0.27) ] 

where δ18Oaragonite is measured relative to the Vienna PDB scale and δ
18Osw is relative to the V-

SMOW scale. 

As there are no direct data for the δ
18O value of the seawater (δ

18Osw) in the early Pleistocene of 

the Mediterranean area, the value of δ
18Osw has been assumed for each shell in each bed of the 

succession considering its position in the Arda oxygen curve compared to the LR04 and 

Mediterranean stacks (Fig. 2A–C; Table 1). For the shells from interglacials, a δ
18Osw of  0.0‰ 

was assumed. This assumption is based on the fact that we cannot use the present (and thus 

interglacial) δ18Osw of the Mediterranean sea which is typically >+1.0‰ (Pierre, 1999), because 

evaporation rates today are higher than in the early Pleistocene, characterized by more humid 
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conditions (Fusco, 2007) and frequent fluvial runoff. For the shells from glacials, the value of 

δ
18Osw  has been assumed 0.8–1.0‰ higher than during an interglacial (following Schrag et al., 

2002). When the shell was taken at the transition between two isotope stages, an intermediate 

value of 0.5‰ was used. 

Seawater seasonality was estimated using two approaches (Table 1). First, we considered the 

larger amplitude cycle in δ18Osh (δ
18Osh max-excursion) which reflects the maximum seasonality 

recorded by each shell during the sampled interval; this was derived calculating the difference 

between the maximum (δ18Osh-max) and minimum (δ18Osh-min) oxygen isotope values of the larger 

amplitude cycle (Approach 1). Second, we averaged all defined maxima and minima from each 

annual increment in every shell (deriving values for δ18Osh mean-max and δ18Osh mean-min), in order to 

obtain the mean δ18Osh variation (δ18Osh mean-excursion) (Approach 2). For both approaches, we 

calculated the corresponding maximum (Tmax, Tmean-max) and minimum (Tmin, Tmean-min) 

paleotemperatures and temperature excursions (Tmax-excursion, Tmean-excursion) using the modified 

equation of Grossman and Ku (1986). Both the approaches are likely to be conservative 

estimates as the full winter portion of the seasonal signal may not be represented (Beard et al., 

2015). Although a potential error in absolute paleotemperature estimates based on assumed 

δ
18Osw may exist, it is independent from annual paleotemperature ranges which are 

representative of seasonality. 

 

5. Results 

Four different screening tests were performed (SEM, CL, XRD and Feigl’s solution). Overall the 

specimens used here are non-luminescent (pristine shells are usually non-luminescent, e.g., Popp 

et al., 1986; Grossman et al., 1993), their shell microstructure is exceptionally preserved 
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(showing no dissolution or recrystallization) and they comprise the original mineralogy. Rare 

specimens showed some alteration and were excluded from the analyses. We consider the 

bivalve shells analyzed to be pristine and suitable for isotope analyses (Figs. 6, 7; Figs. S1, S2 in 

the Supplementary Material). 

5.1 Whole shell analysis 

The whole shell oxygen isotope data (δ
18Owh) define a curve which shows δ

18O cyclical 

fluctuations through the Arda section (Fig. 2C; Table S2 in the Supplementary Material). The 

value of δ18Owh remains positive throughout the section (mean δ
18Owh value: +1.7‰), except in 

its upper part, where it decreases to –1.6‰. 

The bivalve record through the section is discontinuous, due to the nature of the macrofossil 

preservation; for this reason in some parts of the section we do not have enough data (as for 

example in the middle and upper part of the curve) to match the Arda whole shell oxygen isotope 

data to the marine stacks. However, there seems to be a better correlation with the LR04 stack 

rather than with the Mediterranean one, possibly because both the global and Arda curves are 

based on benthic organisms, while the Mediterranean stack is based on planktonic taxa (Fig. 2A–

C). 

5.2 Sclerochemical analysis 

Isotope sclerochemical analyses reveal fluctuations of δ18Osh that closely match growth bands, 

with generally higher values recorded at the growth line (i.e., the junction between growth 

increments). Each shell contains 4–13 cycles, which reflect the seasonal change during the first 

years of bivalve growth. 

The values of δ18Osh of Arctica islandica show a sinusoidal cyclicity, which is particularly 

pronounced in the bed of the first successfully established populations at 103.70 m (Bed 1 in Fig. 
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8; Table 1; Table S3 in the Supplementary Material). Here, the difference between the δ
18Osh-max 

and δ18Osh-min values (δ18Osh max-excursion) is 3.3–3.7‰, recording a strong seasonality (Tmax-excursion) 

of about 14.4–16.0 °C and low minimum paleotemperatures (Tmin 0.8–1.6 °C). The mean 

variation (δ18Osh mean-excursion) recorded is 2.0–2.5‰, which corresponds to a mean 

paleotemperature seasonality (Tmean-excursion) of 8.7–10.9 °C. From 174 to 224.80 m (Beds 2–4 in 

Fig. 8), δ18Osh max-excursion first is lowered to 1.2‰, then increases to reach 2.7‰ and 1.6‰ in the 

upper beds (Tmax-excursion respectively of 5.2, 11.7 and 6.9 °C). The values of δ13Csh of A. islandica 

show less variation; peaks of δ
13Csh occur in correspondence with peaks of δ

18Osh (Fig. 8; Table 

S3 in the Supplementary Material). The mean oxygen values (MTS, obtained averaging the total 

isotope values in each shell) remain rather constant through the succession [2.9‰ and 2.5‰ (bed 

1in Fig. 8), 3.0‰ (bed 2 in Fig. 8), 2.9‰ (bed 3 in Fig. 8)], except in bed at 224 m (Bed 4 in Fig. 

8) where they are rather low (1.2‰) (Table 1). 

At the base of the section, G. inflata shows low values of δ18Osh max-excursion (1.1‰) and δ18Osh 

mean-excursion (0.9‰), which correspond to low paleotemperature seasonality (Tmax-excursion: 4.7 °C; 

Tmean-excursion: 3.9 °C) (Bed 1 in Fig. 9; Table 1; Table S4 in the Supplementary Material). From 

174 m upwards specimens of G. insubrica show an increase in the cycle amplitudes, with δ
18Osh 

max-excursion increasing from 1.6 to 4.4‰, corresponding to an increase in Tmax-excursion from 6.9 °C 

to 19.1 °C (Beds 2–4 in Fig. 9; Table 1; Table S4 in the Supplementary Material). Over the same 

interval, the values of δ18Osh mean-excursion show the same trend, increasing from 1.2 to 2.6‰ 

(corresponding increase in Tmean-excursion from 5.2 to 11.2 °C). The overall decrease in δ
18Osh-min 

(from +0.5 to –4‰) and in δ18Osh mean-min (from +0.6 to –3‰) of Glycymeris shells through the 

section is coupled with the lowering of mean oxygen data (MTS from +1.0 to –2.3‰), producing 

more negative δ18Osh values and thus higher paleotemperatures at the top (Tmax up to 31.1 and 
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36.8 °C; Tmean-max up to 30.3 and 32.4 °C) (Table 1). The variation of δ13Csh is more irregular and 

lower in amplitude than that of δ
18Osh; an upward decreasing trend is observed (mean δ

13Csh from 

+2 to –0.1‰). Also, the highest peaks of δ
13Csh slightly precede or are in correspondence with 

the highest peaks of δ
18Osh (Fig. 9; Table S4 in the Supplementary Material). 

When two specimens of A. islandica and G. insubrica were sampled from the same level [174 m 

(Bed 2 in Figs. 8, 9) and 224 m (Bed 4 in Fig. 8 and Bed 3 in Fig. 9) from the base of the 

section], the latter species shows higher amplitude oxygen cyclicity (Figs. 8, 9; Table 1). At 174 

m (Bed 2 in Fig. 9) G. insubrica has δ18Osh max-excursion of 1.6‰ (Tmax-excursion of 6.9 °C) and δ18Osh 

mean-excursion of 1.2‰ (Tmean-excursion of 5.2 °C), whereas A. islandica (bed 2 in Fig. 8) has δ18Osh max-

excursion of 1.2‰ (Tmax-excursion of 5.2 °C) and δ18Osh mean-excursion of 1.0‰ (Tmean-excursion of 4.3 °C). At 

224 m G. insubrica (Bed 3 in Fig. 9) has δ18Osh max-excursion of 2.3‰ (Tmax-excursion of 10.0 °C) and 

δ
18Osh mean-excursion of 1.3‰ (Tmean-excursion of 5.7 °C), whereas A. islandica (Bed 4 in Fig. 8) has 

δ
18Osh max-excursion of 1.6‰ (Tmax-excursion of 6.9 °C) and δ18Osh mean-excursion of 1.0‰ (Tmean-excursion of 

4.3 °C). 

Finally, if we compare the values obtained averaging the total oxygen isotope values (MTS, 

Table 1) of the sclerochemical analysis in each shell with the corresponding whole shell datum 

used to build the oxygen curve, we observe a very small shift of nearly 0.5‰ between the two 

values; generally we found a higher value in the whole shell data, except for the specimens at the 

top of the section (AGC261-1, ACG261bis-1; Bed 4 in Fig. 9). This may be explained by the 

different sampling strategy used for sclerochemistry and whole shell. For whole shell analysis we 

averaged the data obtained from different taxa; furthermore we sampled the entire bivalve life 

span, where the pattern of growth may be influenced by the lower growth rates in the adulthood 

that biased the record of the warm season. Another explanation may be sought in the 
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incorporation of material from the inner shell layer - in the case of whole shell analysis -, which 

may not be in isotope equilibrium with the surrounding seawater, and thus, be responsible for 

this small difference between the two sets of data (Fig. 6 in Hickson et al., 1999). In any case, a 

shift of 0.5‰ between MTS and δ
18Owh data should not be considered significant for our results. 

 

6. Discussion 

6.1. The record of Arctica islandica: seasonality changes 

The δ18Osh of the first populations of the “northern guest” A. islandica, which were successfully 

established at 103.70 m (Bed 1 in Fig. 8), suggest that the Paleo-Adriatic was characterized by 

extreme seasonality (Tmax-excursion: 14.4–16.0 °C; Tmean-excursion: 8.7–10.9 °C) and low winter 

paleotemperatures (Tmin: 0.8–1.6 °C; Tmean-min: 4.2–6.8 °C) at this time. In fact, the observed 

pronounced δ18Osh oscillations cannot be ascribed to seasonal salinity variation, A. islandica 

being a stenohaline species. Instead, they reflect an intensification of seawater paleotemperature 

seasonality. Arda specimens of Arctica islandica were probably living below the thermocline 

(15–30 m in the northern Adriatic, Artegiani et al., 1997), where due to spring-summer water 

stratification, they were not affected by salinity changes. 

Our measured values for both seasonal variation and winter paleotemperatures are not 

comparable with those of the present day shallow northern Adriatic Sea (seasonal variation at 

20–25 m depth: 7 °C; minimum winter temperature: 9 °C; fig. 2 in Zavatarelli et al., 1998); in 

fact, the Arda shell seasonal variation is higher and winter paleotemperature lower than today for 

the specimens of A. islandica at 103.70 m where water depth was inferred to be 20–25 m. 

Therefore, the high seasonality recorded by the shells of A. islandica from this bed is mostly due 

to enhanced winter cooling, while summer temperatures remained relatively stable. 
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In the interval that postdates the arrival of “northern guests” (174–224 m, beds 2–4 in Fig. 8), A. 

islandica δ18Osh shows a slight increase in the amplitude of sinusoidal fluctuations, and thus in 

seasonality, toward the top of the section, with higher paleotemperatures and lower annual 

excursions (both δ18Osh max-excursion and δ18Osh mean-excursion, see Table 1) than at 103.70 m. 

Arctica islandica records an increase of seawater paleotemperature seasonality, although with 

different intensity and pattern along the section. In particular, the establishment of “northern 

guests” at 103.70 m represents a turning point in the evolution of the region, a cold and high 

seasonality event which triggered the recruitment, reproduction and the successful establishment 

of “northern guests” in the Mediterranean Sea around 1.80 Ma. This is also supported by the 

presence of another “northern guest”, the benthic foraminifera Hyalinea balthica, first occurring 

in the section at 98.30 m. 

The arrival of the “northern guests” into the Mediterranean Sea (Kukla et al., 1979; Rio et al. in 

Van Couvering, 1997) is coeval with a pronounced drop in the abundance of the tropical 

planktonic foraminifera Globigerinoides ruber in the Mediterranean (Thunell et al., 1991), 

indicating seawater cooling at the beginning of the Calabrian. Winter paleotemperatures recorded 

by A. islandica shells are always lower if compared to present day winter temperatures in the 

northern shallow Adriatic (~8–9°C for the northern Adriatic at comparable living depth of the 

Arda specimens; see fig. 2 in Zavatarelli et al., 1998). However, the data from the Arda 

succession do not show a general seawater cooling trend through this time interval (1.8–1.2 Ma), 

but only an increase in seasonality. The MTS values of A. islandica (Table 1) remain rather 

constant through the succession, suggesting rather uniform mean seawater temperatures. The 

only exception to this pattern is given by the low value recorded by the stratigraphically highest 

specimen of A. islandica at 224 m (+1.2‰). However, the paleoecological and sedimentological 
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analyses of this bed indicate that this specimen of A. islandica was living at shallower depths and 

thus in warmer water than the specimens collected stratigraphically below. Therefore, A. 

islandica MTS values do not show any cooling in seawater paleotemperatures in the upper part 

of the succession, as might be expected approaching the EMPT and during the intensification of 

the NHG. 

 

6.2. The record of the species of Glycymeris: temperature or salinity? 

The shell of the stenohaline species Glycymeris inflata, collected below the bed of established 

populations of A. islandica (from the base of the section to 103.70 m), records a low seasonality 

(Tmax-excursion: 4.7 °C, Tmean-excursion: 3.9 °C), which fits well with the present day seasonal 

temperature excursion in the shallow northern Adriatic Sea at 20 m water depth (plausible living 

depth below the thermocline of the specimen of G. inflata in the Arda section); this shell records 

the background paleoclimatic conditions before the successful establishment of the “northern 

guests” and the Apennine uplift, confirming the distinctiveness of the cold and high seasonality 

event at 103.70 m described above. 

The shells belonging to the other species of Glycymeris (103.70 m – top of the section), the 

euryhaline G. insubrica, document an increase in the amplitude of the sinusoidal fluctuations of 

δ
18Osh and thus an increase in seasonality from 174 m (Bed 2 in Fig. 9) toward the top of the 

section with Tmax-excursion increasing from 6.9 to 19.1 °C, and Tmean-excursion from 5.2 to 11.2 °C. 

This increase in δ18Osh max-excursion  (and also of δ18Osh mean-excursion) of G. insubrica shells parallels 

at shallower water depths (5–10 m, above the thermocline) the one recorded at greater water 

depth by A. islandica, although with a higher excursion. The different living paleodepths 

between G. insubrica and A. islandica account for the higher δ18Osh amplitude cyclicity recorded 
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by G. insubrica when the two shells occur together in the same level (174 m and 224 m). In fact, 

taphonomic data suggest that G. insubrica was probably transported from nearby shallower 

settings to deeper environments, where A. islandica was thriving. Because it originated from 

shallower water settings, it records a higher seasonal variation. The high seasonal variation 

identified, enhanced by supposedly high summer paleotemperatures (at the top of the section: 

Tmax up to 36.8 °C and Tmean-max up to 32.4 °C), may reflect the interplay of temperature and 

salinity in shaping the δ18Osh signals of G. insubrica shells, a species which tolerates well salinity 

changes (e.g., Malatesta, 1974; Lozano Francisco et al., 1993; Raineri, 2007; Crnčević et al., 

2013). Our calculated paleotemperatures are higher than the present day maximum summer 

temperatures in the shallow northern Adriatic Sea (23–24 °C at 5 m water depth, fig. 2 in 

Zavatarelli et al., 1998; depth comparable with the living depth of specimens of G. insubrica in 

the upper part of the section, from 230.80 m), suggesting that the δ18Osh record of G. insubrica 

was not only controlled by temperature. 

We note a progressive decrease in δ
18Osh-min (from +0.5 to –4.0‰) and δ18Osh mean-min (from +0.6 

to –3.0‰) values toward the upper part of the section, indicating that a paleosalinity drop may 

have played a role, producing more negative δ
18Osh in G. insubrica shells and apparently higher 

paleotemperatures, especially at the top of the section. From 230.80 m upward the occurrence of 

G. insubrica, together with only a few species tolerant of salinity variations (Crippa and Raineri, 

2015), indicates that the uppermost shallow water paleocommunities may have been more prone 

to riverine influx and, by living at shallower water depth record higher seasonal variations. 

The change in salinity was mainly due to an increase in riverine freshwater influx during the 

warmer seasons. Today, salinity decrease in the Adriatic surface waters due to riverine influx is 

more pronounced in spring and summer (Zavatarelli et al., 1998). Low δ13Csh corresponds to low 
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δ
18Osh, supporting riverine input in spring–summer, causing in turn the development of 

phytoplankton blooms in autumn–winter (Zavatarelli et al., 1998). These blooms extract more 

12C from seawater (leaving it enriched in 13C) and may explain why δ13Csh peaks slightly precede 

(Glycymeris shells), or are in correspondence with (Glycymeris and Arctica shells), δ18Osh peaks. 

A salinity change of 2 psu corresponds to a shift of ~1‰ in δ18Osw (Rohling and Bigg, 1998), 

which is equivalent to nearly 4–5°C in the temperatures calculated from the shell oxygen isotope 

composition. Today, relative salinity fluctuations in the northern Adriatic are up to 4 psu in the 

top 10 m of the water column (Zavatarelli et al., 1998), thus their effect on δ18Osw would lead to 

calculated paleotemperatures up to 8–10 °C higher than the effective ones, especially during the 

warm season. Seasonal δ
18Osw fluctuations (mostly caused by salinity) would have amplified the 

cyclicity of δ18Osh. However, even with the impact of salinity change taken into consideration, an 

increasing trend in temperature seasonality is recorded also by the species of Glycymeris, 

corresponding to that recorded by A. islandica in deeper normal salinity water. 

Therefore, the evidence suggests that the G. inflata record is controlled mainly by 

paleotemperature seasonality, as it lived in deeper water of normal salinity. The record of G. 

insubrica is partially controlled by paleotemperature, but also by paleosalinity which drops due 

to increased input of fresh water during the warmer months, especially from 230.80 m upward. 

However, the exact degree to which 18O-depleted freshwater runoff is enhancing calculated 

summer paleotemperatures and seasonal variation is currently not possible to constrain. 

In terms of MTS values, those of the shells of Glycymeris species record a trend toward lower 

values at the top of the succession (from +1.0 to –2.3‰), which may suggest warming (Table 1). 

However, we interpret this warming to be only apparent, and probably caused by the shallowing 

upward trend of the sedimentary succession, coupled with a major contribution of freshwater 
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input (causing salinity reduction) at the top of the succession; freshwater input lowers the MTS 

values recorded by the euryhaline G. insubrica specimens. This seems to be the most important 

controlling factor from 230.80 m to the top of the succession, as testified by several lines of 

evidence, in particular the increase of hyperpycnal deposits, created when a river in flood 

directly discharges a sustained and relatively more dense turbulent mixture of fresh water and 

sediments into a receiving standing body of water (Bates, 1953). The increase in terrigenous 

input caused by fluvial floods is related to an increase in the Apennine uplift and erosion 

(Bartolini et al., 1996). Increased freshwater input is also indicated by the presence of abundant 

brackish-water benthic foraminifera at the top of the succession and by the occurrence in the 

upper part of the section (from 230.80 m to the top) of only Glycymeris insubrica, a species 

which tolerates salinity variations (e.g., Malatesta, 1974; Lozano Francisco et al., 1993; Raineri, 

2007; Crnčević et al., 2013). Finally, further evidence is given by a decrease in the mean δ
13Csh 

recorded by Glycymeris shells (from +2 to –0.1‰) from the base to the top of the section; as 

fresh water is generally depleted in 13C (due to the input of 12C derived from the decomposition 

of terrestrial plants) a drop in salinity will cause a decrease in δ
13C. All these findings explain the 

MTS trend toward lower values observed from 230.80 m to the top of the succession by G. 

insubrica shells, which is not caused by warming, but by salinity reduction. Nevertheless, the 

most evident outcome is that, aside from the upper part of the section, mean paleotemperatures 

through the section do not record any cooling approaching the EMPT. 

 

6.3 Can paleoceanography offer an explanation for the observed paleobiogeographic 

pattern and seasonality change? 
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Herbert et al. (2015), using the alkenone unsaturation methodology, observed a pronounced 

cooling at 2.09–2.05 Ma in the Mediterranean Sea, followed by an abrupt onset of multiple cold 

episodes starting from ~1.84 Ma. During the Pliocene–Pleistocene, cold currents from the North 

Atlantic entered the Mediterranean Sea with annual-interannual frequency (e.g., Cacho et al., 

2000; Becker et al., 2006), causing a gradual seawater cooling. The abrupt change observed 

around 2.00–1.80 Ma in the Mediterranean may suggest that a cooling threshold was reached and 

crossed, acting as a trigger factor for the arrival of the “northern guests”. In particular, cold 

current inflows may have increased around 1.80 Ma when the sub-Arctic region underwent a 

substantial cooling and sea-ice expansion (Martínez-Garcia et al., 2010), which led to the 

formation and advection of cold waters flowing from the Northern Hemisphere seas further south 

to the North Atlantic and Mediterranean Sea (Sosdian and Rosenthal, 2009). This sub-Arctic ice 

expansion is indirectly linked to the NHG dynamics, which at this time exerted a control on 

seawater temperatures and had a far-field record in the Mediterranean. This is supported by 

previous studies, that showed that the NHG affected both continental and marine environments 

in the Mediterranean region (e.g., Becker et al., 2005, 2006; Herbert et al., 2015), thus producing 

strong feedbacks also outside the glaciated regions. 

Moreover, considering that the northern Adriatic Sea is today a site of dense and deep water 

formation (Cacho et al., 2000), cold currents from the North Atlantic and cold air incursions 

linked to the NHG could have enhanced the process. Because dense, cold and more saline water 

formation occurred during winter months, we hypothesize that the high seasonality recorded in 

the shells of A. islandica at 103.70 m (Bed 1 in Fig. 8) is mostly due to stable summer 

paleotemperatures but enhanced winter cooling, which triggered the recruitment and the 
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successful establishment of “northern guests” populations (e.g., Arctica islandica and Hyalinea 

balthica) in the Mediterranean Sea around 1.80 Ma. 

This was followed by a return to a lower seasonal variation and then by an intensification of 

seawater paleotemperature seasonality that culminates in the uppermost marine sediments at the 

top of the section, just below the transition to the continental deposits, with no record of a 

concomitant cooling in the mean seawater paleotemperatures. Rapid uplift of the Apennine chain 

after 1.80 Ma (e.g., Amorosi et al., 1996; Bartolini et al., 1996; Argnani et al., 1997, 2003; 

Dominici, 2001), may have acted as a shield for cold continental air masses coming from the 

Northern Hemisphere and entering the Mediterranean from the north and the west, producing a 

strong orographic influence on the local climate. From about 110 m upward the Arda section 

records an increase in terrigenous input and in nannofossil total abundance and composition, 

which may be indicative of ongoing tectonic activity (Figs. 2, 3; Table S1 in the Supplementary 

Material). Specifically, we observe that reworked Lower Cretaceous species show an increase in 

mean abundance at 135 m, likely deriving from the erosion of older sediments uplifted with the 

Apennine chain (Fig. 3; Table S1 in the Supplementary Material). Cold marine currents 

continued to flow into the Mediterranean Sea from the North Atlantic and dense and cold water 

kept on forming in the Adriatic Sea; however, the tectonic activity has to some degree obscured 

the impact of the climatic variations (reduction in mean paleotemperatures) linked to the NHG, 

especially by blocking those cold air incursions which are topographically channeled into the 

northwestern Mediterranean (Kuhlemann et al., 2008). Even though the Apennine uplift may 

have obscured the cooling caused by the NHG, the signal of progressive climate change is still 

present in bivalve shells in the form of increased seasonality. 
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7. Conclusion: is seasonality a good predictor for climate change? 

The Arda River marine succession is Calabrian (early Pleistocene) in age, based on calcareous 

nannofossil and foraminifera biostratigraphy, which allow to identify respectively three 

nannofossil (CNPL7, CNPL8 and CNPL9) and one foraminiferal (Globigerina cariacoensis) 

biozones.  

The main outcome of the isotope analyses performed on lower Pleistocene Arda bivalves is that 

seawater paleotemperature seasonality was the main variable involved in the climate change in 

the Mediterranean area during the early Pleistocene. In fact, the establishment of widespread 

populations of the “northern guest” A. islandica in the Mediterranean Sea around 1.80 Ma was 

triggered by extreme seawater temperature seasonality and low winter paleotemperatures, 

representing a turning point in the evolution of the region with the NHG dynamics exerting a 

strong influence at this time. After a return to lower seasonal variations and higher seawater 

paleotemperatures, similar to the background conditions recorded by G. inflata at the base of the 

section, seasonality increased again approaching the EMPT and the beginning of precession-

driven Quaternary-style glacial-interglacial cycles in the Northern Hemisphere. This second 

increase in seasonality - recorded both by A. islandica and G. insubrica - was, however, not 

associated with a corresponding cooling of the mean seawater paleotemperatures. The Apennine 

uplift may have locally mitigated the influence of NHG on the Mediterranean climate, in 

particular on mean seawater paleotemperatures. All these data, however, indicate that the 

variation in seasonality represents a clear signal of progressive climate change in the 

Mediterranean Sea. In fact, an intensification of seasonality with constant mean 

paleotemperatures is seen also in other time intervals (e.g., Ivany et al., 2000; Eldrett et al., 

2009), promoting seasonality as an important variable during climate change. 
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In addition, it has been noted that an increase in seasonality is often associated with cold, rather 

than with warm climate conditions, as observed also in other time intervals from the Cretaceous 

to the Holocene (e.g., Ivany et al., 2000; Pross and Klotz, 2002; Steuber et al., 2005; Ferguson et 

al., 2011; Hennissen et al., 2015); in particular a large seasonal variability is needed for the 

existence and maintenance of polar ice sheets (Steuber et al., 2005). Our observed increasing 

seasonality may have prepared the ground for the onset and establishment of eccentricity-

controlled waxing and waning of the Middle and Upper Pleistocene continental glaciations. 

Overall, this study highlights the importance of resolving long-term seasonality changes, using 

fossil carbonate shells as paleoclimatic archives during different intervals of climate change in 

the recent and distant past in order to understand and predict long run transformations of the 

climate system. 
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FIGURE CAPTIONS 

Figure 1. Geological map of northern Italy showing the study area.  

 

Figure 2. Biostratigraphy and stack correlation. A) LR04 stack (Lisiecki and Raymo, 2005) 

based on benthic foraminifera. B) Mediterranean stack (Medstack) based on planktonic 

foraminifera (Lourens, 2004; Wang et al., 2010). C) Mean δ18Owh curve obtained from whole 

shells oxygen isotope analyses performed on species of Glycymeris, Aequipecten and Arctica; in 

red are tie-points obtained from nannofossil biostratigraphy; in grey are added pointers. 

Triangles represent the position of the shells sclerochemically analyzed: Glycymeris in yellow, 

Arctica in pink. D) Calcareous nannofossil (following Backman et al., 2012) and foraminifera 
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biostratigraphy of the Arda section with the most important bioevents. E) Stratigraphic log of the 

section; base of the section: 44°51’18.52’’N; 9°52’26.7’’E. The section starts 200 m downstream 

of the bridge located at the entrance to the town of Castell’Arquato. 

 

Figure 3. Calcareous nannofossil bio-horizons and zones identified in the Arda section 

(following Backman et al., 2012). Total abundance of nannofossils (expressed as number of 

specimens/field of view) and abundance (in %) of reworked Lower Cretaceous species, Upper 

Cretaceous species, Paleogene and Pliocene species and of in situ Gephyrocapsa divided into 

“small”, “medium” and “large”. 

 

Figure 4. Calcareous nannofossil micrographs (XPL, cross-polarized light) of the most common 

taxa identified in the Arda section. The scale bar represents 5 µm where not differently specified: 

(1) Gephyrocapsa “small”, Sample ACN79, 79.95 m. (2) Gephyrocapsa “small”, Sample 

ACN79, 79.95 m. (3) Gephyrocapsa “medium”, Sample ACN101, 168 m. (4) Gephyrocapsa 

“medium”, Sample ACN101, 168 m. (5) Gephyrocapsa “large” Sample ACN203, 180 m. (6) 

Syracosphaera pulchra, Sample ACN79, 79.95 m. (7) Helicosphaera sellii, Sample ACN79, 

79.95 m. (8) Helicosphaera sellii, Sample ACN79, 79.95 m. (9) Calcidiscus leptoporus, Sample 

ACN79, 79.95 m. (10) Coccolithus pelagicus, Sample ACN79, 79.95 m. (11) Sphenolithus sp., 

Sample ACN79, 79.9 5m. (12) Pseudoemiliania lacunosa, Sample ACN79, 79.95 m. (13) 

Reticulofenestra lockeri, Sample ACN201, 176 m. (14) Pontosphaera multipora, Sample 

ACN203, 180 m. (15) Zeugrhabdotus bicrescenticus, Sample ACN203, 180 m. (16) Ascidian 

spicules, Sample ACN34, 48 m. (17) Rhabdosphaera clavigera, Sample ACN36, 50 m. (18) 

Prediscosphaera columnata, Sample ACN79, 79.95 m. (19) Nannoconus steinmannii Sample 
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ACN203, 180 m. (20) Micula staurofora Sample ACN79, 79.95 m. (21) Discoaster sp. Sample 

1-52G. (22) Discoaster sp. Sample 1-52G. Scanning Electron Microscope micrographs: (23) 

Gephyrocapsa “small”, Sample ACN84, 127 m. (24) Gephyrocapsa “small”, Sample ACN84, 

127 m. (25) Syracosphaera sp., Sample ACN224, 227 m. 

 

Figure 5. SEM images of some species of foraminifera identified in the Arda section. (1a–c) - 

Globigerina cariacoensis (a umbilical view, b lateral view, c spiral view; scale bar 200 µm), 

Sample ACF28, 37.05 m. (2a–c) Globigerina bulloides (a umbilical view, b lateral view, c spiral 

view; scale bar 100 µm), Sample ACF220, 221 m. (3a–d) Globigerinoides obliquus extremus (a 

umbilical view, b lateral view, c spiral view; scale bar 200 µm), (d magnified view of the 

aperture with spines preserved; scale bar 20 µm), Sample ACF52, 63 m. (4a–c) 

Neogloboquadrina pachyderma left-coiling (a umbilical view, b lateral view, c spiral view; scale 

bar 100 µm), Sample AC34, 48 m. (5a–c) Hyalinea balthica (a, c side views, b lateral view; scale 

bar 100 µm), Sample ACF220, 221 m. (6a–d) Globigerinoides elongatus (a umbilical view, b 

lateral view, c spiral view; scale bar 100 µm), (6d magnified view of the aperture with spines 

preserved, scale bar 10 µm), Sample ACF34, 48 m. (7a–b) Uvigerina mediterranea (a lateral 

view, b apertural view; scale bar 100 µm), Sample ACF28, 37.05 m. (8a–b) Uvigerina bradyana  

(a, b lateral views; scale bar 100 µm), Sample ACF28, 37.05 m. (9a–b) Bulimina etnea (a, b 

lateral views; scale bar 200 µm), Sample ACF214, 206 m. (10a–b) Bulimina elegans marginata 

(a, b lateral views; scale bar 200 µm), Sample ACF220, 221 m. 

 

Figure 6. Legend: CF: crossed foliated; CCF: complex crossed foliated; CL: crossed lamellar; 

CCL: complex crossed lamellar; GL: growth line; IL: inner layer; ISP: irregular simple 
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prismatic; ML: middle layer; OL: outer layer; OS: outer surface; Pm: pallial myostracum; SC: 

sparry calcite. F: fossil specimen; R: recent specimen. For Glycymeris shells see also Crippa, 

2013. 

(A) Cone complex crossed lamellar inner layer. Glycymeris insubrica (ACG98-3). (B) Irregular 

complex crossed lamellar inner layer crossed by growth lines made of irregular simple prisms. 

Glycymeris glycymeris (AG2). (C) Prismatic pallial myostracum. Glycymeris insubrica (ACG59-

1). (D) First order lamellae of the outer layer crossed by a growth line. Glycymeris glycymeris 

(AG1). (E) Well preserved crossed lamellae of the outer layer: first, second and third order 

elements are clearly observable. Glycymeris glycymeris (ACG14-4). (F) Regular foliated fabric 

of the inner layer. Aequipecten opercularis (ACG70-3). (G) Crossed foliated fabric of the inner 

layer. Aequipecten opercularis (ACG90-7). (H) Regular foliated outer layer, irregular simple 

prismatic pallial myostracum and, crossed lamellar and irregular simple prismatic pallial 

myostracum. Aequipecten opercularis (ACG235-4). (I) Section showing the complex 

organization of the shell. The outer and inner layers are composed of a regular foliated fabric. 

The middle layer shows a double pattern of crossed lamellae (simple and complex) separated by 

a thin layer of irregular simple prisms; inward there is a thick layer of irregular simple prisms. 

Aequipecten opercularis (ACG100-2). (J) Sparry calcite replacing the aragonitic middle layer in 

an altered shell. Aequipecten scabrella (ACG6-8). (K) Middle and outer layer of an altered shell. 

Note the sparry calcite replacing the aragonitic crossed lamellae. Aequipecten scabrella (ACG6-

8). (L) Homogeneous outer layer. Arctica islandica (ACG228-1). (M) Homogeneous outer layer. 

Arctica islandica (AG3). (N) Fine complex crossed lamellar inner layer crossed by an irregular 

prismatic growth line. Arctica islandica (ACG86-4). (O) Fine complex crossed lamellar inner 

layer crossed by an irregular prismatic growth line. Arctica islandica (AG3). 
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Figure 7. Transmitted light thin-section (1) and cathodoluminescence (2) photomicrographs. 

(A1-2) Non-luminescent shell of Glycymeris inflata (ACG14-25); (B1-2) Non-luminescent shell 

of Glycymeris glycymeris (ACG27bis-8); (C1-2) Non-luminescent shell of Aequipecten 

opercularis (ACG81-2); (D1-2) Non-luminescent shell of Aequipecten opercularis (ACG34-1); 

note the luminescence of the matrix due to Mn-enriched diagenetic cements and recrystallized 

allochems; (E1-2) Non-luminescent shell of Arctica islandica (ACG78-1); (F1-2) Non-

luminescent shell of Arctica islandica (ACG254-4). 

 

Figure 8. δ18Osh (violet) and δ13Csh (green) data from Arctica islandica shells from the base to the 

top of the section. The position of the growth lines is represented by vertical grey bands. LD: 

living depth (hypothesized on the basis of the sedimentary structures and the faunal associations 

present in the corresponding bed). FZ: Foraminifera Zones, CNZ: Calcareous Nannofossil Zones. 

 

Figure 9. δ18Osh (violet) and δ13Csh (green) data from Glycymeris shells from the base to the top 

of the section. The position of the growth lines is represented by vertical grey bands. LD: living 

depth (hypothesized on the basis of the sedimentary structures and the faunal associations 

present in the corresponding bed). FZ: Foraminifera Zones, CNZ: Calcareous Nannofossil Zones. 

 

Table 1. δ18Osh from the ten shells of A. islandica (A) and of G. inflata and G. insubrica (B) 

analyzed for isotope sclerochemistry. δ
18Osh max-excursion : difference between the maximum 

(δ18Osh-max) and minimum (δ18Osh-min) oxygen isotope values of the larger amplitude cycle, 

corresponding to the maximum seasonal variation occurring in that specimen (approach 1 in the 
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text). δ18Osh mean-excursion : difference between the mean of all defined maxima (δ18Osh mean-max) and 

minima (δ18Osh mean-min) from each annual increment in every shell, corresponding to the mean 

seasonal excursion (approach 2 in the text). For both approaches we calculated the corresponding 

maximum (Tmax, Tmean-max) and minimum (Tmin, Tmean-min) paleotemperatures and 

paleotemperature excursions (Tmax-excusion, Tmean-excursion) using the modified equation of Grossman 

and Ku (1986); the value of seawater δ
18Osw (V-SMOW) used in each stratigraphic bed has been 

assumed as described in the text. The shell position in the section is reported in meters from the 

base. AGI: number of annual growth increments sampled in each shell. MTS: average of the total 

oxygen isotope values in each shell. 
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FIGURE CAPTIONS 

Figure 1. Geological map of northern Italy showing the study area.  

 

Figure 2. Biostratigraphy and stack correlation. A) LR04 stack (Lisiecki and Raymo, 2005) 

based on benthic foraminifera. B) Mediterranean stack (Medstack) based on planktonic 

foraminifera (Lourens, 2004; Wang et al., 2010). C) Mean δ18Owh curve obtained from whole 

shells oxygen isotope analyses performed on species of Glycymeris, Aequipecten and Arctica; in 

red are tie-points obtained from nannofossil biostratigraphy; in grey are added pointers. 

Triangles represent the position of the shells sclerochemically analyzed: Glycymeris in yellow, 

Arctica in pink. D) Calcareous nannofossil (following Backman et al., 2012) and foraminifera 

biostratigraphy of the Arda section with the most important bioevents. E) Stratigraphic log of the 

section; base of the section: 44°51’18.52’’N; 9°52’26.7’’E. The section starts 200 m downstream 

of the bridge located at the entrance to the town of Castell’Arquato. 

 

Figure 3. Calcareous nannofossil bio-horizons and zones identified in the Arda section 

(following Backman et al., 2012). Total abundance of nannofossils (expressed as number of 

specimens/field of view) and abundance (in %) of reworked Lower Cretaceous species, Upper 

Cretaceous species, Paleogene and Pliocene species and of in situ Gephyrocapsa divided into 

“small”, “medium” and “large”. 

 

Figure 4. Calcareous nannofossil micrographs (XPL, cross-polarized light) of the most common 

taxa identified in the Arda section. The scale bar represents 5 µm where not differently specified: 

(1) Gephyrocapsa “small”, Sample ACN79, 79.95 m. (2) Gephyrocapsa “small”, Sample 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

ACN79, 79.95 m. (3) Gephyrocapsa “medium”, Sample ACN101, 168 m. (4) Gephyrocapsa 

“medium”, Sample ACN101, 168 m. (5) Gephyrocapsa “large” Sample ACN203, 180 m. (6) 

Syracosphaera pulchra, Sample ACN79, 79.95 m. (7) Helicosphaera sellii, Sample ACN79, 

79.95 m. (8) Helicosphaera sellii, Sample ACN79, 79.95 m. (9) Calcidiscus leptoporus, Sample 

ACN79, 79.95 m. (10) Coccolithus pelagicus, Sample ACN79, 79.95 m. (11) Sphenolithus sp., 

Sample ACN79, 79.9 5m. (12) Pseudoemiliania lacunosa, Sample ACN79, 79.95 m. (13) 

Reticulofenestra lockeri, Sample ACN201, 176 m. (14) Pontosphaera multipora, Sample 

ACN203, 180 m. (15) Zeugrhabdotus bicrescenticus, Sample ACN203, 180 m. (16) Ascidian 

spicules, Sample ACN34, 48 m. (17) Rhabdosphaera clavigera, Sample ACN36, 50 m. (18) 

Prediscosphaera columnata, Sample ACN79, 79.95 m. (19) Nannoconus steinmannii Sample 

ACN203, 180 m. (20) Micula staurofora Sample ACN79, 79.95 m. (21) Discoaster sp. Sample 

1-52G. (22) Discoaster sp. Sample 1-52G. Scanning Electron Microscope micrographs: (23) 

Gephyrocapsa “small”, Sample ACN84, 127 m. (24) Gephyrocapsa “small”, Sample ACN84, 

127 m. (25) Syracosphaera sp., Sample ACN224, 227 m. 

 

Figure 5. SEM images of some species of foraminifera identified in the Arda section. (1a–c) - 

Globigerina cariacoensis (a umbilical view, b lateral view, c spiral view; scale bar 200 µm), 

Sample ACF 28, 37.05 m. (2a–c) Globigerina bulloides (a umbilical view, b lateral view, c spiral 

view; scale bar 100 µm), Sample ACF 220, 221 m. (3a–d) Globigerinoides obliquus extremus (a 

umbilical view, b lateral view, c spiral view; scale bar 200 µm), (d magnified view of the 

aperture with spines preserved; scale bar 20 µm), Sample ACF 52, 63 m. (4a–c) 

Neogloboquadrina pachyderma left-coiling (a umbilical view, b lateral view, c spiral view; scale 

bar 100 µm), Sample ACF 34, 48 m. (5a–c) Hyalinea balthica (a, c side views, b lateral view; 
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scale bar 100 µm), Sample ACF 220, 221 m. (6a–d) Globigerinoides elongatus (a umbilical 

view, b lateral view, c spiral view; scale bar 100 µm), (6d magnified view of the aperture with 

spines preserved, scale bar 10 µm), Sample ACF 34, 48 m. (7a–b) Uvigerina mediterranea (a 

lateral view, b apertural view; scale bar 100 µm), Sample ACF 28, 37.05 m. (8a–b) Uvigerina 

bradyana  (a, b lateral views; scale bar 100 µm), Sample ACF 28, 37.05 m. (9a–b) Bulimina 

etnea (a, b lateral views; scale bar 200 µm), Sample ACF 214, 206 m. (10a–b) Bulimina elegans 

marginata (a, b lateral views; scale bar 200 µm), Sample ACF 220, 221 m. 

 

Figure 6. Legend: CF: crossed foliated; CCF: complex crossed foliated; CL: crossed lamellar; 

CCL: complex crossed lamellar; GL: growth line; IL: inner layer; ISP: irregular simple 

prismatic; ML: middle layer; OL: outer layer; OS: outer surface; Pm: pallial myostracum; SC: 

sparry calcite. F: fossil specimen; R: recent specimen. For Glycymeris shells see also Crippa, 

2013. 

(A) Cone complex crossed lamellar inner layer. Glycymeris insubrica (ACG98-3). (B) Irregular 

complex crossed lamellar inner layer crossed by growth lines made of irregular simple prisms. 

Glycymeris glycymeris (AG2). (C) Prismatic pallial myostracum. Glycymeris insubrica (ACG59-

1). (D) First order lamellae of the outer layer crossed by a growth line. Glycymeris glycymeris 

(AG1). (E) Well preserved crossed lamellae of the outer layer: first, second and third order 

elements are clearly observable. Glycymeris glycymeris (ACG14-4). (F) Regular foliated fabric 

of the inner layer. Aequipecten opercularis (ACG70-3). (G) Crossed foliated fabric of the inner 

layer. Aequipecten opercularis (ACG90-7). (H) Regular foliated outer layer, irregular simple 

prismatic pallial myostracum and, crossed lamellar and irregular simple prismatic pallial 

myostracum. Aequipecten opercularis (ACG235-4). (I) Section showing the complex 
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organization of the shell. The outer and inner layers are composed of a regular foliated fabric. 

The middle layer shows a double pattern of crossed lamellae (simple and complex) separated by 

a thin layer of irregular simple prisms; inward there is a thick layer of irregular simple prisms. 

Aequipecten opercularis (ACG100-2). (J) Sparry calcite replacing the aragonitic middle layer in 

an altered shell. Aequipecten scabrella (ACG6-8). (K) Middle and outer layer of an altered shell. 

Note the sparry calcite replacing the aragonitic crossed lamellae. Aequipecten scabrella (ACG6-

8). (L) Homogeneous outer layer. Arctica islandica (ACG228-1). (M) Homogeneous outer layer. 

Arctica islandica (AG3). (N) Fine complex crossed lamellar inner layer crossed by an irregular 

prismatic growth line. Arctica islandica (ACG86-4). (O) Fine complex crossed lamellar inner 

layer crossed by an irregular prismatic growth line. Arctica islandica (AG3). 

 

Figure 7. Transmitted light thin-section (1) and cathodoluminescence (2) photomicrographs. 

(A1-2) Non-luminescent shell of Glycymeris inflata (ACG14-25); (B1-2) Non-luminescent shell 

of Glycymeris glycymeris (ACG27bis-8); (C1-2) Non-luminescent shell of Aequipecten 

opercularis (ACG81-2); (D1-2) Non-luminescent shell of Aequipecten opercularis (ACG34-1); 

note the luminescence of the matrix due to Mn-enriched diagenetic cements and recrystallized 

allochems; (E1-2) Non-luminescent shell of Arctica islandica (ACG78-1); (F1-2) Non-

luminescent shell of Arctica islandica (ACG254-4). 

 

Figure 8. δ18Osh (violet) and δ13Csh (green) data from Arctica islandica shells from the base to the 

top of the section. The position of the growth lines is represented by vertical grey bands. LD: 

living depth (hypothesized on the basis of the sedimentary structures and the faunal associations 

present in the corresponding bed). FZ: Foraminifera Zones, CNZ: Calcareous Nannofossil Zones. 
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Figure 9. δ18Osh (violet) and δ13Csh (green) data from Glycymeris shells from the base to the top 

of the section. The position of the growth lines is represented by vertical grey bands. LD: living 

depth (hypothesized on the basis of the sedimentary structures and the faunal associations 

present in the corresponding bed). FZ: Foraminifera Zones, CNZ: Calcareous Nannofossil Zones. 
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TABLE CAPTION 

 

Table 1. δ18Osh from the ten shells of A. islandica (A) and of G. inflata and G. insubrica (B) 

analyzed for isotope sclerochemistry. δ
18Osh max-excursion : difference between the maximum 

(δ18Osh-max) and minimum (δ18Osh-min) oxygen isotope values of the larger amplitude cycle, 

corresponding to the maximum seasonal variation occurring in that specimen (approach 1 in the 

text). δ18Osh mean-excursion : difference between the mean of all defined maxima (δ18Osh mean-max) and 

minima (δ18Osh mean-min) from each annual increment in every shell, corresponding to the mean 

seasonal excursion (approach 2 in the text). For both approaches we calculated the corresponding 

maximum (Tmax, Tmean-max) and minimum (Tmin, Tmean-min) paleotemperatures and 

paleotemperature excursions (Tmax-excusion, Tmean-excursion) using the modified equation of Grossman 

and Ku (1986); the value of seawater δ
18Osw (V-SMOW) used in each stratigraphic bed has been 

assumed as described in the text. The shell position in the section is reported in meters from the 

base. AGI: number of annual growth increments sampled in each shell. MTS: average of the total 

oxygen isotope values in each shell. 
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Table 1 

A Species 
Sample 
number Position δ

18Osh-min Tmax 
δ

18Osh-max Tmin δ
18Osh max-excursion  Tmax-excursion  

  A. islandica ACG254-1 224 m +0.3 ‰ 20.3 °C +1.9 ‰ 13.4 °C 1.6 ‰ 6.9 °C 

  A. islandica ACG215-5 185.70 m +1.6 ‰ 16.8 °C +4.3 ‰ 5.1 °C 2.7 ‰ 11.7 °C 

  A. islandica ACG200-13 174 m +2.4 ‰ 12.5 °C +3.6 ‰ 7.3 °C 1.2 ‰ 5.2 °C 

  A. islandica ACG78-7 103.70 m +1.8 ‰ 16.0 °C +5.1 ‰ 1.6 °C 3.3 ‰ 14.4 °C 

  A. islandica ACG78-1 103.70 m +1.6 ‰ 16.8 °C +5.3 ‰ 0.8 °C 3.7 ‰ 16.0 °C 

                    

  Species 
Sample 
number Position δ

18Osh mean-min   Tmean-max  
δ

18Osh mean-max   
Tmean-

min  δ
18Osh mean-excursion  

Tmean-

excursion  
  A. islandica ACG254-1 224 m +0.6 ‰ 19.0 °C +1.6 ‰ 14.7 °C 1.0 ‰ 4.3 °C 

  A. islandica ACG215-5 185.70 m +2.1 ‰ 14.7 °C +4.0 ‰ 6.4 °C 1.9 ‰ 8.3 °C 

  A. islandica ACG200-13 174 m +2.5 ‰ 12.0 °C +3.5 ‰ 7.7 °C 1.0 ‰ 4.3 °C 

  A. islandica ACG78-7 103.70 m +1.9 ‰ 15.5 °C +3.9 ‰ 6.8 °C 2.0 ‰ 8.7 °C 

  A. islandica ACG78-1 103.70 m +2.0 ‰ 15.1 °C +4.5 ‰ 4.2 °C 2.5 ‰ 10.9 °C 

                    

  Species 
Sample 
number Position MTS 

V-
SMOW 

AGI 
sampled       

  A. islandica ACG254-1 224 m +1.2 ‰ +0.5 ‰ 11       

  A. islandica ACG215-5 185.70 m +2.9 ‰ +1.0 ‰ 8       

  A. islandica ACG200-13 174 m +3.0 ‰ +0.8 ‰ 13       

  A. islandica ACG78-7 103.70 m +2.5 ‰ +1.0 ‰ 12       

  A. islandica ACG78-1 103.70 m +2.9 ‰ +1.0 ‰ 10       

                  

B Species 
Sample 
number Position δ

18Osh-min Tmax 
δ

18Osh-max Tmin δ
18Osh max-excursion  Tmax-excursion  

  
G. 

insubrica ACG261bis-1 235.70 m -4.0 ‰ 36.8 °C +0.4 ‰ 17.7 °C 4.4 ‰ 19.1 °C 

  
G. 

insubrica ACG261-1 235.70 m -2.7 ‰ 31.1 °C +0.3 ‰ 18.1 °C 3.0 ‰ 13.0 °C 

  
G. 

insubrica ACG252-1 224 m -1.5 ‰ 28.1 °C +0.8 ‰ 18.1 °C 2.3 ‰ 10.0 °C 
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G. 

insubrica ACG200-8 174 m -0.6 ‰ 25.5 °C +1.0 ‰ 18.6 °C 1.6 ‰ 6.9 °C 

  G. inflata ACG29bis-33 42 m +0.5 ‰ 19.4 °C +1.6 ‰ 14.7 °C 1.1 ‰ 4.7 °C 

            
 

      

  Species 
Sample 
number Position δ

18Osh mean-min   Tmean-max  
δ

18Osh mean-max   
Tmean-

min  δ
18Osh mean-excursion  

Tmean-

excursion  

  
G. 

insubrica ACG261bis-1 235.70 m -3.0 ‰ 32.4 °C -0.4 ‰ 21.2 °C 2.6 ‰ 11.2 °C 

  
G. 

insubrica ACG261-1 235.70 m -2.5 ‰ 30.3 °C -0.5 ‰ 21.6 °C 2.0 ‰ 8.7 °C 

  
G. 

insubrica ACG252-1 224 m -1.1 ‰ 26.4 °C +0.2 ‰ 20.7 °C 1.3 ‰ 5.7 °C 

  
G. 

insubrica ACG200-8 174 m -0.6 ‰ 25.5 °C +0.6 ‰ 20.3 °C 1.2 ‰ 5.2 °C 

  G. inflata ACG29bis-33 42 m +0.6 ‰ 19.0 °C +1.5 ‰ 15.1 °C 0.9 ‰ 3.9 °C 

                    

  Species 
Sample 
number Position MTS  

V-
SMOW 

AGI 
sampled       

  
G. 

insubrica ACG261bis-1 235.70 m -2.3 ‰ +0.0 ‰ 10       

  
G. 

insubrica ACG261-1 235.70 m -1.8 ‰ +0.0 ‰ 10       

  
G. 

insubrica ACG252-1 224 m -0.5 ‰ +0.5 ‰ 10       

  
G. 

insubrica ACG200-8 174 m +0.2 ‰ +0.8 ‰ 4       

  G. inflata ACG29bis-33 42 m +1.0 ‰ +0.5 ‰ 6       
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Highlights 
High seasonality triggered the arrival of “northern guests” in the Mediterranean Sea 
Seasonality increased approaching the Middle Pleistocene Transition 
Seawater temperature seasonality was the main variable of Calabrian climate change 


