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Abstract 

Aspects of paleoclimatic and paleoceanographic evolution of the north Aegean Sea 

through the late Quaternary are revealed by the study of quantitative variations in 

planktonic foraminiferal, and pteropodal assemblages (including multivariate 

statistical approach; principal component analysis (PCA)), the isotopic composition of 

planktonic foraminifera (δ18O and δ13C); and hydrographic-related indices (planktonic 

paleoclimatic curve (PPC), productivity (E-index), stratification (S-index), upwelling 

(U-index), seasonality), extracted from three high-sedimentation rate cores from the 

North and South Aegean Sea (North Aegean Trough and the submarine area between 

Kimolos and Sifnos islands). Based on the statistical analysis, besides sea surface 

temperature (SST), which shows the highest explanatory power for the distribution of 

the analyzed fauna, primary productivity, water column stratification, and seasonality 

also control the planktonic foraminifera and pteropod communities during the late 

Quaternary. Pteropod fauna during the Holocene and especially the sapropel 

deposition were recorded for the first time in the Aegean Sea. 

Focusing on last ~21 calibrated thousands of years before present (ka BP), cold and 

eutrophicated conditions were identified during the Late Glacial period (21.1–15.7 ka 

BP) and were followed by warmer and wetter conditions during the deglaciation 

phase. The beginning of the Holocene was marked by a climatic amelioration and 

increased seasonality. The more pronounced environmental changes were identified 

during the deposition of the sapropel layer/sublayers, with extremely warm and 

stratified conditions S1a (9.4–7.7 ka BP) and S1b (6.9–6.4 ka BP) in the south Aegean 

Sea and warm and humid phase at the north Aegean Sea (9.6–6.1 ka BP).  

The Holocene climatic instability of the study area is further supported by six 

episodes of brief cooling in the North Aegean (NAEGC6–NAEGC1) centered at 9.30, 

8.05, 7.05, 4.55, 3.55, and 2.05 ka BP, and two in the south Aegean Sea (SAEGC2–

SAEGC2) centered at 7.35 and 5.35 ka BP, reflected by significant faunal changes 

and oxygen isotope enrichments. These cold/arid events are coeval with equivalent 

cooling events that have been described in different basins of the Mediterranean Sea, 

while signal similarities with equivalent changes in the intensity of the Siberian high 

suggest a climatic link between the studied area and the high-latitude areas. 
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Περίληψη  

Στην παρούσα διδακτορική διατριβή μελετήθηκαν οι πανίδες των πλαγκτονικών 

τρηματοφόρων και πτεροπόδων σε ιζήματα του Ανώτερου Τεταρτογενούς από τρεις 

πυρήνες βαρύτητας του Αιγαίου Πελάγους, με στόχο την παλαιοπεριβαλλοντική και 

παλαιοκλιματική ανασύνθεση. Συγκεκριμένα επιλέχθηκαν προς μελέτη δύο πυρήνες 

από την Τάφρο του Βορείου Αιγαίου και ένας από την υποθαλάσσια περιοχή μεταξύ 

των νήσων Κιμώλου και Σίφνου. Οι περιοχές αυτές επιλέχθηκαν καθώς 

παρουσιάζουν υψηλούς ρυθμούς ιζηματογένεσης και ιδιαίτερες φυσιογεωγραφικές 

και υδρολογικές συνθήκες, καθιστώντας δυνατή την μελέτη των παλαιοκλιματικών 

διακυμάνσεων.  

Για την επίτευξη της διατριβής έγιναν μικροπαλαιοντολογικές αναλύσεις των 

συναθροίσεων των πλαγκτονικών τρηματοφόρων και πτεροπόδων που συλλέχθηκαν 

από τους πυρήνες. Για πρώτη φορά έγινε καταγραφή των κάτω Πλειστοκαινικών και 

Ολοκαινικών συναθροίσεων των πτεροπόδων για το Αιγαίο Πέλαγος. Επιπλέον 

έγιναν ισοτοπικές αναλύσεις σε κελύφη των πλαγκτονικών τρηματοφόρων τόσο για 

την χρονολόγηση των πυρήνων (14C) όσο και για την παροχή πληροφοριών για τις 

κλιματικές μεταβολές (δ18Ο & δ13C). Στη συνέχεια έγινε στατιστική επεξεργασία των 

συναθροίσεων (πολυπαραγοντική ανάλυση) με στόχο τον εντοπισμό των 

περιβαλλοντικών παραγόντων που ελέγχουν την εξάπλωση των πανίδων.  

Οι συναθροίσεις των πτεροπόδων του Ανώτερου Τεταρτογενούς περιλαμβάνουν 13 

είδη πτεροπόδων (H. inflatus, L. bulimoides, L. retroversa, L. trochiformis, C. 

acicula, Creseis sp., B. chierchiae, H. striata, S. Subula, C. pyramidata, C. cuspidata, 

Cavolinia sp.) εκ των οποίων τα 11 είναι κοινά και για τις δύο περιοχές. Οι διαφορές 

που εντοπίζονται στην πανίδα (L. bulimoides και C. cuspidata) οφείλονται στις 

διαφορετικές φυσικογεωγραφικές και κλιματικές συνθήκες μεταξύ βορείου και 

νοτίου Αιγαίου. Με βάση τα οικολογικά χαρακτηριστικά των πτεροπόδων 

δημιουργήθηκε ένας δείκτης για την στρωματοποίηση της υδάτινης στήλης (λόγος 

Επιπελαγικών – Μεσοπελαγικών ειδών [E\M]). Από την πολυπαραγοντική ανάλυση 

που έγινε στις πανίδες των πλαγκτονικών τρηματοφόρων και πτεροπόδων, 

διαπιστώθηκε πως η επιφανειακή θαλάσσια θερμοκρασία παίζει τον κύριο ρόλο στην 

εξάπλωσή τους. Ωστόσο, η παραγωγικότητα των υδάτων, ο βαθμός 

στρωματοποίησης της υδάτινης στήλης, τα ανοδικά ρεύματα και η εποχικότητα είναι 

επίσης παράγοντες που ελέγχουν την κατανομή τόσο των πλαγκτονικών 

τρηματοφόρων όσο και των πτερόποδων. Βάση της πολυπαραγοντικής ανάλυσης που 

έγινε, διαπιστώθηκε επίσης και ο βαθμός που επηρεάζει κάθε παράγοντας τις 

διαφορετικές πανίδες στις διαφορετικές περιοχές.  

Η συσχέτιση και ο συνδυασμός των παραπάνω μεθόδων παρείχαν σημαντικές 

πληροφορίες για την παλαιοπεριβαλλοντική και παλαιοκλιματική εξέλιξη της 

ανατολικής Μεσογείου. Κατά το τέλος της Παγετώδους Περιόδου (21.1–15.7 ka BP), 

ψυχρές και ευτροφικές συνθήκες επικρατούσαν, οι οποίες ακολουθούνται από 

θερμότερες και πιο υγρές κατά την περίοδο της αποπαγοποίησης. Το Ολόκαινο 
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χαρακτηρίζεται από καλυτέρευση των κλιματικών συνθηκών. Οι πιο έντονες 

περιβαλλοντικές μεταβολές αυτή την περίοδο εντοπίστηκαν κατά τα διαστήματα 

απόθεσης του σαπροπηλού S1 (νότιο Αιγαίο: S1a 9.4–7.7 ka BP και S1b 6.9–6.4 ka 

BP, βόρειο Αιγαίο: S1 9.6–6.1 ka BP), όπου θερμές συνθήκες σε συνδυασμό με 

έντονη στρωματοποίηση της υδάτινης στήλης καταγράφονται.  

Τέλος, με βάση τις πανιδικές μεταβολές και τα ισότοπα οξυγόνου (δ18Ο) 

αναγνωρίστηκαν έξι (6) ψυχρά επεισόδια στο βόρειο Αιγαίο (NAEGC6–NAEGC1) 

με ηλικιακό επίκεντρο τα 9.30, 8.05, 7.05, 4.55, 3.55, και 2.05 ka BP, και δύο (2) στο 

νότιο Αιγαίο (SAEGC2–SAEGC2) με επίκεντρο τα 7.35 και 5.35 ka BP. Αυτά τα 

ψυχρά/ξηρά επεισόδια συμπίπτουν με παρόμοια επεισόδια που έχουν περιγραφεί από 

άλλες θέσεις της δυτικής, κεντρικής και ανατολικής Μεσογείου, και συνδέονται 

επίσης με άλλα υψηλότερων γεωγραφικών πλατών.  
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1. Introduction 

Over the last decades, there has been considerable interest in the role of the subtropical oceans in 

climate change and, in particular, oceanic sub-basins and marginal seas. These settings are often 

more responsive to paleoceanographic and paleoclimatic changes than global oceans because of 

their smaller size and partial isolation. As an example, the relatively small volume of the 

Mediterranean Sea causes changes in its climatic forcing to be recorded virtually instantaneously 

in paleoceanographic proxy data, such as stable isotope and other geochemical ratios, and in 

microfossil abundances (Kontakiotis, 2012). Specifically, the signals registered by changes in 

abundance and distribution of fossil microorganisms, provide a reliable and well-documented 

record at both global and local scales (e.g. Antonarakou et al., 2015, 2019; Bonfardeci et al., 

2018; Cacho et al., 2001; Drinia et al., 2016; Kontakiotis et al., 2019; Koskeridou et al., 2017; 

Kouli et al., 2012; Lirer et al., 2014; Sbaffi et al., 2004; Siani et al., 2013; Siani et al., 2010; 

Triantaphyllou et al., 2009b; Wall-Palmer et al., 2014). The basin’s limited communication with 

the open ocean implies that any climatic signals will be recorded in an amplified fashion in 

Mediterranean properties, such as temperature, salinity, and specific elemental concentrations 

(Casford et al., 2002; Kontakiotis, 2016; Louvari et al., 2019; Marino et al., 2009). 

The Aegean Sea is an ideal archive to investigate climatic evolution at both global and local 

scale because of its intermediate position between the higher- and lower-latitude climate systems 

(Giorgi and Lionello, 2008; Rohling et al., 2009; Zervakis et al., 2004), high sedimentation rate 

marine records compared to the open Mediterranean Sea (Aksu et al., 1995; Geraga et al., 2010; 

Kontakiotis, 2016; Roussakis et al., 2004), as well as paleo-latitudinal and land-locked 

configuration (Lykousis et al., 2002; Poulos, 2020). Such marginal Seas are often more 

responsive to paleoceanographic and paleoclimatic changes than global oceans, with climatic 

signals to be recorded in an amplified fashion in Mediterranean properties such as temperature, 

salinity and specific elemental concentrations, because of their smaller size and partial isolation 

(Kontakiotis, 2012), and therefore can be considered as miniature oceans. In addition to 

interactions with the Black Sea, northern Aegean, and Levantine basins with remote and local 

atmospheric forcing (Poulos et al., 1997; Zervakis et al., 2000), the south Aegean Sea is 

characterized by intense biogeochemical contrasts in its hydrology in response to a climatic 

gradient from mid-latitude to subtropical regimes that appears to be very sensitive to climate 
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changes. However, most of the current paleoclimatic and paleoceanographic studies are still 

limited to deep marine records (Geraga et al., 2005, 2010; Giamali et al., 2019; Kotthoff et al., 

2008a; Kuhnt et al., 2007) and consequently little is known about continental shelf and/or coastal 

areas within this marginal Sea (Antonarakou et al., 2018; Drinia et al., 2016; Koutrouli et al., 

2018; Louvari et al., 2019; Triantaphyllou et al., 2009a,b). 

Marine sediment cores are good archives of past oceanic developments, due to their often long 

time series of more or less uninterrupted sediment sequences that potentially store information 

about past climatic and oceanographic developments in physical, chemical and biological 

parameters. Environmental changes related to the different water column characteristics can be 

recorded virtually instantaneously in palaeoceanographic proxy data, such as stable isotope and 

other geochemical ratios (Antonarakou et al., 2015; Bazzicalupo et al., 2020; Kontakiotis et al., 

2011, 2016; Le Houedec et al., 2020), and micro-fossil abundances, such as planktonic 

foraminifera and pteropods (Giamali et al., 2019; Karakitsios et al., 2017; Kontakiotis et al., 

2019). This makes them extremely valuable for both stratigraphic correlations and 

paleoenvironmental/paleoclimate reconstructions (Antonarakou et al., 2019; Casford et al., 2007; 

Checa et al., 2020; Comeau et al., 2010; Giamali et al., 2019; Karakitsios et al., 2017; 

Kontakiotis et al., 2013, 2016, 2019;  Lirer et al., 2014; Margaritelli et al., 2018, 2020; Tsiolakis 

et al., 2019; Vasiliev et al., 2019).  

Planktonic foraminifera apart from being excellent biostratigraphical indicators, they have been 

proofed an excellent tool for the palaeoenvironmental and palaeoclimate reconstruction (Pujol 

and Vergnaud-Grazzini, 1995). Their significance in the study of modern and past marine 

ecosystems in the Mediterranean Sea is well underlined (Antonarakou et al., 2018; Berger et al., 

1982; Fhlaithearta et al., 2010; Geraga et al., 2005; Hemleben et al., 1989; Kontakiotis, 2016; 

Lirer et al., 2014; Perez-Folgado et al., 2003; Pujol and Vergnaud-Grazzini, 1995; Sbaffi et al., 

2001; Sbaffi et al., 2004; Triantaphyllou et al., 2009a,b; Zarkogiannis et al., 2019b, 2020) and it 

is due to their widespread occurrence in modern oceans, with rather clearly defined faunal 

provinces for many species, and the fact that they produce calcitic shells that contribute 

substantially to the micro-fossil faunal record. Indeed, they provide one of the most continuous 

and clearly interpretable fossil records used in reconstructing the climatic, ecological and 

geological history of the earth. Particularly, they are used as indicators of temperature, salinity, 
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and nutrient content making it possible to identify past circulation through the sedimentary 

record (Casford et al., 2002, 2003; Giamali et al., 2019; Kontakiotis, 2016; Zarkogiannis et al., 

2019a; Zarkogiannis et al., 2019b) and detect long- and short-term paleoclimatic and 

paleoceanographic changes in the study area (Casford et al., 2003; Geraga et al., 2005, 2010; 

Giamali et al., 2019, 2020; Howes et al., 2017; İşler et al., 2016; Kontakiotis, 2012; 

Triantaphyllou et al., 2009a).  

Pteropods are widespread and abundant in the global ocean and entirely adapted to a pelagic life 

cycle (Hunt et al., 2008; Lalli and Gilmer, 1989). Owing to their aragonite nature of their shells 

that increase their weight as settling particles and hence their sinking speed (Lochte and 

Pfannkuche, 2003), their deposition is expected to be close to their habitat (Vinogradov, 1961). 

Particularly in the Mediterranean Sea, preservation of pteropods shells is excellent as a result of 

the relatively shallow water, high bottom water temperatures, and probably the limited number 

of mud feeders (Herman, 1971). A considerable number of studies (e.g., Almogi-Labin et al., 

1991, 1998, 2008, 2009; Bhattacharjee, 1997; Buccheri, 1984; Buccheri et al., 2002; Singh et al., 

2005; Wall-Palmer et al., 2014) have shown that late Quaternary pteropod assemblages and their 

distribution pattern in the world oceans, changes with temperature and the overall climatic 

conditions that also affect the aragonite compensation depth (ACD). Recent studies (Johnson et 

al., 2020) have shown that modern eastern Mediterranean pteropod communities are found to be 

more abundant than in those at western Mediterranean Sea. Their abundances are positively 

correlated with the aragonite saturation state (Ωar), O2 concentration, pH, salinity and 

temperature, and negatively correlated with nutrient concentrations (Howes et al., 2015; Johnson 

et al., 2020). However, pteropod assemblages and their distribution in the Aegean Sea during late 

Quaternary are poorly documented (Giamali et al., 2019, 2020). Studying the past distribution of 

these organisms is important so as to give insights on how environmental factors and especially 

stressors such as hypoxia or anoxia influence them. The difficulty in maintaining pteropods in 

culture for extended periods (Manno et al., 2017), couple the need to investigate their response in 

the natural laboratory and especially during sapropel layers.  

The overall objective of this thesis is to reconstruct palaeoclimate and palaeoceanographic 

conditions and further extend our knowledge of the climatic variability in the north and south 

Aegean (eastern Mediterranean Sea) during the late Quaternary. In order to advance the 



13 
 

understanding of the spatial and temporal variability of observed climatic and paleoceanographic 

changes, planktonic foraminifera and pteropods were collected and analyzed from three gravity 

cores (KIM-2A, AEX-15, and AEX-23). Apart from the well-studied in Aegean Sea, planktonic 

foraminifera, this thesis aims to provide new insights on pteropods diversity and distribution, as 

they are studied for the first time in late Quaternary records of the Aegean Sea and especially 

within the sapropel layers. In order to investigate the environmental factors that control their 

distribution, multivariate statistical analysis is performed in both faunal groups. In addition, the 

micro-palaeontological and geochemical data retrieved from the records, are used so as to 

investigate differences between the fauna and among the factors affecting the north and the south 

Aegean. Finally, the high–resolution paleoclimatic data that revealed from their distribution 

patterns coupled with variations of oxygen and carbon isotopic signals, helped to identify short-

term cold events during the Holocene. These events were further compared with previously 

published circum-Mediterranean and global climate records (Bond et al., 2001; Cacho et al., 

2001; Combourieu-Nebout et al., 2009, 2013; Desprat et al., 2013; Emeis et al., 2000, 2003; 

Frigola et al., 2007; Geraga et al., 2008; Incarbona and Sprovieri, 2020; Mayewski et al., 2004).  
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2. Regional Oceanographic Setting 

2.1.The Mediterranean Sea and water masses circulation  

The Mediterranean Sea occupies an elongated area of about 2.5 million km2 between Europe and 

Africa. It has a restricted communication with the world ocean through the narrow and shallow 

Strait of Gibraltar. A submarine ridge between Sicily and African coast (Sicilian Channel) 

divides the Mediterranean Sea into two main basins, the eastern Mediterranean (EMS) and the 

western (WMS) (Figure 1). The western part is subdivided into three principal submarine basins. 

The Alborán Basin is east of Gibraltar, between the coasts of Spain and Morocco. The Algerian 

(sometimes called the Algero-Provençal or Balearic) Basin, east of the Alborán Basin, is west of 

Sardinia and Corsica, extending from off the coast of Algeria to off the coast of France. The 

Tyrrhenian Basin, that part of the Mediterranean known as the Tyrrhenian Sea, lies between Italy 

and the islands of Sardinia and Corsica.  

The EMS is subdivided into four basins. The Ionian Basin lies to the south of Italy and Greece, 

where the deepest sounding in the Mediterranean, about 4.900 m, has been recorded. The 

Levantine Basin, which is separated by the Ionian Basin by a submarine ridge between the 

western end of Crete and Cyrenaica (Libya), and is extended to the south of Anatolia (Turkey). 

The Aegean Sea which extends north of the island of Crete and is bounded on the west and north 

by the coast of Greece and on the east by the coast of Turkey. The Adriatic Sea, northwest of the 

main body of the eastern Mediterranean Sea, is bounded by Italy to the west and north and by 

Slovenia, Croatia, Bosnia and Herzegovina, Montenegro, and Albania to the east (Figure 1). 

Because of its relatively small size, its geographical location, and its semi-land-locked nature, the 

Mediterranean Sea is very sensitive and responds quickly to atmospheric forcings and/or 

anthropogenic influences. It is a region where major oceanic processes occur, though on smaller 

scales than those occurring in the world ocean (Schroeder et al., 2012). 

Three major water masses predominate in the Mediterranean Sea (Figure 2). The most important 

is that of Atlantic Water (AW), which is composed by the Atlantic Surface Water and the North 

Atlantic Central Water (Schroeder et al., 2012), as it derives from the only connection with the 

world ocean, the Gibraltar Strait. The AW flows parallel to the African coast and through the 

Sicily strait reaches the eastern Mediterranean. In the Levantine basin, this water mass, it is 
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branching into cyclonic and anticyclonic gyres. The salinity of this water mass is increasing 

towards the eastern part due to evaporation (Malanotte-Rizzoli and Robinson, 1988). 

In the Levantine basin, the Levantine Intermediate Water mass (LIW) is being formed. This 

formation is the outcome of the cold and arid winds which influence the surface water masses. 

The LIW inflows into the Aegean, Adriatic and Tyrrhenian basins and finally outflows from 

Gibraltar Strait. Its salinity is higher than 38.5% and it flows in depths of 200 – 600 m (Garzoli 

and Maillard, 1979; Millot et al., 2006). 

The third water mass is referred to the Deep Water masses (MDW) which are formed in the 

northern part of the Iberian Sea (Liguro – Provencal), in the northern part of Adriatic Sea, in the 

north Aegean Sea and in Cretan Sea (Lykousis et al., 2002; Zervakis et al., 2000). Depth, 

temperature and salinity of the MDW are differentiated due to their formation in different sub-

basins.    
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Fig. 1. Map of the Mediterranean Sea with names of sub-basins (WMS: Western Mediterranean Sea and EMS: Eastern Mediterranean Sea). Map 

available via GIS, bathymetry is after (Ioc, 2003) country names are given by © EuroGeographics for the administrative boundaries (Eurostat). 
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Fig. 2. Simplified schematic of the surface circulation system and water masses pathways in the eastern Mediterranean Sea. The main flows of the 

surface Atlantic Water (AW: black arrow) and the Levantine Intermediate Water (LIW: red arrow), along with the surface circulation of the 

Aegean Sea (green and light green arrows; LSW: Levantine Surface Water and BSW: Black Sea Water) are shown based upon (Karageorgis et al., 

2008; Lykousis et al., 2002; Poulos, 2009; Zervakis et al., 2005a). Map available via GIS, bathymetry is after (Ioc, 2003) country names are given 

by © EuroGeographics for the administrative boundaries (Eurostat). 
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2.2.The Aegean Sea and water masses circulation   

The Aegean Sea is situated between Turkey and Greece (Figure 3) and is one of the largest 

basins in the Eastern Mediterranean (water capacity of 8.1x1013 m3) with a mean depth that of 

450 m (Velaoras and Lascaratos, 2005). It’s connected with the Black and Marmara Seas through 

the Dardanelles and Bosporus Straits, and with the open eastern Mediterranean (Levantine Sea) 

through the Cretan Straits. The complex topography is a feature of the Aegean Sea due to the 

great variability of its shores and bottom relief (Zervakis et al., 2000). Geographically, it is 

divided into the South, Central, and North Aegean, and it turns out that this division can be 

extended also to the hydrographic characteristics of the sub-basins of the sea.  

The South Aegean (extend in between 35N and 37N) consists mainly of the Cretan and the 

shallow shelf of the Cyclades Plateau, along with the Myrtoan Sea at the NW part of the region 

(Figure 3). The Central Aegean consist of the northern shelf of the Cyclades islands and the 

Chios and Ikaria basins and extends between 37N and 38 40' N. Finally, the North Aegean (lying 

north of 38 40' N) is characterized by an alternation of deep trenches and troughs, shallow 

shelves and sills. In general, the deep basins of the North Aegean are oriented in a SW-NE 

direction. The North Sporades and Athos basins reaching depths of 1468 and 1149 m 

respectively are separated by a 500 m deep sill from the 1550 m deep Limnos basin. All three of 

them form the North Aegean Trough (NAT; Figure 3) and are separated by a 350 m sill from the 

North Skyros basin and from the broader Chios basin, lying to their south. 

According to (Lykousis et al., 2002) and (Poulos, 2009), the upper part of the water column (50-

100 m) is composed by the following water masses: a) the Black Sea Water (BSW) flowing into 

the Aegean Sea from the Dardanelles Strait, b) the Levantine Surface Water (LSW) entering the 

Aegean from the Cretan Arc Straits, c) the Modified Atlantic Water (MAW) deriving from the 

Ionian Sea and d) the Cretan Surface Water (CSW) that is observed north of Crete (Figure 2). In 

depths of about 250 – 300 m at the south Aegean and 350 – 400 m at the central and north 

Aegean the Levintine Intermidiate Water (LIW) is encountered. Moreover, in the south Aegean 

Sea at depths of 300 – 700 m a cold and dense water mass is observed being known as 

“Transitional Mediterranean Waters” (TMW). The TMW derives from the mid-depths of the 

Eastern Mediterranean through the eastern and western Cretan Arc Straits. Finally, in the 

deepest/ bottom parts the Cretan Deep Water (CDW) formed locally and/or in the surrounding 
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shelf areas. In the deepest parts of the central and north Aegean Sea the dense North Aegean 

Deep Water is encountered (Figure 2).  

The oceanography of the Aegean Sea is controlled by: 1) the climate contrasts between more 

humid conditions in the north and semiarid conditions in the south and (Kuhnt et al., 2007) and 

2) the exchange of water masses with the Levantine Sea, Ionian Sea, and Black Sea. Particularly, 

the cooler (9–22°C) and of lower salinity (24–28 psu) Black Sea outflow waters flows along the 

east coast of Greece to reach the southwest Aegean Sea, and, due to their high nutrient contents, 

fuel productivity in the North Aegean Sea (Lykousis et al., 2002). The warm (16°C in winter; 

25°C in summer) and saline (39.2–39.5 psu) Levantine surface waters flow northward along the 

eastern Aegean to the Dardanelles Straits (Zervakis et al., 2000, 2004). Several rivers discharge 

into the Aegean Sea, mostly from the north Hellenic coast and from the east coast of Turkey. 

Together, Black Sea outflow waters and river inputs both supply the Aegean with freshwater 

(Poulos et al., 1997). 

The Aegean Sea is characterized, in general, by a cyclonic water circulation, although the most 

active dynamic features are the mesoscale cyclonic and anticyclonic eddies (Lykousis et al., 

2002) either permanent and/or recurrent. Thus, the Levantine waters, entering the Aegean 

through the eastern Cretan Straits, travel northwards along the eastern Aegean coast. When the 

reach the black Sea outflow, in the vicinity of Limnos Island, they get subducted below the very 

light Black Sea waters. Subsequently, Levantine waters move westwards and eventually 

southwards along east coast of Hellenic Peninsula; the latter is associated with a very strong, 

permanent return flow along the east coast of the island of Evoia. A branch of this flow is 

directed towards the northeastern edge of Cyclades Plateau feeding, partially, the cyclone of 

Chios Basin, whilst a small branch of it crosses the strait between the SE end of Evoia and the 

Andros Island and flowing south-westward enters the Myrtoan Sea where it feeds a recurrent 

cyclone (Poulos, 2009). Moreover, dense water formation has been reported over the Limnos and 

Samothraki plateau by Theocharis and Georgopoulos (1993) due to the mixing of surface 

brackish waters (BSW plus river outflows) with more saline waters of Levantine origin, possibly 

induced by local cold atmospheric conditions. In addition, part of the low-salinity water mass 

(BSW) is arrested occasionally by a permanent anticyclone flowing around the island of 

Samothraki. Besides, the low-salinity surface waters of the Samothraki Plateau form a 
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thermohaline front with higher salinity waters along the Athos-Limnos Strait. This front, under 

certain conditions, ‘breaks’ and a cyclone is formed off the Athos peninsula, moving south- 

wards from the plateau, while waters of higher salinity flow northwards passing west of Limnos 

island. The North Sporades basin is characterized, generally, by a variable meso-scale circulation 

and the recurrence of a cyclone over the deep basin.   

The circulation pattern of the South Aegean Sea, including the Cretan arc passages, is 

characterized by intense mesoscale variability incorporating a succession of transient and/or 

recurrent cyclonic and anticyclonic eddies (Lykousis et al., 2002; Theocharis et al., 1993, 

1999a,b). Both of these features induce an overall water transport from the west to the east along 

the southern part of the Cretan Sea (Figure 2). 

The water circulation in the Aegean Sea undergoes small variability at a synoptic scale, as a 

response to the atmospheric variability. However, on a seasonal time-scale, there is a major 

change in the Aegean Sea circulation pattern, which may be playing a significant role, not only 

in influencing its longer-term hydrographic properties, but also in affecting its ecosystem 

(Zervakis et al., 2005b). This seasonal change, that takes place annually in the Aegean Sea, is the 

coastal upwelling of intermediate waters, evident every summer along the eastern Aegean, as a 

response to the persistence of the Etesian northerly winds during the summer period. The 

importance of this coastal upwelling is small, in comparison to coastal upwelling sites in the 

open ocean, due to the oligotrophic character of the Aegean Sea (Skliris et al., 2010). 
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Fig. 3. North, Central and South Aegean Sea along with the major basins in there. Red dots represent the 

location of studied cores and green dots, the location of nearby cores used in the subsequent age model. 

Map available via GIS, bathymetry is after (Ioc, 2003) country names are given by © EuroGeographics 

for the administrative boundaries (Eurostat). 
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2.3.Studied sites 

The three gravity cores studied in this thesis are collected from two distinct areas from north and 

south Aegean, each one unique for its own geological characteristics. The vicinity of these areas 

with major geological structures as well as the sea level changes during the last 21 kyr, render 

these gravity cores as special tool for investigating spatial and temporal variability of climatic 

and oceanographic changes.  

2.3.1. The NAT  

Two studied cores presented here (AEX-15 and AEX-23) have been collected from Athos Basin. 

Athos Basin, north Sporades Basin and Lemnos Basin are the three deep basins of the North 

Aegean Trough (NAT; Figure 4) which is a NE-SW trending deep depression situated in 

northern Aegean Sea. Athos basin reaches depths of approximately 1200 m (Roussakis et al., 

2004; Zervakis et al., 2000). The morphologic differentiation of the NAT is strongly related with 

the North Anatolian Fault (NAF) (Mascle and Martin, 1990), as it is one of the three major fault 

zones that NAF splits. All of the fault zones appear to accommodate a comparable amount of 

deformation (Koukouvelas and Aydin, 2002). The NE-SW to E-W striking NAT fault zone takes 

up the dextral – slip motion on the NAF at its western termination.  

Apart from deformation that is taking place in the NAT, the oceanographic aspects in this area 

are of paramount importance. The main characteristic of the north Aegean is that the fluvial 

freshwater inputs from the Black Sea and the river runoff from Greek and Turkish mainland 

dilute the highly saline waters from Levantine and south – central Aegean. In there, three major 

water masses can be recognized; the superficial nutrient-rich and less saline Black Sea Water 

(BSW; Figure 2), the Levantine Intermediate Water (LIW; Figure 2) with higher salinity, and the 

North Aegean Deep Water (DW) which is the outcome of the buoyancy loss of the Aegean 

Intermediate Water (which derives from the LIW). The extent to which this basin supplies dense 

deep water and oxygen to the whole Mediterranean it is controlled by the antagonistic influences 

of freshwater influx on the one hand and winter cooling on the other (Zervakis et al., 2000). 
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Fig. 4. North Aegean Trough (NAT) and location of the gravity cores AEX-15 and AEX-23. Figure 

provided by HCMR. 
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2.3.2. The submarine depression between Kimolos and Sifnos islands 

Milos and Kimolos islands lie in the westernmost sector of the Cyclades plateau. Both islands are 

part of the South Aegean Volcanic Arc; one of the most important geological structures of the 

Aegean Sea. The submarine area between Kimolos and Sifnos Islands is characterized by a 

rather complex relief as it is related to the volcanic arc (Figure 5). Its sedimentary and 

Quaternary tectonic evolution have been studied previously by (Piper and Perissoratis, 2003) and 

the submarine geomorphology and sediment properties were subject of the YPOTHER/Aegean 

Exploration project. In this context multi-beam bathymetry, seismic profiling, and remotely 

operated vehicle dives were utilized to provide information on this peculiar geomorphological 

feature.  

Karageorgis et al. (2016) analyzing the results of the survey separated the submarine depression 

into three parts; the southern, the eastern and the northern respectively (Figure 5). The southern 

part includes the highly irregular submarine slopes of Kimolos Island. The eastern part comprises 

of the smooth west-south shelf and slope of Sifnos Island. The northern part occupies the 

southern part of the sedimentary basin which has developed north of Kimolos volcanic province 

and west of Sifnos metamorphic province. Unlike most flat sedimentary basins, it displays a 

peculiar relief with local depressions and structural highs spatially alternating. The authors 

recognized six noticeable depressions which have been labelled with numbers (Figure 5). 

Depression number 1 (Nr.1) is the deepest one with depths up to 743 m surrounded by steep 

slopes. The second depression (Nr.2) is at the north of Kimolos slope with maximum depth of 

378 m. The depressions Nr. 3, 4, 5 are shallower and are located in the basin north of Kimolos. 

The last depression Nr. 6 marks the narrowest point of the strait between Kimolos volcanic 

province and Sifnos metamorphic province. The gravity core KIM-2A was collected north of the 

depression Nr.1 in a water depth of 600 m. 
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Fig. 5. Submarine area between Sifnos and Kimolos islands along with the six depressions recognized by 

Karageorgis et al., (2016) and the location of core KIM-2A (modified by Karageorgis et al., 2016). 
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3. Material and Methods 

3.1.Material 

For the present study three gravity cores from the north and south Aegean Sea were analyzed. 

Two cores (AEX-15, AEX-23) were collected from a relatively isolated elongated sub-basin of 

the north Aegean Sea, oriented NE–SW, with dimensions of approximately 42 × 7 km and a 

maximum depth of 1290 m. Core AEX-15 (39°39.900′N, 24°15.369′E; 1242 m water depth, 

length 178 cm) was recovered from the southern sector of the basin, and core AEX-23 

(39°49.464′N, 24°22.354′E; 1226 m water depth, length 322 cm) was recovered near the 

depocenter of the basin (Figure 4). The third core (KIM-2A) was collected from the south 

Aegean area, from a submarine depression located north of Kimolos Island (Figure 5; 

36°95.464′N, 24°06.354′E; 640 m water depth, length 200 cm) (Table 1). The totality of the 

cores was recovered during several R/V Aegaeo cruises from 2013 to 2015 (Table 1) in the 

frame of “YPOTHER” project (Submarine Geological Researches in Aegean Sea) of H.S.G.M.E. 

in collaboration with HCMR.  

All studied cores contain distinct organic-rich dark intervals representing the regional expression 

of the most recent sapropel S1. All samples taken were used for palaeontological (planktonic 

foraminifera and pteropods) and geochemical (oxygen and carbon isotopes) analyses. Details on 

the location of the cores are reported in Table 1. 

 

Table 1. Coordinates, length, depth, number of samples and Expedition journey of the three studied 

gravity cores.  

Gravity 

Core 
Location Coordinates 

Length 

(cm) 

Depth 

(m) 

No of 

Samples 
Expedition 

KIM-2A 
South 

Aegean 
36 95.464' 24 06.354' 200 640 58 

R/V Aegaeo - 

3/05/2014 

AEX-15 
North 

Aegean 
39 39.900' 24 15.369' 178 1242 115 

R/V Aegaeo - 

28/09/2013 

AEX-23 
North 

Aegean 
39 49.464' 24 22.354' 322 1226 46 

R/V Aegaeo - 

29/09/2013 
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3.2. Methods 

The methods are based on high resolution micro- palaeontological and geochemical data (δ18O 

and δ13C isotopes, AMS 14C datings, Corg content, Ba/Al). In particular, planktonic foraminifera 

and pteropods were identified for each sample of every core. Stable carbon and oxygen isotopes 

were measured in all samples and eight (8) Accelerator Mass Spectrometry (AMS) radiocarbon 

(14C) datings were performed. Determination of organic carbon (Corg) was performed in the 

totality of the cores. For the cores from north Aegean major elements (Al) and barium (Ba) were 

performed on selected sediment samples. 

3.2.1. Preparation of samples and Micropalaeontological analyses 

The first step of the analysis took place at the laboratory of sedimentology of Hellenic Centre for 

Marine Research (HCMR) during several phases of the YPOTHER project. Multi logger and 

lithological description were performed for each core. The recognition of sedimentological units 

in color level was based on Munsell soil color chart (2000) (U.S. Department of Agriculture, 

Handbook 18 – Soil Survey Manual). Dense sampling (every 1 cm) followed the discrete units of 

each core (sapropel layers) whereas the rest of the sediments were sampled with 1 cm, 2 cm or 5 

cm resolution. The sampling preparation took place at HCMR and was performed by Dr. Chr. 

Ioakim. 

All samples were prepared following standard micropaleontological procedures of the HyPerCal 

protocol (Zarkogiannis et al., 2020). Approximately 3 cm3 of dried sediment was washed and 

sieved through 63 and 125 μm sieves, and residues were dried in an oven at 500C. Qualitative 

and quantitative analyses have been performed on the planktonic foraminiferal assemblages for 

the >125 μm fraction, split into aliquots each containing at least 300 specimens. All the shells 

were picked, identified and counted in each sample and then converted into percentages of the 

total number of planktonic foraminifera, based on the extrapolation of a counted split (Annex I). 

Planktonic foraminiferal taxonomy follows the work of Hemleben et al., (1989) with additional 

updates from Aurahs et al., (2009; 2011), Numberger-Thuy et al., (2009) and Kontakiotis et al., 

(2017). All morphotypes of G. ruber (“Normal,” “Platys,” “Elongate,” and “Twin” types; 

Kontakiotis et al., 2017) were plotted together, distinguishing only the “alba” and “rosea” 

varieties because of different ecological characteristics. Planktonic species with phylogenetic 
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affinities and similar ecological characteristics were counted together and grouped to better 

interpret distribution patterns. Thus, Globigerina bulloides group includes the species G. 

bulloides and Globigerina falconensis, the Globigerinoides sacculifer group includes 

Globigerinoides trilobus and G. sacculifer, and the Globigerinella siphonifera group includes the 

species Globigerinella aequilateralis, Globigerina calida, and Globigerina digitata. The species 

Globigerinita glutinata includes the morphotypes with and without bulla. Within the group of 

Neogloboquadriniids, two types were discerned: Neogloboquadrina pachyderma and 

Neogloboquadrina dutertrei. 

For the malacological analysis holoplanktonic gastropods (specifically the Order Pteropoda; 

Suborder Euthecosomata) were handpicked from the whole residual material of the >125 μm 

fraction. All the shells were picked, identified, counted, and then converted into percentages of 

the total number of pteropods. The identification in species level follows the works of Di 

Geronimo (1970), Van der Spoel (1976), Panchang et al. (2007), Janssen (2012), Janssen et al., 

(2019), Wall-Palmer et al. (2014) and Rampal (2017). Raw data were transformed into 

percentages of the total abundance and relative percentage abundance curves were plotted, after 

exclusion of rare species (<3%) (Annex I). 

Finally, species of particular interest of both taxa were treated under Scanning Electron 

Microscope Analysis (SEM) at Wiener Laboratory of the American School of Classic Studies 

(ASCSA; Athens). All the identified specimens were stored in chapman slides, at the Hellenic 

Survey of Geology and Mineral Exploration (H.S.G.M.E.) laboratory of palaeontology. 

 

3.2.2. Biogeochemical analyses 

Stable Isotopes  

For stable oxygen and carbon isotope measurements (δ18Ο, δ13C), 30 specimens of the planktonic 

species Globigerinoides ruber f. alba were picked from the 250–300 μm size fraction. In 

particular, the morphotype “Normal” of Kontakiotis et al., (2017) (usually represented to G. 

ruber sensu stricto) was exclusively used in order to minimize potential morphotype-specific 

differential responses in stable isotope compositions (Antonarakou et al., 2015; Wang et al., 
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2000). This size fraction limitation was used to minimize ontogenetic and growth rate effects on 

shell geochemistry (Spero et al., 2003). The analyses were carried out at the Laboratory of 

Geology and Geophysics at Edinburgh University. Foraminiferal δ18O and δ13C data were 

calibrated to National Bureau of Standards -19 (NBS19), and the isotope values are reported in 

‰ relative to Vienna Pee Dee belemnite scale. The external standard errors of the stable carbon 

and oxygen isotope analyses are <0.06‰ and 0.08‰, respectively. 

Organic Carbon content, Al and Ba 

In core KIM-2A Organic Carbon (Corg) was determined by the K2Cr2O7–Fe(NH4)2 6H2O titration 

based on the (Walkley and Black, 1934) methodology with the (Angelova et al., 2014) 

adaptation at the Laboratory of the Hellenic Survey of Geology and Mineral Exploration 

(H.S.G.M.E.).  

In cores AEX-15 and AEX-23 determination of organic carbon (Corg), major elements (Al) and 

barium (Ba) were performed on selected sediment samples in order to detect the depth where the 

onset and termination of S1 deposition occurred (e.g., Martı́nez-Ruiz et al., 2003, and references 

therein). Corg was determined in a Fisons Instruments EA-1108 CHNS analyzer. The operating 

parameters were very similar to those reported by Cutter and Radford-Knoery (1991), 

Nieuwenhuize et al. (1994), and Verardo et al. (1990). The precision of the method is within 5%. 

A detailed description of the analytical procedure is given by Karageorgis et al. (2009). Major 

element concentrations were determined on fused beads using an X-ray fluorescence 

spectrometer (Panalytical PW-2400) at the biogeochemical laboratory of the Hellenic Centre for 

Marine Research, which is accredited according to ELOT EN ISO/IEC 17025:2005. Aluminum 

and barium were determined as oxides following the procedure described in Karageorgis et al. 

(2005). In addition, barium excess (Baex) that represents marine barite, and thus enhanced 

productivity (Martı́nez-Ruiz et al., 2003), was estimated according to Karageorgis et al. (2005). 

The analytical precision is 5–10% on the basis of duplicate runs of standards and unknowns, 

whereas accuracy was assessed using the international reference material PACS-2. 
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3.2.3. Time stratigraphic framework 

The chronostratigraphy of the cores is based on eight Accelerator Mass Spectrometry 

radiocarbon datings (AMS 14C) that were originally performed on Globigerinoides ruber tests at 

Beta Analytics laboratories. Apart from the AMS 14C datings, the chronostratigraphy was 

supplemented by the detected additional control points, as defined by Ba, Al, and organic carbon 

measurements and well-dated correlation horizons from nearby north and south Aegean cores 

(Figure 3; green dots). Conventional 14C ages were calibrated by means of the Calib version 

7.0.2 software (Stuiver and Reimer, 1993) and the Marine13 data set with a regional reservoir 

age correction (ΔR) of 139±40 years for the S1 sapropel interval (Facorellis and Maniatis, 1998) 

and of 58 ± 85 yr outside the sapropel S1 interval (Reimer et al., 2013). Hereafter, ages in this 

study are reported in calibrated thousands of years before present, notated ka BP.  

3.2.4. Statistical analysis 

Multivariate statistical analyses 

Q-mode cluster analysis was used to determine the overall statistical similarity between samples, 

following the algorithms of Davis (1988) using the correlation coefficient matrix. Q-mode 

analysis was performed after exclusion of rare species (< 3%) and grouping of species that have 

a discontinuous, scattered distribution at generic level. The results of cluster analysis were 

reported and arranged in two-dimensional hierarchical dendrograms, wherein locations were 

presented along the Y-axis while similarity level is plotted on the X-axis.  

Principal Component Analyses (PCA) is used to reduce the dimensionality of a multivariate data 

set to a few principal factors that determine the distributions of species. For this analysis all raw 

data for the totality of the samples and specimens were used. Raw data were processed using 

PAST (2.17) multivariate statistical software package of Hammer et al., (2001). The resulting 

factor scores show the contribution of each factor in every sample and therefore the down-core 

contribution of each factor. The total number of factors was defined by minimizing the 

remaining “random” variability and by the possibility to relate the factors to modern 

hydrographic conditions and planktonic foraminiferal and pteropod ecology. 
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3.2.5. Palaeoenvironmental indices 

Planktonic Palaeoclimatic Curve 

The planktonic foraminiferal relative distributions are used as a first-order estimate of Sea 

Surface Temperature (SST) variations. An index of the SST variations was constructed based on 

the down-core variation of planktonic foraminiferal abundances, and it was referred to as 

Planktonic Paleoclimatic Curve (PPC). The PPC was obtained by the formula (w - c)*100/(w + 

c), where w represents the warm water indicators (G. ruber, O. universa, G. sacculifer, B. 

digitata, G. rubescens, G. aequilateralis, G. calida) and c the cold water indicators (G. inflata, T. 

quinqueloba, G. truncatulinoides, G. glutinata, G. scitula) (Rohling et al., 1993b). 

Productivity – Stratification – SPRUDTS  

The Eutrophication index (E-index; Kontakiotis, 2016) was estimated using the sum of the 

eutrophic (Neogloboquadrina pachyderma, Neogloboquadrina dutertrei, Globigerina bulloides, 

Turborotalita quinqueloba, Globoconella inflata) species versus the sum of the eutrophic plus 

oligotrophic (Globigerinoides ruber alba, Globigerinoides ruber rosea, Globoturborotalita 

rubescens, Globigerinoides sacculifer, Orbulina universa, Globigerina siphonifera) species. 

The down-core ratio between G. bulloides and G. ruber was estimated showing the degree of the 

stratification of the upper water column (S-index; Kontakiotis, 2016; Sbaffi et al., 2004). The 

percentage of G. bulloides was estimated as an upwelling index (U-index; Kontakiotis, 2016). 

The species G. siphonifera gr., G. rubescens, O. universa, and G. sacculifer gr. are referred as 

SPRUDTS group, following the ecological characteristics of Rohling et al., (1993b). 
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4. Results 

4.1.Lithostratigraphy of Gravity Cores 

The lithological description for each core is given right below. The description and sampling 

took place at the laboratory of HCMR after multi logger processes. The recognition of the colors 

of the different lithological units was based on the color table of (Oyama and Takehara, 1970) 

“Revised standard soil color charts Munsell notation and color names”. 

KIM-2A  

Lithologically, this core contains a distinct organic-rich dark interval, divided into two separate 

sub-units (S1a and S1b respectively), representing the regional expression of the most recent 

sapropel S1 (Anastasakis and Stanley, 1984; Mercone et al., 2000) (Figure 6a). From the bottom 

up to 87.5 cm, light gray clay can be observed (Munsell soil color 5Y 7/1). The following 24 cm 

are of gray color (5Y 5/1) and correspond to the lower sub-unit (S1a) of the sapropel. Between 

63.5 cm and 52 cm light gray clay (5Y 7/1) can be observed, indicative of the sapropel 

interruption (S1i). From 52 cm to 40 cm mud of gray color (5Y 5/2) characterizes the upper 

sapropel sub-unit (S1b). The clay continues up to 13.5 cm with a light gray clay (5Y 7/1) color. 

From this point to the top of the core watery clay of light-yellow color (5Y 7/4) can be observed 

(Figure 6a). 

 

AEX 15 

Core AEX-15 is of 178 cm length. From the bottom up to 165 cm mud of grayish olive color is 

observed (Munsell soil color 7.5 6/2). The following 43 cm consists of mud with gradient in 

color from dark olive gray (2.5GY 4/1) to olive gray (5Y 6/2) and grayish olive (7.5 5/2). This 

interval corresponds with the sapropel layer S1. From 122 cm to 87 cm olive yellow (5Y 6/2) 

mud with rare darker laminae is observed, and is followed by 66 cm of grayish olive (5Y 6/2) 

mud with dense darker laminae. The interval between 21 cm to 14 cm consists of dull yellow 

(2.5Y 6/4) mud and the one between 14 to 12 cm of yellowish brown (2.5Y 5/3) mud with shell 

debris. From 12cm to the top of the core mud with gradient in color and in water content is 

observed (Figure 6b).  
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AEX 23 

AEX-23 is the longest core of this study and consists of 320 cm of pelagic-hemipelagic 

sediments. Specifically, from the bottom to 292 cm a sapropel layer of 2,5GY 4/1 (Munsell soil 

color) dark olive gray color is observed. Lens of mud rich in organic matter are following for 6 

cm with dark olive gray color (2,5GY 4/1 & 2,5GY 3/1). From 286 cm to 40 cm the core is 

composed by mud of greyish olive color (5Y 6/2). In the top 40 cm the mud is becoming rich in 

water content and of olive yellow color (7,5Υ 6/3) (Figure 6c).  

 

 

 

 

 

 

 

 



34 
 

 

Fig. 6. Lithologic log and photos of the studied cores along with the color code of the lithological units; a) Core KIM-2A, b) Core AEX-15, c) 

Core AEX-23. Red stars represent the exact point that AMS datings were done.  
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4.2.Identification Criteria of the fauna, Classification and Ecological features 

As this study focuses on micro- and macro-biota (planktonic foraminifera and pteropods), it is 

essential to provide their taxonomical and ecological features. Both groups consist of water 

column dwellers which can been used as palaeoenvironmental and palaeoceanographic 

indicators. Properties of water masses affect the tests of these planktonic taxa as well as their 

distribution and therefore their presence or absence from the sedimentary archive and/or their 

geochemical imprint. In this way, planktonic foraminifera and pteropods are useful for 

unraveling the palaeoenvironment and the palaeoceanographic circulation. For the taxonomical 

analysis of the fauna a baseline must be followed for all samples that will be tracked during the 

identifications and interpretation. Therefore, is crucial to describe the criteria that were used in 

this thesis. All the groups referred bellow were formed considering their morphological aspects, 

palaeoenvironmental and ecological features as well as biostratigraphic ranges. 

4.2.1. Planktonic foraminifera 

Foraminifera are single-celled eukaryotic organisms that live both in marine and fresh water 

environment. They range in size from 100μm – 15cm in length. Foraminifera are classified 

primarily by the composition and morphology of their tests. Tests can be made of organic 

compounds, sand grains, and other particles cemented together (agglutinated), or secreted 

calcium carbonate (CaCO3). Many groups are commonly made of a number of chambers, added 

during growth. The arrangement of these chambers and the position and shape of apertures are 

important for taxonomic classification.  

Foraminifera exhibit both benthic (epifaunal or infaunal) and planktonic (passive floating) 

lifestyles. There are approximately 40 species of planktonic foraminifera in the ocean today. This 

comprises about 1% of the extant species of foraminifera. In the open marine environment, 

benthic foraminifera are usually much more diverse yet occur in lower abundances than 

planktonic foraminifera (Dowsett, 2007). 

Planktonic foraminifera apart from being excellent biostratigraphical indicators, they have been 

proofed an excellent tool for the palaeoenvironmental and palaeoclimate reconstruction. Species 

identified in the cores’ sediments are presented in the classification bellow. Furthermore, 

planktonic species with phylogenetic affinities and similar ecological characteristics were 
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counted together and grouped to better interpret distribution patterns. Ecological significance 

based on numerous references for each species or group is also given bellow.  

Classification 

Kingdom CHROMISTA 

Phylum FORAMINIFERA 

Class GLOBOTHALAMEA 

Subclass ROTALIANA 

Order ROTALIIDA 

Suborder GLOBIGERININA 

Superfmily GLOBIGERINITOIDEA 

Family Globigerinitidae Bermúdez, 1961 

Subfamily Globigerinitinae Bermúdez, 1961 

Genus Globigerinita Brönnimann, 1951 

Species Globigerinita glutinata (Egger, 1893) 

Superfamily GLOBIGERINOIDEA 

Family Globigerinidae Carpenter et al., 1862 

Subfamily Globigerininae 

Genus Beella Banner & Blow, 1960 

Species Beella digitata (Brady, 1879) 

Genus Globigerina d'Orbigny, 1826 

Species Globigerina bulloides d'Orbigny, 1826 

Genus Globigerinella Cushman, 1927 

Species Globigerinella calida (Parker, 1962) 

Species Globigerinella siphonifera (d'Orbigny, 

1839) 
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Genus Globigerinoides Cushman, 1927 

Species Globigerinoides ruber (d'Orbigny, 1839) 

Genus Globoturborotalita Hofker, 1976 

Species Globoturborotalita rubescens (Hofker, 

1956) 

Genus Trilobatus Spezzaferri, Kucera, Pearson, Wade, 

Rappo, Poole, Morard & Stalder, 2015 

Species Trilobatus sacculifer (Brady, 1877) 

Genus Turborotalita Blow & Banner, 1962 

Species Turborotalita quinqueloba (Natland, 1938) 

Subfamily Orbulininae Schultze, 1854 

Genus Orbulina d'Orbigny, 1839 

Species Orbulina universa d'Orbigny, 1839 

Superfamily GLOBOROTALIOIDEA 

Family Globorotaliidae Cushman, 1927 

Genus Globoconella Bandy, 1975  

Species Globoconella inflata (d'Orbigny, 1839) 

Genus Globorotalia Cushman, 1927 

Species Globorotalia scitula (Brady, 1882) 

Species Globorotalia truncatulinoides (d'Orbigny, 

1839) 

Genus Neogloboquadrina Bandy, Frerichs & Vincent, 1967 

Species Neogloboquadrina dutertrei (d'Orbigny, 

1839) 

Species Neogloboquadrina pachyderma 

(Ehrenberg, 1861) 
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Globigerinita glutinata: it is a cosmopolitan species preferring shallow waters (~75m) (Reiss et 

al., 2000) and a diatom feeder (Hemleben et al., 1989) normally associated with the spring 

bloom, triggered by the newly available nutrients at the end of winter mixing and increased solar 

radiation. Its diet allows the species to survive in both oligotrophic surface and eutrophic deeper 

waters (Hemleben et al., 1989; Schiebel and Hemleben, 2005; Schiebel et al., 2001). It has a 

short reproductive cycle (Hemleben et al., 1989) and its occurrence may also be an opportunistic 

response to any increase in number in nutrient availability. Usually absent in the sapropel S1 

deposition throughout the Aegean (Casford et al., 2002). 

Globigerina bulloides group: includes the species Globigerina falconensis as well as the poorly 

preserved specimens of small size. The latter is not possible to be identified whether it belongs to 

G. bulloides or G. falconensis.  

Globigerina bulloides: lives in the surface or subsurface waters withstanding large fluctuations 

in temperature, salinity and density of the water column (Rohling et al., 1993b). It is an eutrophic 

species, indicative of sub-polar water masses highly dependent on enhanced food levels; 

upwelling, strong seasonal mixing or freshwater inputs (Reiss et al., 1999; Rohling et al., 2004). 

This species can survive at the end of phyto- and zooplankton blooms, when oxygen had been 

rapidly consumed (Principato et al., 2003).  

Globigerinella siphonifera group: under this group the species G. aequilateralis, G. calida and 

Beella digitata and G. siphonifera are summarized due to their similar habitats and ecological 

characteristics. G. siphonifera gr. is a representative of warm oligotrophic waters (Kontakiotis, 

2016), member of the SPRUDTS group and it displays peak abundances in winter (Rohling et 

al., 2004).  

Globigerinoides ruber: All morphotypes of the species Globigerinoides ruber (G. elongatus, G. 

pyramidalis, G. gomitulus, G. extremus) were classified under the G. ruber, as they have been 

proved to be morphological varieties of the same species. Within the morphospecies of G. ruber, 

two variations in shell color are recognized, G. ruber “white” and G. ruber “pink”. These 

variations were counted and plotted separately in all cores due to their different ecological 

preferences.  
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This species is considered as indicative of warm and oligotrophic surface waters (Pujol and 

Vergnaud-Grazzini, 1995; Thunell, 1978), with minimum temperature required at ~14oC (Bijma 

et al., 1990a,b; Hemleben et al., 1989; Reiss et al., 1999). The high abundance of G. ruber during 

the late Glacial and Holocene periods has been observed all throughout the Mediterranean Sea 

(Buckley et al., 1982; Hayes et al., 1999; Kontakiotis, 2016; Antonarakou et al., 2015; Giamali et 

al., 2019, 2020). G. ruber exhibits two varieties, a pink (rosea) and a white (alba) forma. It is 

considered that the pink forma prefers warmer waters than the white which prefers lower 

temperatures (Hemleben et al., 1989). 

Globorotalita rubescens: Based on (Capotondi et al., 1999) the species Globorotalita rubescens 

and Globigerinoides tenellus can be summarized under the label G. rubescens due to their 

similar habitats. G. rubescens occurs in warm through temperate waters (Hemleben et al., 1989). 

Globigerinoides sacculifer group: is a minor warm planktonic indicator representative of warm 

oligotrophic waters and it has been related to the occurrence of a surface pycnocline during the 

S1 (Kontakiotis, 2016; Principato et al., 2003). Is an euryhaline species which withstands 

salinities in a range of 24-47‰ and tolerates temperature of 14-31°C (Hemleben et al., 1989). 

The specimens of Globigerinoides sacculifer and Globigerinoides trilobus were grouped under 

the species G. sacculifer gr. 

Turborotaliita quinqueloba: is considered as indicative of cool waters (Lourens et al., 1992; 

Thunell, 1978), but is also tolerant to fairly low salinity and/or enhanced fertility in surficial 

waters (Rohling et al., 1997). 

Orbulina universa: is member of the SPRUDTS group, prefers warm oligotrophic conditions. 

Lives in temperature range 12-31oC, and although its photosynthetic symbionts show a dominant 

habitat in shallower waters, with sufficient light penetration, it can be found down to 250 m 

(Hemleben et al., 1989). 

Globoconella inflata: is regarded as indicative of deep seasonal mixing (in association with 

winter mixing) (Hemleben et al., 1989; Pujol and Vergnaud-Grazzini, 1995; Rohling et al., 

1995). This species in the Mediterranean is associated with cool and deep mixed waters (Pujol 

and Vergnaud-Grazzini, 1995; Thunell, 1978). The rapid and temporal increase of G. inflata 

after the end of the sapropel S1 is documented in almost all the cores from the eastern 
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Mediterranean and is attributed to deep water ventilation (Casford et al., 2002; De Rijk et al., 

1999; Geraga et al., 2000).  

Globorotalia scitula: is shown living at depth and is tolerant of low temperatures (Hemleben et 

al., 1989; Lourens et al., 1992; Thunell, 1978). It reflects a cool, homogeneous, and relatively 

eutrophic winter mixed layer (Reiss et al., 1999; Rohling et al., 2004). 

Globorotalia truncatulinoides: its presence/ absence is controlled by the winter convection and 

vertical mixing (Pujol and Vergnaud-Grazzini, 1995). 

Neogloboquadrina pachyyderma: is shown living at depth, and is known to thrive at or just 

above the base of the euphotic zone and generally prefers stable stratified environments 

(Hemleben et al., 1989; Reiss et al., 1999; Rohling et al., 1993b, 1995). This species is known to 

prevail in stable stratified settings with a well-developed deep chlorophyll maximum (DCM) 

(Hemleben et al., 1989; Reiss et al., 1999; Rohling et al., 1993b) in a water mass isolated from 

the surface water system (Casford et al., 2002). It is considered to thrive in colder waters (Pujol 

and Vergnaud-Grazzini, 1995). 

Neogloboquadrina dutertrei: Neogloboquadrinid species are indicative of cool and eutrophicated 

waters associated with the formation of a Deep Chlorophyll Maximum (DCM) layer (Fairbanks 

and Wiebe, 1980). Neogloboquadrinids are intermediate water dwellers and may suggest 

shoaling of the pycnocline into the base of the euphotic layer to create a distinct deep chlorophyll 

maximum. 

Both neogloboquadrinids identified in this work (N. dutertrei, N. pachyderma) are separated to 

dextral and sinistral forms due to their different oceanographic preferences. For instance, N. 

pachyderma dextral is considering preferring warmer water conditions than the sinistral one.  

SPRUDTS: The species G. sacculifer, G. trilobus, G. rubescens, Orbulina universa, B. digitata, 

G. tenellus, G. siphonifera are typical of warm water and of stratified water column (Rohling et 

al., 1997) and they consist SPRUDTS group (Rohling et al., 1993a).  
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4.2.2. Holoplanktonic Gastropods – Pteropoda 

As holoplanktonic gastropods are poorly studied in the Aegean Sea, it is essential to provide 

details on their taxonomy, way of life, preservation, and habitats.  

Pteropoda (or commonly pteropods) are planktonic gastropods, which have evolved wings from 

the foot, structure that characterizes animals in the class Gastropoda. These wings are uniquely 

adapted to enable the animals to live their entire lives as a planktonic form (Bé and Gilmer, 

1977) and they are, therefore, termed holoplanktonic.  

Pteropods are widespread and abundant in the global ocean and entirely adapted to a pelagic life 

cycle (Hunt et al., 2008; Lalli and Gilmer, 1989). Are divided into three suborders, the 

Euthecosomata, Pseudothecosomata (shelled pteropods), and Gymnosomata (naked pteropods), 

which differ in their morphology, behavior and trophic position. The species classification in the 

suborder of Euthecosomata is based on their shell morphology whereas for shell-less 

Gymnosomata species it is based on the anatomical features of the feeding apparatus (Lalli and 

Gilmer, 1989; Van der Spoel, 1976). 

In Euthecosomata two superfamilies are distinguished: Limacinoidea and Cavolinoidea. The 

latter consists of four extant families (Cavoliidae, Cliidae, Creseidae, Hyalocylidae) whereas the 

former from three (Heliconoididae, Limacinidae, Thieleidae). The suborder Pseudothecosomata 

contains one superfamily: Cymbulioidea consisting of three families (Cymbuliidae, 

Desmopteridae, Peraclidae). Representatives of the families Cymbuliidae and Peraclidae though 

they have been identified in genera level in this work, they are not included as this thesis is 

focusing on Euthecosomata. 

Shell structure 

Pteropods are one of only a few taxa that make their shells out of aragonite a polymorph of 

calcium carbonate. The biogeochemical importance of aragonite production by pteropods has 

been shown in a number of studies (Acker and Byrne, 1989; Berner and Honjo, 1981). On a 

global scale, aragonite production by pteropods might constitute at least 12% of the total 

carbonate flux worldwide (Bednaršek et al., 2012a; Bednaršek et al., 2012b; Berner and Honjo, 

1981). Their aragonite shell not only contributes to the transfer of organic and inorganic material 

into the deep ocean (Tréguer et al., 2003) but also increases the weight of pteropods as settling 
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particles and hence their sinking speed (Lochte and Pfannkuche, 2003). For that reason, 

deposition close to their habitat is to be expected (Vinogradov, 1961). 

Owing to their aragonite nature of their shells, pteropods are more susceptible to solution than 

other marine macrofossils. The state of aragonite shell preservation depends on the degree of 

organic matter combustion in the sediments and their transport and removal by currents 

(Herman, 1971). Well preserved shells occur in sediments, where the supply of organic matter is 

limited and O2 levels are high. Preservation deteriorates with increased supply of organic carbon, 

O2 consumption and increased production of CO2 (Almogi-Labin et al., 1986). Particularly in the 

Mediterranean Sea, preservation of pteropods shells is excellent as a result of the relatively 

shallow water, high bottom water temperatures, and probably the limited number of mud feeders. 

Furthermore, as a result of rapid rates of sedimentation, seas offer higher resolution of 

Quaternary events than do ocean basins (Herman, 1971). Nowadays, Pteropoda abundances are 

known to be higher in the eastern Mediterranean than in the western, as the higher aragonite 

saturation state and their unique method of feeding is fulfilled (Johnson et al., 2020). 

Way of life-habitats 

Euthecosomata are usually phytophagous organisms, occasionally feeding on floating organic 

particles (Trégouboff and Rose, 1957). They perform diurnal vertical migration, descending in 

day and rising to the surface at night. The important factors controlling the vertical distribution 

are light, pressure, temperature, oxygen content and salinity (Herman and Rosenberg, 1969). Due 

to their vulnerability (nature of the shell) and the restricted tolerance to changes in the above-

mentioned factors, they can be useful indicators of past environment as it has been shown before 

(e.g., Herman, 1971; Herman, 1989; Singh et al., 2005; Wall-Palmer et al., 2014). 

Because of their migratory life style, Euthecosomata can be characterized either as epipelagic 

(shallow-water dwellers: 0 – 200 m) or as mesopelagic (deeper-water dwellers: 200 – 1000 m). 

Some species are bathypelagic and live in water depths of 1000 m and more. Mesopelagic 

species are sensitive to the degree of water column stratification and to the extent of the oxygen 

minimum zone (OMZ) (Almogi-Labin et al., 2008). Most species show preference for warmer 

environments and are distributed in tropical and subtropical realms. In colder water the species 
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diversity is reduced, but individuals frequently occur in dense populations (Janssen and 

Peijnenburg, 2014).  

Classification 

Kingdom ANIMALIA 

Phylum MOLLUSCA 

Class GASTROPODA 

Subclass HETEROBRANCHIA 

Infraclass EYTHYNEURA 

Subterclass TECTIPLEURA 

Order PTEROPODA 

Suborder EUTHECOSOMATA 

Superfamily CAVOLINIOIDEA 

Family Cavoliniidae Gray, 1850 (1815) 

Genus Cavolinia Abildgaard, 1791 

Species Cavolinia inflexa (Lesueur, 1813) 

Species Cavolinia sp. 

Genus Diacria J.E. Gray, 1840 

Species Diacria trispinosa (Blainville, 1821) 

Family Cliidae Jeffreys, 1869 

Genus Clio Linnaeus, 1767 

Species Clio pyramidata Linnaeus, 1767 

Species Clio cuspidata (Bosc, 1801) 

Family Creseidae Rampal, 1973 

Genus Boasia Dall, 1889 

Species Boasia chierchiae (Boas, 1886) 
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Genus Creseis Rang, 1828 

Species Creseis acicula (Rang, 1828) 

Species Creseis sp. 

Genus Styliola Gray, 1847 

Species Styliola subula (Quoy & Gaimard, 1827) 

Family Hyalocylidae A. W. Janssen, 2020 

Genus Hyalocylis Fol, 1875 

Species Hyalocylis striata (Rang, 1828) 

Superfamily LIMACINOIDEA 

Family Heliconoididae Rampal, 2019 

Genus Heliconoides d'Orbigny, 1836 

Species Heliconoides inflatus (d'Orbigny, 1835) 

Family Limacinidae Gray, 1840 

Genus Limacina Bosc, 1817 

Species Limacina bulimoides (d'Orbigny, 1835) 

Species Limacina retroversa (J. Fleming, 1823) 

Species Limacina trochiformis (d'Orbigny, 1835) 

 

Cavolinia genus is not separated into species. As shells of Cavolinia are fragile, only 

protoconchs are able to be found and identified into genera level. The only exception of non-

fragmented specimens encountered is that of Cavolinia inflexa. In this species two formae (or 

subspecies) have been recognized (Janssen, 2012; Rampal, 2002) but as the non-fragmented 

specimens are no more than five, it has been considered of none significance to treat this species 

separately. Thus, all the unrecognized species along with the few C. inflexa were grouped under 

Cavolinia spp.. However, ecological features of C. inflexa are given. 
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Cavolinia inflexa: It lives between the surface and 250m (Bé and Gilmer, 1977) and its 

temperature span is 16°C-28°C. The salinity tolerance is that between 35.5‰-36.6‰ (Van der 

Spoel, 1976). Herman (1981) interpreted this species as a temperate water species with a wide 

depth range distribution, abundant in the western basins, reaching peak abundances in the 

Ligurian and Provençal basins, decreasing in abundance in the Tyrrhenian and Adriatic, and even 

being rare in the Ionian and Levantine basins. 

Diacria trispinosa group: includes various formae based on several authors (e.g., Bontes and van 

der Spoel, 1998; Hilgersom and Van der Spoel, 1987; Rampal, 2002; Van der Spoel, 1976). 

Janssen (2012) accepts two separate species in the D. trispinosa-group, viz. D. trispinosa and D. 

major (Boas, 1886) with the latter not recorded in the Mediterranean. In the material studied for 

the present thesis this species is represented predominantly by protoconchs and fragments of the 

teleoconch, and thus are assigned as D. trispinosa. This species is a warm – water, mesopelagic 

species typical of Atlantic influenced waters (Biekart, 1989; Buccheri et al., 2002) most 

abundant in depths of 300 to 400 m (Jung, 1973). Herman (1971, 1981) and Corselli and Grecchi 

(1990) summarized western Mediterranean occurrences, concluding on introduction into the 

Mediterranean by currents from the Atlantic.  

Genus Clio was separated into two species; C. cuspidata and C. pyramidata. The main feature 

for the identification of the species is the protoconch. C. pyramidata is further separated into 

three formae; lancelota, pyramidata and tyrrhenica (Janssen, 2012). The difference among these 

three is lay upon the straight or curved sidelines of this triangular species. As the majority of the 

material studied here, contains fragmented specimens or solely protoconchs it was difficult the 

separation into formae. Regarding their environmental aspect, C. pyramidata f. lancelota is 

considering to prefer warm environments than the North Atlantic Ocean dweller C. pyramidata f. 

pyramidata. C. pyramidata f. tyrrhenica though, it has been introduced by Janssen (2012) as a 

cold water dweller, slightly different morphologically from f. pyramidata encountered in the 

Mediterranean. This new forma of Clio pyramidata has no formal taxonomic status as 

infrasubspecific names are not recognized by the ICZN rulings. Therefore, no further 

identifications of formae were possible in this work and the species C. pyramidata is ascribed to 

C. pyramidata sensu lato.  
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Clio pyramidata: is a mesopelagic, temperate species (Buccheri et al., 2002), though it has been 

also recognized as sub-tropical and cold-tolerant by Chen and Bè, (1964). Temperatures ranges 

based on (Van der Spoel, 1976) are between 4 and 28°C, whereas temperature and salinity 

ranges given by (Jung, 1973) are 7.0 to 27.8°C and 36.1 to 36.5‰ respectively. Its greatest 

abundance is met in depths of 200 to 400 meters, based on the same author. Herman (1971) 

describing it as ‘a bathypelagic species collected in 2000 m deep tows in the Ionian Sea’.  

Clio cuspidata: (Herman, 1971; Herman, 1981) characterized Clio cuspidata as ‘a bathypelagic 

species which is present in all basins (of the Mediterranean) at low frequencies, reaching peak 

abundancies in the cool Alboran, Liguria and Provençal basins’. Its temperatures range between 

15.3-23.0°C. 

Boasia chierchiae: This species is synonymous with Creseis chierchiae and in this work findings 

correspond to the forma constircta. Herein it will be referred to as Boasia chierchiae in order to 

be consistent with WoRMS nomenclature. B. chierchiae is an epipelagic species occurring in the 

mixed layer. It can tolerate minimum salinity of 29.92‰ and maximum temperature of 31.35°C 

(Singh et al., 2005). A close relationship between abundance of this species and bathymetric 

conditions has been documented in the southern part of the western Indian shelf (Singh et al., 

1998). B. chierchiae is known to proliferate in low (Rottman, 1980) as well as high salinity 

(Almogi-Labin et al., 1991) shallow waters. It has been documented a better preservation for this 

species in anoxic bottom conditions (Singh et al., 2005). 

Creseis genus has concerned many authors due to its species synonyms and formae. In the 

material examined here one species was able to be recognized; Creseis acicula. Due to the long 

debate on synonyms of this species it has been considered suitable to use the nomenclature of 

WoRMS (Horton et al., 2021; Janssen, 2018). Thus, C. acicula is a synonym of C. clava. Due to 

the long debate on the other species of Creseis (e.g., virgula, conica), other species encountered 

in the studied material were assigned to Creseis sp.  

Creseis acicula: it is an epipelagic subtropical – tropical species (Buccheri et al., 2002). It prefers 

the shallowest depth habitat amongst all epipelagic pteropods (Frontier, 1973; Rottman, 1980; 

Wormelle, 1962). Van der Spoel (1976) recorded salinity and temperature ranges of this taxon as 

35.5–36.7‰ and 10–27.9°C, respectively. Sakthivel (1969) and Rottman (1980) found abundant 
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occurrences of this species in low salinity waters of the Bay of Bengal and the South China Sea, 

respectively. Thus, C. acicula has tolerance to a wide range of salinity (30–55‰) (Singh et al., 

2005). Almogi-Labin et al., (2008) based on the above-mentioned remarks, refers to this species 

as the most euryhaline among all pteropods. Singh et al., (2005) found that this species is 

preserved best in anoxic bottom conditions, whereas it is poorly preserved where oxygen 

concentration is high enough to cause dissolution of these delicate species.  

Hyalocyclis striata: This tropical sub-surface/epipelagic water species is present all over the 

Mediterranean but is clearly more common in the eastern than in more western parts of the basin 

(Buccheri et al., 2002; Herman, 1971). Its temperature and salinity ranges are 13.8-27.8°C and 

around 36.2‰ respectively (Jung, 1973).  

Styliola subula: it is considered as a mesopelagic warm water species preferring high salinity 

(steno-haline) (Almogi-Labin et al., 2008; Buccheri et al., 2002; Singh et al., 2005) and more 

abundant in oxygen-rich water (Sakthivel, 1973). Its temperature range is 13.8-27.8°C (Jung, 

1973). Rampal (2011) referred to this species as very common in the southwestern and eastern 

Mediterranean. Its disappearance on the palaeontological record has been attributed to 

fluctuations in the intensity of the OMZ (Almogi-Labin et al., 2000, 2008; Singh et al., 2005). 

Heliconoides inflatus: It is considered as a mesopelagic subtropical species (Bé and Gilmer, 

1977; Buccheri et al., 2002; Van der Spoel, 1976). It lives at a depth ranging from 200-1000 m 

(Almogi-Labin and Reiss, 1977), tolerates temperature oscillations between 14-28°C (Jung, 

1973; Van der Spoel, 1976) and it is tolerant to a wide range of salinity (32-40‰; Singh et al., 

2005). This species is known to proliferate in the present-day Oxygen Minimum Zone (OMZ), 

with a minimum concentration of c. 0.5 ml O2 l
-1 in the Red Sea (Weikert, 1982; Weikert and 

Cederbaum, 1987). It is most common in areas known to be oligotrophic (Bé and Gilmer, 1977; 

McGowan, 1989; Sijinkumar et al., 2010). It is a fact that this migratory species adopts a variable 

depth habitat during its growth stages (veligers, juveniles and adults). Adults of H. inflatus 

migrate much deeper in the water column and, therefore, are more susceptible to the low oxygen 

concentration in the OMZ. Smaller forms appear to be restricted in their vertical migration, 

preferring to live in the upper part of the water column (Almogi-Labin et al., 1988) and so may 

not be affected much by the intensified OMZ (Singh et al., 2005). Living populations of this 
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species are present in the eastern Mediterranean, but the species is far more common in the 

western part of the basin.  

Limacina retroversa: it is an epipelagic, typical of cold-water regions species (Buccheri et al., 

2002; Herman, 1971). It lives at a depth of 150 m (Van der Spoel, 1976) and it vertical migrates 

on a daily and seasonal basis (Bé and Gilmer, 1977). The recorded temperature range is 2-19°C 

(Bé and Gilmer, 1977), the salinity range is 31-36‰ (Van der Spoel, 1976). Froget (1967) 

stresses the importance of the taxon as an indicator of northern Atlantic climatic conditions.  

Limacina trochiformis: is an epipelagic, tropical species, bearing temperature changes between 

13.8-27.9°C and salinity oscillations between 35.5-36.8‰ (Jung, 1973; Van der Spoel, 1976), 

though it can stand reduced surface salinities (Buccheri et al., 1998; Buccheri and Torelli, 1981). 

It lives at depths of 99-165 m (Van der Spoel, 1976). It is associated with the mixed layer in the 

water column (Almogi-Labin et al., 1988; Bé and Gilmer, 1977; Wormuth, 1981) thriving in 

upwelling conditions (Bé and Gilmer, 1977; Sakthivel, 1969). It has been noted that this species 

prefers eutrophic conditions and reduced surface salinities (Buccheri et al., 2002; Di Donato et 

al., 2009).  

Limacina bulimoides: Is a migratory /mesopelagic pteropod species that lives in a well-ventilated 

water column (Almogi-Labin et al., 1988) and typical of Atlantic influenced waters (Buccheri et 

al., 2002). In the Atlantic the recorded temperature range is 13.8-27.8°C and the salinity range 

35.5‰-36.7‰ (Jung, 1973). Herman (1971) interpreted the species as a ‘low salinity (36‰) 

Atlantic water indicator, present at low frequencies in all basins’ (of the Mediterranean). Corselli 

and Grecchi (1990) including L. bulimoides among the ‘specie accidentali’ (=accidental species), 

refer to the few observations of living western Mediterranean specimens and to the abundant 

occurrence of this species in cores from the eastern Mediterranean, considering it especially 

common during the Holocene. Results of (Johnson et al., 2020) are consistent with (Corselli and 

Grecchi, 1990). Almogi-Labin et al., (2008) uses its maximum abundance in Red Sea as an 

indicator of arid conditions. 
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Fig. 7. SEM photographs of selected planktonic foraminifera species; a. Globigerinoides ruber f. alba, b. 

Globigerina falconensis c. Orbulina universa, d. Globigerina bulloides, e. Globigerinita glutinata, f. 

Globigerinella calida, g. Turborotalita quinqueloba, h. Neogloboquadrina pachyderma [d]. Scale bars: 

100 μm (a, c, f); 50μm (b, d, e, g, h). 
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Fig. 8. SEM photographs of selected pteropod species; a. Heliconoides inflatus, b. Limacina retroversa, c. 

Limacina trochiformis, d. Clio cuspidata protoconch, e. Clio pyramidata, f. Hyalocyclis striata, g. Boasia 

chierchiae, h. Creceis acicula, i. Styliola subula, j. Diacria trispinosa, k. Cavolinia sp. embryonic part. 

Scale bars: 500μm (g); 200μm (a, e, h, i); 100μm (b, c, d, f, j, k). 
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4.3.Planktonic Foraminifera Distribution Pattern 

The qualitative analysis of the cores revealed 19 planktonic foraminiferal species lumped into 15 

groups: G. ruber f. alba, G. ruber f. rosea, G. sacculifer group, G. bulloides group, G. 

siphonifera group, G. scitula, G. truncatulinoides, G. inflata, O. universa, T. quinqueloba, G. 

glutinata, G. rubescens, G. conglobatus, N. pachyderma, N. dutertrei. The down-core 

stratigraphic distributions of their relative abundance are described below and are depicted in 

figures 9, 10 and 11. 

KIM-2A 

From the bottom of the core up to 153 cm, the fauna is characterized by high relative abundances 

of the species G. ruber f. alba (22–34%), N. pachyderma (10–40%), T. quinqueloba (3–30%), 

and G. bulloides gr. (8–33%). Additional components of the fauna are N. dutertrei, G. glutinata, 

and G. scitula. After the 153 cm, an abrupt decline in Neogloboquadrinids and T. quinqueloba 

can be observed, while G. bulloides follows an opposite trend with relative abundance of 33%. 

From that point up to 127 cm N. pachyderma and N. dutertrei reach their maximum abundances 

(45% and 15% respectively), whereas T. quinqueloba is still present but with low percentages 

(up to 10%). The relative abundance of G. bulloides gr. does not exceed 16% and G. ruber f. 

alba is also present but with equally low frequency (lower than 20%). Between 127 cm and 100 

cm the fauna is characterized by the dominance of G. bulloides, N. pachyderma, N. dutertrei, G. 

ruber f. alba, G. glutinata, and G. rubescens. Additional components, with lower percentages, 

are the species T. quinqueloba and G. inflata. The interval between 100 cm and 41.5 cm is 

characterized by a shift in fauna. Most of the species dominating the previous interval are 

decreasing or becoming absent (T. quinqueloba, Neogloboquadrinids, G. glutinata and G. 

inflata). Prevailing species of this interval are O. universa (44%), G. ruber f. rosea (38%), G. 

bulloides gr. (27%), G. siphonifera gr. (20%), and G. sacculifer gr. (14%). In the final segment 

of the core, from 41.5 cm to the top, the sampling presents poor resolution, but certain significant 

changes can be observed. The G. ruber f. alba, G. inflata and G. truncatulinoides present a peak 

(57%, 31%, and 7% respectively) and the relative abundances of G. ruber f. rosea, O. universa, 

and G. siphonifera gr. are decreasing. N. pachyderma, G. inflata, and G. glutinata are re-

appearing, but with low percentages (Figure 9). 
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Fig. 9. Frequency curves of the most indicative planktonic foraminiferal species versus depth (in cm) in core KIM-2A.
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Core AEX-15 

From the bottom to 165.5 cm the assemblage is dominated by G. ruber f. alba with percentages 

up to 35%, along with T. quinqueloba (34%) and G. bulloides (29%). Present with low 

percentages in this interval are the species G. glutinata (12%), G. rubescens (13%) and O. 

universa (11%). Between 165 cm and 120 cm (AEX-15), the warm subtropical species (G. ruber 

f. rosea and O. universa) are abundant with percentages up to 25%, and the species T. 

quinqueloba and G. bulloides present their maximum percentages (∼68% and 48%, 

respectively). At the same interval Neogloboquadrinids occur sporadically and with very low 

percentages (<2%), and G. inflata is totally absent (Figure 10). The relative abundance curves of 

G. sacculifer group, G. siphonifera group, and O. universa display highly variable down-core 

patterns, occasionally reaching significant percentages (10–30%). G. ruber f. alba and G. 

rubescens are continuously present but in small percentages. The interval between 120 cm and 

107 cm is characterized by the increase of G. inflata (32%) and N. pachyderma (16%) 

percentages. Furthermore, G. bulloides, O. universa and T. quinqueloba are decreasing, whereas 

G. ruber f. alba relative abundance has an increasing trend. Additional components of the fauna 

are the G. sacculifer, G. glutinata, and G. rubescens with low percentages, while G. siphonifera 

gr. presents relatively the same pattern as before. From 107 cm to the top of the core the 

distribution pattern of these species is limited, with the exception of the upper part of the core, 

which is marked by a sharp increase of N. pachyderma. During this interval, G. ruber f. alba 

reaches maximum abundances (up to 65%). G. ruber f. rosea (∼10–15%) and T. quinqueloba 

(∼15–30%) are still present but less abundant, whereas O. universa decreases dramatically 

(Figure 10). Increasing percentages of G. rubescens (∼15–30%) and G. glutinata (∼5%) are also 

recorded. 
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Fig. 10. Frequency curves of the most indicative planktonic foraminiferal species versus depth (in cm) in 

core AEX-15. 

Core AEX-23 

The interval between 320 cm to 291 cm of the core presents high relative abundances of the 

species T. quinqueloba (~64%), G. bulloides (~45%), G. ruber f. rosea (15%) and O. universa 

(11%). Additional components of the fauna are species G. ruber f. alba, G. sacculifer, G. 

glutinata, and G. rubescens with low percentages (<10%). At 291 cm a sharp increase in the 

abundance of G. inflata (23%) and N. pachyderma (5%) is observed. From 291 cm to the top of 

the core, the dominant species are the T. quinqueloba (59%), G. ruber f. alba (reaching 41%), G. 

bulloides (reaching 20%) and G. rubescens (14%). O. universa decreases gradually from 291 cm 

to 202.5 cm, whereas afterwards its relative abundance does not exceed 1%. G. inflata present 

peak at 272.5 cm (23%) and after 242.5 cm is becoming very rare or absent (Figure 11).  
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Fig. 11. Frequency curves of the most indicative planktonic foraminiferal species versus depth (in cm) in 

core AEX-23. 
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4.4.Pteropod Distribution Pattern 

All samples also include aragonitic pteropods which indicate an excellent preservation regime 

along with the strong carbonate preservation potential of the eastern Mediterranean basin 

(Antonarakou et al., 2019; Schneider et al., 2007). A total of 13 species of Euthecosomata 

(Heliconoides inflatus, Limacina trochiformis, Limacina bulimoides, Limacina retroversa, 

Creseis acicula, Creseis sp., Boasia chierchiae, Hyalocyclis striata, Styliola subula, Clio 

pyramidata s.l., Clio cuspidata, Diacria trispinosa, Cavolinia spp.) were identified. Adult 

specimens, when present, were fragmented (Cavolinia spp., C. pyramidata, C. trispinosa). The 

protoconchs (Clio, Diacria and Cavolinia) made the identification of certain species and genera 

possible, as they were the only residue left. The down-core variation of their abundance is 

presented below.  

 

KIM-2A 

Within the basal part of the core sequence, the fauna is composed almost exclusively of the 

pteropod L. retroversa. An additional component is the species C. pyramidata, but with very low 

percentages (<3.5%). Between 153 cm to 127 cm the pteropodal fauna becomes more diverse 

with the species H. inflatus, D. trispinosa, C. acicula, and B. chierchiae appearing in the fauna. 

The relative abundance of C. pyramidata gradually increases (up to 45%), in contrast to the 

decline of L. retroversa (drops to ~40%). The latter disappears completely from the fauna at 105 

cm. Between 109 cm and 85 cm the pteropod fauna consists mainly of H. inflatus, C. acicula, C. 

pyramidata, and D. trispinosa, with L. bullimoides appearing for the first time at 109 cm. The 

species C. pyramidata and D. trispinosa are decreasing up until the top of the core. In the last 85 

cm of the core, Cavolinia spp. appears in the fauna, reaching its maximum abundance (58%) at 

41.25 cm and 85.5 cm, with the species H. inflatus and B. chierchiae (15–58% and 3–40% 

respectively) as additional components. At 65.5 cm, L. trochiformis presents a short occurrence 

and between 65 cm and 60 cm Creseis sp. presents its maximum relative abundance (36%). 

Towards the top of the core L. trochiformis and S. subula present their highest percentages (~6% 

and 15% respectively) (Figure 12). 
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Fig. 12. Frequency curves of the pteropod species versus depth (in cm) in core KIM-2A. 

 

Core AEX-15 

In the interval between 173.5 cm to 164.5 cm of AEX-15 the pteropods C. acicula, D. trispinosa, 

H. inflatus, and C. pyramidata are present with high relative abundances. Low percentages of the 

species B. chierchiae (5%) and Cavolinia spp. (5%) are observed towards the end of this interval. 

Between 164.5 cm and 120 cm, the fauna is characterized by the high relative abundances in H. 

inflatus (79%), B. chierchiae (58%), and Cavolinia spp (22%). The species C. pyramidata and D. 

trispinosa decrease dramatically (0-6% and 0-11% respectively), while C. acicula after 156.5 cm 

is almost absent. From 120 cm to the top of the core, the pteropod fauna is more diverse. H. 

inflatus, Cavolinia spp., B. chierchiae, C. clava, and C. pyramidata present a continuous record. 

The species L. trochiformis, S. subula and C. cuspidata are the new components of the fauna. In 

five samples of the upper part of the core few specimens of the species L. retroversa are 

observed (Figure 13).   
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Fig. 13. Frequency curves of the pteropod species versus depth (in cm) in core AEX-15. 

Core AEX-23 

The down-core variation of the pteropod species of AEX-23 resembles that of the core AEX-15. 

Specifically, in the interval between 320 cm to 291 cm, which represent a part of the sapropel S1 

layer, the fauna is similar with that of the equivalent interval of AEX-15 (approximately 130-120 

cm). It consists of high percentages of B. chierciae (47%), H. inflatus (46%), and Cavolinia spp. 

(24%). Low relative abundances of the species D. trispinosa (14%), L. trochiformis (6%) are also 

recorded. From 291 cm to the top the fauna is more diverse. The species B. chierciae, H. inflata, 

Cavolinia spp., prevail with a continuous character. C. acicula presence is interrupted for 20 cm 

(272.5 – 252.5 cm), while the species C. pyramidata, and C. cuspidata are entering the fauna 

with a short delay and their percentages remain low (15% and 1.5% respectively). L. 



59 
 

trochiformis and S. subula are becoming components of the fauna much later (212.5 cm and 

112.5 cm respectively). Here as well, few specimens of L. retroversa are observed at 142.5 – 

112.5 cm, at 72.5 cm and 32.5 cm (Figure 14).  

 

 

Fig. 14. Frequency curves of the pteropod species versus depth (in cm) in core AEX-23. 
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4.5.Total Organic Carbon and Stable Isotopes 

KIM-2A 

The organic carbon concentration (Corg) in KIM-2A generally exhibits values around 1% (Figure 

15a). This pattern is interrupted in two intervals related to the sapropel sub-units deposition. The 

first interval (S1a; 89–64 cm) is characterized by high Corg concentration, ranging from 1.5% to 

3.4%, and in the second interval (S1b; 52.5–40 cm), Corg concentration ranges from 1.8% to 

2.4% (Figure 15a). Thus, the deposition of S1 sapropel layer started at 89 cm and terminated at 

40 cm. The interruption of sapropel S1 layer (S1i) is detected between 64 cm and 52.5 cm, as 

suggested by the decline of the Corg content (~1.3%). 

As shown in Figure 15a, between 196 cm and 159 cm, δ18OG. ruber values range from +2.9 to 

+3.2‰. From 157 cm to 115 cm, a depletion in δ18OG. ruber values is observed (up to +0.9‰) and 

persists until the 34 cm with even lower values. More precisely, the depleted values were 

recorded from two intervals (88.5–65.5 cm and 50.25–34 cm) with an average value of −0.08‰ 

and +0.25‰ respectively. In the interval corresponding to 66.5–61 cm, slightly heavier δ18OG. 

ruber values were observed (+0.6 to −0.1‰). In the final unit of the core, from 28 cm until the top, 

a core enrichment in δ18OG. ruber is recorded. The δ13CG. ruber values of KIM-2A core exhibit more 

scatter than the δ18O records. In the basal part of the core (200 – 88 cm) values range between 

+1.3 to +0.2‰. In the interval between 88 cm and 61 cm the δ13CG. ruber ranges between 0.3 and 

0.9‰ with the exception of three high-positive peaks at 80.5 cm, 73.5 cm, and 71.5 cm with 

values of 1.4‰, 1.2‰, and 1.3‰ respectively. From 50.25 cm to the top of the core, δ13CG. ruber 

exhibits heavier values with an average of +1.29‰ (Figure 15a). 

ΑΕΧ-15 

In core AEX-15 Corg values range between 0.8% and 1.6% in the interval from 160 cm to 113 cm 

(Figure 16). In the rest of the samples Corg content does not exceed 0.5%. In the same core, from 

sample 172 cm to 130 cm, Baex and Ba/Al ratio, exhibit a similar trend towards heavier values. 

From sample 130 cm up to 109 cm, Baex values are decreasing. The same pattern follows Ba/Al 

ratio, from sample120 cm to 109 cm. Towards the top of the analyzed interval the reduction in 

values of both curves is interrupted by heavier values in sample 107 cm (Figure 16).  
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Oxygen and carbon isotopic values are presented in Figure 15b. Oxygen isotopic values of G. 

ruber display considerable scatter in the intervals between 173.5 cm and 120 cm. Less variable 

and rather light values are observed in the part toward the top of the core. More explicitly, δ18OG. 

ruber values range from -2.86‰ to + 4.15‰ between 173.5 cm and 120 cm (Figure 15b), with the 

most significant enrichments to be recorded at 160.5 cm (3.24‰) and at 158.5 cm (4.15‰). At 

about 146 cm, a shift to heavier δ18O values is observed (from 0.2‰ to 0.8‰) and is followed by 

a recovery of light values. The same pattern is observed again at 141 cm with δ18OG. ruber ranging 

from 0.1‰ to 0.9‰. Towards the top of the core, δ18OG. ruber is relatively stable (values around 

zero), with the only exceptions of three peaks (a negative −2.8‰ at 111 cm and two positives at 

89 cm [ + 1.8‰] and at 43 cm [ + 1.29‰]). 

The carbon isotope analyses (δ13CG. ruber) exhibit more scatter (Figure 15b) than the δ18O records, 

especially in the lower part of the core. Values of δ13CG. ruber show a gradual decrease up to 120 

cm, culminating in a minimum at about 142.5 cm. The only exceptions in this interval are the 

following positive peaks: 160.5 cm (+1.2‰), 158.5 cm (+1.6‰), and 144.5 (+2.4‰). From 120 

cm to the top of this core, the general trend shows values ranging from approximately + 0.3‰ to 

+ 1‰ with two distinct negative excursions at 41 cm (−1.2‰) and at 111 cm (−1.1‰) along with 

a positive one at 45 cm (+2.2‰).  

 

ΑΕΧ-23 

In core AEX-23 Corg values range between 0.6% to 1.6% in the interval from 320 cm to 272.5 

cm (Figure 16). In the rest of the samples, Corg content does not exceed 0.6%. Baex and Ba/Al 

ratio exhibit a similar increasing trend from sample 320 cm to 293 cm. From sample 293 cm up 

to 242.5 cm, Baex values and Ba/Al ratio are decreasing. The same pattern continues towards the 

top of the analyzed interval with the exception of samples 232.5 cm and 202.5 cm.  

Values of δ18O present slight enrichment (−0.1‰ to + 1‰) between samples 320 cm and 291 

cm. From this point on, δ18OG. ruber is relatively stable around zero, with the only exceptions of 

two positive peaks (+1.07‰ at 62.5 cm and + 1.34‰ at 2.5 cm) (Figure 15c). Between 320 cm 

and 291 cm δ13CG. ruber is depleted (from −0.6‰ to + 0.3‰). The interval between 288 cm and 
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212.5 cm is characterized by heavier values (average + 0.6‰). From 212.5 cm to the top, δ13CG. 

ruber exhibits slightly lighter values with a negative peak at 202.5 cm (−0.2‰) (Figure 15c). 

 

Fig. 15. Corg concentrations for KIM-2A, oxygen isotope record (δ18O) and carbon isotope (δ13C) in a) 

KIM-2A, b) AEX-15 c) AEX-23 
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Fig. 16. Corg and Baex concentrations and Ba/Al ratios for AEX-15 and AEX-23.  
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5. Age Model  

In order to procced in the time stratigraphic framework apart from the AMS 14C datings, 

chronostratigraphic control points were used. Specifically, the planktonic foraminifera 

distribution pattern allowed identification of the biozone Ia/Ib, Ib/Ic, Ic/II and II/III boundaries of 

(Jorissen et al., 1993) which are useful chronologic standards for dating late Quaternary marine 

sequences in the central and eastern Mediterranean (including the Aegean Sea - Casford et al., 

2002; Geraga et al., 2010; Kontakiotis, 2016; Zachariasse et al., 1997) due to their 

Mediterranean-wide applicability and synchronicity (Capotondi et al., 1999; Casford et al., 2001; 

Hayes et al., 1999). Furthermore, correlations are also suggested by variations of organic carbon 

(Corg) and major elements (Al) and barium (Ba), as they allowed the identification of the onset 

and termination of S1 layers (e.g., Casford et al., 2007; De Lange et al., 2008).  

Identification of Biozone boundaries & Bioevents 

In the south Aegean core KIM-2A, the interval between 196 cm and 153 cm is characterized by 

the dominance of N. pachyderma, T. quinqueloba, G. scitula and G. glutinata with additional 

components the species G. ruber f. alba and G. bulloides (Figure 17). This glacial fauna 

corresponds to biozone III and it has been recognized throughout the Mediterranean Sea (e.g., 

Casford et al., 2002; Geraga et al., 2010). The interval between 153 cm and 109 cm corresponds 

to biozone II and is characterized by high relative abundances of Neogloboquadrinids and G. 

glutinata and the presence of and G. inflata (Figure 17). In the lower part of this interval G. 

ruber f. rosea appears for the first time. Subzone Ic (109–40 cm) was identified by the warm 

subtropical species (G. ruber f. rosea, G. siphonifera gr. and O. universa). In addition, it includes 

abundant G. bulloides and G. rubescens specimens. The sharp increase in the abundance of G. 

inflata at 41.5 cm is inferred to mark the onset of the Ib subzone. The Ia/Ib boundary (at 20 cm) 

is marked by the decrease of the latter species along with the decrease in the N. pachyderma 

abundance (Figure 17). In this core the Bioevent “Start of δ18OG. ruber depletion T1a” of (Casford 

et al., 2002), was also detected at 159 cm. 

In the north Aegean cores AEX-15 and AEX-23, subzone Ic (173 cm–120 cm, AEX-15) was 

identified by the warm subtropical species (G. ruber f. rosea, and O. universa) as well as by T. 

quinqueloba and G. bulloides (Figure 18a,b). The sharp increase in the abundance of G. inflata 
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and N. pachyderma at 120 cm in AEX-15 and at 291 cm in AEX-23 is inferred to mark the onset 

of the Ib subzone, whereas the Ia/Ib boundary is marked by their decrease (107 cm in AEX-15; 

Figure 18a, and 242.5 cm in AEX-23; Figure 18b). This subzone is also characterized by the 

maximum abundances of G. ruber f. alba and the sharp increase of N. pachyderma at the upper 

part. The re-entrance event of the pteropod S. subula at 61 cm in AEX-15 and at 112.5 cm in 

AEX-23 was also used (Buccheri et al., 2002; Giamali et al., 2019). 

Determination of Sapropel Layers  

Organic carbon content (Corg) in KIM-2A generally exhibits values around 1% (Figure 15a). 

This pattern is interrupted in two intervals related to the sapropel sub-units deposition. The first 

interval (S1a; 89–64 cm) is characterized by high Corg concentration, ranging from 1.5% to 

3.4%, and in the second interval (S1b; 52.5–40 cm), Corg concentration ranges from 1.8% to 

2.4% (Figure 15a). Thus, the deposition of S1 sapropel layer started at 89 cm and terminated at 

40 cm. The interruption of sapropel S1 layer (S1i) is detected between 64 cm and 52.5 cm, as 

suggested by the Corg (~1.3%) (Figure 17).  

In core AEX-15, although the onset of sapropel S1 (at 165 cm) is clearly depicted in organic 

carbon content (Corg sharp increase from background values, Figure 16), its termination is 

obscured by oxidation processes. In this case, Ba is a more reliable proxy to record the original 

thickness of the sapropel layer (De Lange et al., 2008). Therefore, the vertical distribution of 

Corg with respect to Ba/Al and Baex shows that sapropel S1 deposition commenced at 165 cm 

and terminated at 107 cm, with the sediments between 107 and 120 cm representing the oxidized 

sapropel (Figure 18a). In core AEX-23, elemental profiles corroborate termination at 242.5 cm, 

while the oxidation zone extends up to 291 cm, and the onset of S1 deposition is not reached in 

the core (Figure 18b). 



66 
 

 

Fig. 17. Frequency curves of the most indicative planktonic foraminiferal species in core KIM-2A. The dashed blue lines represent the Ia/Ib, Ib/Ic, 

Ic/II and II/III boundaries, whereas the gray bands the sapropel S1 sublayers. 
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Fig. 18. Frequency curves of the most indicative planktonic foraminiferal species in core a) AEX-15 and 

b) AEX-23. The dashed blue lines represent the Ia/Ib and Ib/Ic boundaries and the gray and light gray 

bands the sapropel S1 layer and its oxidized part respectively. 
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Chronology 

Chronology adopted in the core KIM-2A derived from a polynomial fit through the five AMS 

14C datings and the time markers correlative to the start and end of sapropel deposition, as well 

as the planktonic foraminiferal biozone Ia/Ib, Ib/Ic, Ic/II and II/III boundaries of Jorissen et al., 

(1993) (Table 2). The resulting age model is illustrated in figure 19 and is consistent with the 

multi-proxy chronological framework of (Casford et al., 2007) for the Aegean sediment cores, 

thus supporting the robustness of the chronology. For the ages of the onset and termination of 

sapropel deposition, the relevant ages from the nearby core NS-14 is used (Kontakiotis, 2016; 

Triantaphyllou et al., 2009a; Triantaphyllou et al., 2009b).  

Table 2. Calibrated radiocarbon dates (AMS 14C) and chronostratigraphic control points’ dates for core 

KIM-2A. Control points’ dates are after: a: (Jorissen et al., 1993); b: (Kontakiotis, 2016); c: 

(Triantaphyllou et al., 2009a); d: (Casford et al., 2002) 

  KIM-2A    

AMS & 

Chronostratigraphic 

Control Points 

Depth 

(cm) 

Conventional 

Radiocarbon 

Age (BP) 

Two Sigma 

Calibrated Age 

Range (BP) 

Mean 

Calibrated 

Age (ka BP) 

References 

Beta—425634 14.5 4890+/−30 4845–5325 5.08  

Ia/Ib boundary  20 
  

5.2 a 

Beta—425635 28 5320+/−30 5444–5855 5.65  

S1b top 40 
  

6.4 b, c 

Beta—425636 50.25 6790+/−30 7036–7292 7.16  

S1b base 52.5 
  

7.3 b, c 

S1a top  65.5 
  

7.9 b, c 

Beta—425637 79.5 8320+/−30 8532–8883 8.71  

S1a base 89 
  

10 b, c 

Ic/II boundary  109 
  

11.3 a 

II/III boundary  153 
  

15.5 a 

δ18OG. ruber depletion 159 
  

15.9 d 

Beta—425638 195 18890+/−70 21962–22508 22.24  

 

According to our proposed age model (Figure 19), the sedimentary horizons sampled in this 

study span the interval from the late glacial period, and the subsequent transition (Termination 1; 

T1) to the middle Holocene (Northgrippian stage) (i.e., ~5–21 ka BP). The average 

sedimentation rate is 11.86 cm/ka, and is in good agreement to those reported in the marginal 

Aegean basin (Aksu et al., 1995; Casford et al., 2002; Kontakiotis, 2016; Kuhnt et al., 2007). 

These sedimentation rates were derived from the age model, assuming that the sediment 
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accumulation has been moderately consistent throughout each interval. In particular, the average 

sedimentation rates are 8.10 cm/ka for the late glacial, 10.30 cm/ka for the Termination T1, and 

16.46 cm/ka for the Holocene. 

 

Fig. 19. Time stratigraphic framework of the core KIM-2A; blue triangles represent AMS 14C datings, 

whereas red dots represent control points and bio-litho-stratigraphic horizons used as stratigraphic 

markers. 
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Chronology adopted in the cores AEX-15 and AEX-23 is established by linear interpolation 

between all dating points. In addition to the AMS 14C dates, the biostratigraphic control provides 

two well-dated correlation horizons, the biozone Ia/Ib and Ib/Ic boundaries of (Casford et al., 

2002). For the ages of the onset of sapropel deposition, we have used the relevant ages from the 

nearby core (Geraga et al., 2010; Herrle et al., 2018; Kotthoff et al., 2008a) (Tables 3 and 4). 

Table 3. Calibrated radiocarbon dates (AMS 14C) and chronostratigraphic control points’ dates for core 

AEX-15. a: (Buccheri et al., 2002); b (Casford et al., 2002); c: (Casford et al., 2007); d: (Kotthoff et al., 

2008a); e: (Geraga et al., 2010); and f: (Herrle et al., 2018) 

  AEX-15   

AMS & 

Chronostratigraphic 

Control Points 

Depth 

(cm) 

Conventional 

Radiocarbon 

Age (BP) 

Two Sigma 

Calibrated Age 

Range (BP) 

Mean 

Calibrated 

Age (ka BP) 

References 

Beta—425626 45 2580+/−30 1940–2393 2.2  

Styliola subula re-

entrance event  
61 

  
3.3 a 

Beta—425627 103 5170+/−30 5276–5645 5.5  

Ia/Ib & top of Ba 

anomaly 

107   
6.1 b, c 

Ib/Ic 120   7.0 b 

Onset of S1  165   9.6 d, e, f 

 

Table 4. Calibrated radiocarbon dates (AMS 14C) and chronostratigraphic control points’ dates for core 

AEX-23. Control points’ dates are after: a: (Buccheri et al., 2002); b (Casford et al., 2002); c: (Casford et 

al., 2007) 

  AEX-23   

AMS & 

Chronostratigraphic 

Control Points 

Depth 

(cm) 

Conventional 

Radiocarbon 

Age (BP) 

Two Sigma 

Calibrated Age 

Range (BP) 

Mean 

Calibrated 

Age (ka BP) 

References 

Styliola subula re-

entrance event  

112.5   
3.3 a 

Beta—425628 212.5 4890+/−30 4811–5264 5.1  

Ia/Ib & top of Ba 

anomaly 

242.5   
6.1 b, c 

Ib/Ic 291   7.0 b 

 

Based on the adopted chronostratigraphic framework, sediment levels used in this study span the 

last 10.1 ka BP for core AEX-15 and 7.5 ka BP for AEX-23, with an average sedimentation rate 

of 17.3 and 42.8 cm/ka, respectively (Figure 20). These rates assume that the sediment 

accumulation has been consistent throughout each interval, and they are in good agreement to 
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those reported in the north Aegean Sea (>20 cm/ka; (Kontakiotis, 2016; Kotthoff et al., 2008a; 

Kotthoff et al., 2008b; Kuhnt et al., 2007; Zachariasse et al., 1997). The differing rates between 

the two cores expresses the heterogeneity of sedimentation rates previously documented in the 

north Aegean Sea (Roussakis et al., 2004), resulting from large seafloor topographic contrasts 

and variable sedimentary processes in the study area. In particular, the higher sedimentation rate 

of core AEX-23 is explained by the adjacent slope that transports sedimentary inputs by deep 

bottom currents. 

The age model was applied in the downcore graphs for both faunal groups, in order to proceed in 

the interpretation of our results in respect with time. Thus, the downcore distribution of 

pteropods and planktonic foraminifera for the totality of the cores, it is shown in Figures 21 – 26.  
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Fig. 20. Time stratigraphic framework (age model and mean sedimentation rates) of the cores AEX-15 

and AEX-23. Blue dots represent control points and bioevents, whereas green dots represent accelerator 

mass spectrometry (AMS) 14C datings.  
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Fig. 21. Downcore variation of selected planktonic foraminifera in core KIM-2A versus age in ka BP. Gray bands represents the sapropel S1 

sublayers. 
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Fig. 22. Downcore variation of pteropods in core KIM-2A versus age in ka BP. Gray bands represents the 

sapropel S1 sublayers. 
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Fig. 23. Downcore variation of selected planktonic foraminifera in core AEX-15 versus age in ka BP. 

Gray and light gray bands represent the sapropel S1 layer and its oxidized part respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24. Downcore variation of pteropods in core AEX-15 versus age in ka BP. Gray and light gray bands 

represent the sapropel S1 layer and its oxidized part respectively. 
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Fig. 25. Downcore variation of selected planktonic foraminifera in core AEX-23 versus age in ka BP. 

Gray and light gray bands represent the sapropel S1 layer and its oxidized part respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. Downcore variation of pteropods in core AEX-15 versus age in ka BP. Gray and light gray bands 

represent the sapropel S1 layer and its oxidized part respectively. 
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6. Multivariate statistical analyses 

From the row data of the micropalaeontological analysis, multivariate statistical analyses were 

performed, in order to detect factors controlling the planktonic foraminifera and pteropod 

assemblages. Q-mode cluster analysis was used to determine the overall statistical similarity 

between samples, following the algorithms of (Davis, 1988) using the correlation coefficient 

matrix. The results of cluster analysis were reported as Euclidean, Gower distances (KIM-2A, 

AEX-23 respectively) and Moristita similarity (AEX-15), and arranged in two-dimensional 

hierarchical dendrograms, wherein locations were presented along the Y-axis while similarity 

level is plotted on the X-axis. Principal Component Analyses (PCA) is used to reduce the 

dimensionality of a multivariate data set to a few principal factors that determine the 

distributions of species. The resulting factor scores show the contribution of each factor in every 

sample and therefore the down-core contribution of each factor. The total number of factors was 

defined by minimizing the remaining “random” variability and by the possibility to relate the 

factors to modern hydrographic conditions and planktonic foraminiferal ecology. 

6.1.Q-mode Cluster Analysis 

Two and three distinct assemblages of planktonic foraminifera were identified by Q-mode cluster 

analysis in the south and north Aegean respectively, reflecting different biotopes during the late 

Quaternary. Each assemblage is characterized by the dominant species and named after it. 

South Aegean (KIM-2A) 

Biotope I (assemblage N. pachyderma): it contains 18 samples (from 103 cm to 195 cm; Figure 

27) which represent the lower part of the core that corresponds to the deglaciation period. This 

assemblage is dominated by N. pachyderma (up to 44%) and can be separated into two sub-

assemblages Ia and Ib based on the T. quinqueloba percentages. Ia sub-assemblage contains nine 

samples (115 cm and 121 – 149 cm; Figure 27) and corresponds to the T1. Besides N. 

pachyderma the species G. ruber alba (20%), G. bulloides (19%), N. dutertrei (15%), G. inflata 

(11%), T. quinqueloba (< 10%) and G. glutinata (8%) occur, indicating the existence of 

eutrophic, low-salinity, well-stratified environment (Geraga et al., 2010; Kontakiotis, 2016; 

Rohling et al., 1993b; Vergnaud-Grazzini et al., 1977). Ia sub-assemblage consists of a well-

developed DCM layer, in which enhanced production can be realized by shoaling of the 
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thermocline to a depth that falls well within the euphotic layer. Ib sub-assemblage consists of 

seven samples (sample 117.5 cm and 157 cm to 195 cm; Figure 27) and corresponds to the late 

glacial period. In this sub-assemblage apart from the high abundance of N. pachyderma, T. 

quinqueloba plays a significant role (20-30%). Neogloboquadrina pachyderma in particular, is 

associated with a well- developed Deep Chlorophyll Maximum (DCM) in regions where the 

shallow nutricline favors its formation at the base of the euphotic zone (Fairbanks and Wiebe, 

1980). Both species of this sub-assemblage (Ib) characterize cold water conditions and together 

with other typical cold – water species (e.g., G. glutinata, G. scitula) reflect the presence of 

particularly cold and eutrophic water masses in the south Aegean Sea (Casford et al., 2002; 

Geraga et al., 2005).  

Biotope II (assemblage G. ruber alba): it contains 40 samples that represent the upper part of the 

core (sample 153 cm, samples between 6 cm – 99 cm; Figure 27) in which G. ruber alba is 

dominant. Biotope II can be separated into three sub-assemblages depending on the relative 

abundances of species involved. The sub-assemblage IIa corresponds to the pre- and post-

sapropel intervals containing 12 samples (Samples: 6 cm, 14.5 cm, 28 cm, 34 cm, 41.5 cm, 88 – 

99 cm, 153 cm; Figure 27). Apart from G. ruber alba which is the dominant species, G. 

bulloides, G. inflata and SPRUDTS group are also present indicating an oligotrophic to 

mesotrophic environment. A seasonal pattern is detected as species indicative of stratified water 

column (G. ruber alba, SPRUDTS) coexist with species indicative of homogenous water column 

(G. bulloides and G. inflata). The branch IIb corresponds to the sapropel S1a and S1b layers with 

28 samples being involved (Samples: 50.25 cm, and 61 cm – 86.5 cm; Figure 27). This sub-

assemblage is characterized by high percentages of both varieties of the species G. ruber. 

Species of the SPRUDTS group are also abundant with O. universa as its main component (up to 

44%). All these species suggest a warm oligotrophic environment with a highly stratified water 

column. The presence of the mesotrophic to eutrophic G. bulloides (~15%) into this sub-

assemblage could be attributed to the increased riverine inputs in the surficial waters (Geraga et 

al., 2005, 2008, 2010; Rohling et al., 1997; Zachariasse et al., 1997).  
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Fig. 27. Dendrogram resulting from Q-mode cluster analysis and the biotopes identified in core KIM-2A.  

North Aegean AEX–15 & AEX–23  

Biotope I (Assemblage T. quinqueloba): In the core AEX-15 it contains 48 samples (samples 61 

cm, 97 cm and samples between 120 cm to – 166 cm; Figure 28). Apart from samples 61 and 97, 

the rest 45 samples correspond to the sapropel S1 layer. The same pattern is observed in core 

AEX-23. It contains 16 samples (samples between 293 cm – 320 cm and the samples 282.5 cm 

and 288.95 cm; Figure 29) 14 of which correspond to the sapropel S1 layer and the other two, to 

its oxidized part. This assemblage is dominated by T. quinqueloba (average 43% in AEX-15 and 

average 47% in AEX-23), an eutrophic species preferring low salinities. In the eastern 

Mediterranean it has been recorded to thrive in sapropelic layers, attributed to low salinity and 



80 
 

perhaps high fertility of the surficial waters (De Rijk et al., 1999; Geraga et al., 2010; Rohling et 

al., 1997; Zachariasse et al., 1997). In this assemblage G. bulloides also occur with high 

percentages (50% in AEX-15 and 45% in AEX-23). This species lives in the surface or 

subsurface waters withstanding large fluctuations in temperature, salinity and density of the 

water column and is associated to seasonal upwellings (Rohling et al., 1993b). In north Aegean 

though, it has been documented that G. bulloides along with T. quinqueloba into the S1 are 

related to low salinity and high fertility of the surficial waters (Kontakiotis, 2016; Rohling et al., 

1997; Zachariasse et al., 1997), possibly due to the larger river inflows draining the north Aegean 

land. In additions, the warm oligotrophic G. ruber rosea and SPRUDTS group occur abundantly. 

Their abundance is mainly controlled (beyond temperature) by the stratification of the water 

column (Rohling et al., 1997). They occur close to the surface, where solar radiation is 

maximized, and in the low fertility mixed layer, characterized by a strong vertical stratification 

of surface waters during the summer months (Hemleben et al., 1989). Thus, Biotope I can be 

interpreted as an environment with increased riverine inputs that supply nutrients and making the 

surficial water less saline.  

Biotope II (assemblage G. inflata): in core AEX-15 this biotope contains 3 samples (115 cm, 117 

cm, 119 cm; Figure 28) whilst in AEX-23 only one (272.5 cm; Figure 29). The dominant 

component of this assemblage is G. inflata (32% in AEX-15 and 23% in AEX-23). Globorotalia 

inflata is temperate species indicative of homogenous water column that prefers to live at the 

bottom of thermocline depths (Hemleben et al., 1989). Additional components of this 

assemblage are the species N. pachyderma, G. ruber alba, G. ruber rosea, T. quinqueloba and G. 

bulloides (percentages around 13% each). Neogloboquadrina pachyderma thrives in cool water 

close to or below the thermocline. Its abundance is related to the development of a DCM 

(Fairbanks and Wiebe, 1980). This biotope represents an environment with seasonal contrast as 

warm species (G. ruber f. alba, G. ruber f. rosea) are found along with cold ones (N. 

pachyderma, T. quinqueloba) with a deep mixed layer that lies above a well – developed DCM. 

Biotope IIΙ (Assemblage G. ruber alba): in core AEX-15 this biotope contains 65 samples (from 

113 cm -1.5 cm and from 166.6-173.5 cm; Figure 28) whilst in AEX-23 it contains 29 (262.5 cm 

to 2.5 cm and samples 289.75 cm and 291 cm; Figure 29). In both cases this assemblage 

corresponds mostly to the post sapropel S1 interval apart from the samples between 166.5 cm – 
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173.5 cm of AEX-15, which derive from the pre-sapropel interval. This assemblage is 

characterized by the predominance of the warm, oligotrophic G. ruber alba (an average 

percentage of 40% in AEX-15 and 30% in AEX-23). Next in abundance are the eutrophic G. 

bulloides and T. quinqueloba the former being more abundant in AEX-15 whereas the latter in 

AEX-23. Globigerinoides ruber rosea, G. rubescens and N. pachyderma [d] are also present in 

both cores but with significantly lower percentages. In this biotope simultaneously occur 

oligotrophic species (G. ruber alba, G. ruber rosea, and G. rubescens) and eutrophic (G. 

bulloides, T. quinqueloba and N. pachyderma) indicating a seasonal contrast in productivity 

probably related to the food availability. Seasonality is also reinforced by the continuous 

presence of G. glutinata (average 1.1% in AEX-15 2.2% in AEX-23), since this species can 

survive both in oligotrophic surface, and in more eutrophic waters by changing its diet from 

diatoms to crysophytes (Hemleben et al., 1989). Moreover, the findings suggest a seasonal 

contrast in temperature as warm species (G. ruber alba, G. ruber rosea, and G. rubescens) 

coexist with the cool ones (T. quinqueloba and N. pachyderma).  
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Fig. 28. Dendrogram resulting from Q-mode cluster analysis and the biotopes identified in core AEX-15.  
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Fig. 29. Dendrogram resulting from Q-mode cluster analysis and the biotopes identified in core AEX-23.  
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6.2.Principal Component Analysis (PCA) 

A standardized principal component analysis (PCA) was carried out on the total data set using 

the varimax method, in order to determine the impact of various environmental parameters on 

the planktonic distribution. The application of this statistical analysis yielded a three-factor 

model for both planktonic foraminiferal and pteropod communities in north and south sub-

basins. The interpretation of the three components in each case was based on the screen plots of 

eigen values, and the factor loadings of the planktonic foraminiferal and pteropod species 

respectively. The distinguished factors with their factor loadings showing the contribution of 

each factor in every sample and therefore the down-core contribution of each factor (Figures 30–

32). In the case of a bipolar factor, which has extremes of positive and negative loadings, high 

positive factor scores are related to the positive pole and high negative scores to the negative 

pole, respectively. They account for 81.57% and 82.81%, of the total variance in the south (KIM-

2A) for the planktonic foraminiferal and pteropod respectively, 90.94% and 79.46% for the north 

Aegean core AEX-15 and 92.25% and 85.46% for north Aegean core AEX-23 (planktonic 

foraminiferal and pteropod respectively) (Tables 5,7,9,11,13,15). Finally, a comparison between 

the two planktonic groups was made, in order to investigate whether factors controlling pteropod 

distribution differ from planktonic foraminifera.   

6.2.1. Planktonic Foraminifera 

South Aegean – KIM-2A 

Table 5. PCA factors based on planktonic foraminifera and their percentages of the total variability for 

core KIM-2A. 

KIM-2A 

PCA factors Eigenvalue % variance Cumulative % of 

the total variance 

1 432.137 50.256 50.256 

2 193.038 22.449 72.705 

3 76.2131 8.8632 81.568 

4 53.3399 6.2032 87.771 

5 38.4841 4.4755 92.247 

6 24.4952 2.8487 95.096 

7 15.5611 1.8097 96.905 

8 7.97016 0.92689 97.832 
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9 7.63218 0.88759 98.720 

10 5.03693 0.58577 99.306 

11 2.88765 0.33582 99.641 

12 2.25794 0.26259 99.904 

13 0.666282 0.077486 99.981 

14 0.159802 0.018584 100.000 

 

The first varimax factor (PCA1) accounts for 50.26% of the total variance (Table 5) and is 

interpreted as Temperature factor (Figure 30a). In detail, the species with positive loadings (N. 

pachyderma, T. quinqueloba, N. dutertrei, G. glutinata, G. inflata, G. bulloides, and G. scitula; 

Table 6) thrive in cold – water masses, while the species with negative loadings (O. universa, G. 

ruber rosea, G. siphonifera gr., and G. ruber alba; Table 6) in warm – water conditions. Factor 

PCA2 accounts for 22.5% of the total variance (Table 5) with positive loadings being expressed 

by species living in a highly stratified water column (O. universa, G. ruber rosea and 

neogloboquadrinids; Table 6) (Hemleben et al., 1989; Rohling et al., 1997). The main 

representative species of the negative pole are G. ruber alba and G. bulloides gr., and are species 

typical of weak development of these conditions. G. bulloides is associated with warm water and 

oligotrophic conditions and is indicative of upwelling, strong seasonal mixing or fresh water 

inputs (Rohling et al., 1993b). Therefore, the second varimax factor (PCA2) is referred to as the 

Stratification factor (Figure 30b). The third varimax factor (PCA3) describes 8.9% of the total 

variance (Table 5), and also display a bipolar character, with its positive pole to be represented 

mainly by G. ruber f. alba and N. pachyderma and the negative pole by G. bulloides (Table 6). 

The above species that characterize the PCA3 factor are the main exponents of the seasonal 

contrasts governing planktonic foraminiferal assemblages in the Mediterranean Sea during the 

last glacial cycle (Goudeau, 2015; Wilke et al., 2009; Wit et al., 2010). Thus, the third varimax 

factor (PCA3; Figure 30c) is referred to as a Seasonality factor.  
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Table 6. Ranking of the planktonic foraminiferal species and their factor loadings along the PCA factors 

in core KIM-2A. Bold data indicate the most important factor loadings in each factor (red for negative; 

black for positive values). 

Species Factor 1 Factor 2 Factor 3 

O. universa -0.511 0.363 0.194 

G. ruber alba -0.158 -0.776 0.443 

G. ruber rosea -0.375 0.302 0.101 

G. sacculifer -0.028 -0.091 -0.122 

G. siphonifera gr. -0.251 0.099 -0.152 

G. inflata 0.079 -0.020 -0.136 

G. bulloides 0.094 -0.199 -0.691 

G. rubescens 0.008 -0.012 -0.209 

N. pachyderma 0.643 0.320 0.305 

N. dutertrei 0.155 0.100 0.051 

T. quinqueloba 0.197 0.001 0.258 

G. truncatulinoides 0.007 -0.060 0.004 

G. glutinata 0.129 -0.014 -0.110 

G. scitula 0.032 -0.009 0.064 
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North Aegean  

Core AEX-15 

Table 7. PCA factors based on planktonic foraminifera and their percentages of the total variability for 

core AEX-15. 

AEX-15 

PCA factors Eigenvalue % variance Cumulative % of 

the total variance 

1 622.458 67.949 67.949 

2 142.717 15.579 83.528 

3 67.9386 7.4164 90.944 

4 27.039 2.9517 93.896 

5 22.7885 2.4877 96.384 

6 17.852 1.9488 98.333 

7 6.21708 0.67867 99.011 

8 3.39922 0.37107 99.382 

9 2.74832 0.30001 99.682 

10 1.76144 0.19228 99.875 

11 0.784001 0.085584 99.960 

12 0.342134 0.037348 99.998 

13 0.0172397 0.0018819 99.999 

 

The first varimax factor (PCA1) accounts for 67.95% of the total variance (Table 7) and it 

exhibits a bipolar character with the negative pole dominated by the eutrophic species T. 

quinqueloba (Lourens et al., 1992; Thunell, 1978), while the positive pole is dominated by the 

oligotrophic G. ruber f. alba (Table 8). Therefore, this factor is interpreted as Productivity 

indicator (Figure 31a). The second factor (PCA2) explains 15.58% of the total variance (Table 

7). It is characterized by positive values of the surface dwellers G. ruber f. alba and T. 

quinqueloba. The latter is tolerant to fairly low salinity and/or enhanced fertility in surficial 

waters (Rohling et al., 1993b), whereas the former is also indicative of stratified water column 

(Kontakiotis, 2016). Negative loadings are dominated mainly by the species G. bulloides gr., 

which is highly dependent on enhanced food levels; upwelling, strong seasonal mixing or 

freshwater inputs (Lourens et al., 1992; Reiss et al., 1999; Rohling et al., 2004). Thus, the PCA2 

factor is referred to as the Stratification factor (Figure 31b). The third varimax factor (PCA3) 

accounts for the 7.4% of the total variance (Table 7) and is interpreted as Upwelling indicator 
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(Figure 31c). This is due to its main positive representative, G. bulloides (Table 8), which is 

directly associated with seasonal upwelling (Rohling et al., 1993b). On the other hand, the 

negative loadings are represented mainly by the species G. ruber f. rosea, a warm subtropical 

species, whose abundance is mainly controlled by the stratification of the water column (Rohling 

et al., 1997). 

Table 8. Ranking of the planktonic foraminiferal species and their factor loadings along the PCA factors 

in core AEX-15. Bold data indicate the most important factor loadings in each factor (red for negative; 

black for positive values). 

Species Factor 1 Factor 2 Factor 3 

O. universa -0.084 -0.170 -0.137 

G. ruber alba 0.670 0.569 0.256 

G. ruber rosea 0.077 -0.209 -0.515 

G. sacculifer 0.027 0.033 -0.027 

G. inflata 0.002 -0.044 -0.183 

G. bulloides -0.024 -0.536 0.734 

G. rubesccens 0.011 -0.158 -0.155 

G. aequilateralis -0.002 0.001 -0.023 

G. calida 0.006 0.032 0.000 

N. pachyderma 0.050 -0.004 -0.155 

N. dutertrei -0.003 -0.006 -0.001 

T. quinqueloba -0.731 0.536 0.159 

G. glutinata 0.008 -0.005 0.063 
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Core AEX-23 

Table 9. PCA factors based on planktonic foraminifera and their percentages of the total variability for 

core AEX-23. 

AEX-23 

PCA factors Eigenvalue % variance Cumulative % of the 

total variance 

1 297.508 52.429 52.429 

2 148.072 26.094 78.523 

3 77.9132 13.73 92.253 

4 16.8919 2.9768 95.230 

5 11.6111 2.0462 97.276 

6 7.02929 1.2387 98.515 

7 4.3437 0.76547 99.280 

8 1.62484 0.28634 99.567 

9 1.26568 0.22305 99.790 

10 0.797468 0.14053 99.930 

11 0.357763 0.063047 99.993 

12 0.039244 0.0069158 100.000 

 

The first factor (PCA1) accounts 52.43% of the total variance (Table 9) with positive loadings 

defined mainly by the eutrophic surface dweller T. quinqueloba which is indicative of cool 

waters (Pujol and Vergnaud-Grazzini, 1995) and secondary by the species G. bulloides gr., O. 

universa, and G. sacculifer (Table 10). The presence of species such as T. quinqueloba and G. 

bulloides indicates that the surface mixed layer became more eutrophic, and can be attributed to 

the shoaling of the pycnocline due to winter mixing and upwelling.  On the contrary, the negative 

loadings are defined mainly by G. ruber f. alba, followed by G. rubescens G. ruber f. rosea, and 

G. glutinata, indicative of warm oligotrophic surface waters (Pujol and Vergnaud-Grazzini, 

1995; Thunell, 1978). Thus, the first factor PCA1 is interpreted as Productivity indicator (Figure 

32a). The second factor (PCA-2) accounts 26.09% for the total variance (Table 9). Positive pole 

is mainly represented by G. bulloides gr., a eutrophic species associated with seasonal upwelling 

(Rohling et al., 1993b). Species representing negative loadings are mainly the T. quinqueloba 
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and G. ruber alba (Table 10). Thus, the PCA2 factor is referred to as the Upwelling indicator 

(Figure 32b).  

The third factor (PCA3) accounts 13.73% for the total variance (Table 9). The positive loading 

species (G. ruber rosea, SPRUDTS) indicate a warm and strongly stratified water column, which 

characterizes most of the Holocene, and especially the sapropel S1. Their abundance is mainly 

controlled by the thermal stratification of the water column (Rohling et al., 1997). The negative 

loadings in contrast, include species typical of the weak development of the stratified conditions 

(main species: G. ruber f. alba, G. bulloides gr., and T. quinqueloba; Table 10). Henceforth, 

PCA3 is referred to as the Stratification factor (Figure 32c).  

Table 10. Ranking of the planktonic foraminiferal species and their factor loadings along the PCA factors 

in core AEX-15. Bold data indicate the most important factor loadings in each factor (red for negative; 

black for positive values). 

 

Species   Factor 1 Factor 2 Factor 3 

O. universa 0.096 0.091 0.049 

G. ruber alba -0.623 -0.343 -0.416 

G. ruber rosea -0.043 -0.008 0.811 

G. sacculifer 0.031 0.041 0.028 

G. inflata 0.000 -0.021 0.012 

G. bulloides 0.091 0.827 -0.292 

G. rubesccens -0.184 -0.076 0.106 

G. siphonifera gr. 0.007 -0.016 0.055 

N. pachyderma -0.041 -0.021 -0.036 

N. dutertrei -0.009 -0.003 -0.015 

T. quinqueloba 0.744 -0.425 -0.252 

G. glutinata -0.045 -0.028 -0.035 

6.2.2. Pteropoda 

As in planktonic foraminifera, here as well, a standardized principal component analysis (PCA) 

was carried out on the total data set, in order to determine the impact of various environmental 

parameters on pteropod distribution, and furthermore to examine whether similar or dissimilar 

hydrographic conditions prevailed in the two aforementioned Aegean sub-basins. This analysis 

yielded a three-factor model in north and south sub-basins. The distinguished factors were 
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considered that account for 82.81%, 79.46% and 85.46% of the total variance in the south (KIM-

2A) and north (AEX-15 and AEX-23) Aegean respectively (Tables 11,13,15).  

South Aegean – KIM-2A 

Table 11. PCA factors based on pteropods and their percentages of the total variability for core KIM-2A. 

KIM-2A 

PCA 

Factors 
Eigenvalue % variance 

Cumulative % 

of the total variance 

1 1209,14 58,663 58,663 

2 273,91 13,289 71,952 

3 223,817 10,859 82,811 

4 104,846 5,0867 87,898 

5 100,727 4,8869 92,785 

6 63,5077 3,0812 95,866 

7 53,2518 2,5836 98,449 

8 23,7844 1,1539 99,603 

9 4,32791 0,20997 99,813 

10 2,86233 0,13887 99,952 

11 0,755953 0,036676 99,988 

12 0,236728 0,011485 100,000 

 

The first varimax factor (PCA1) accounts 58.66% of the total variance (Table 11) and is 

interpreted as Temperature factor (Figure 30d). Negative loadings consist of the warm – water 

species H. iflatus, whereas positive loadings consist mainly of the subarctic species L. retroversa 

(Table 12). The second factor (PCA2) describes 13.29% of the total variance (Table 11) with its 

positive pole represented mainly by the mesopelagic oligotrophic H. inflatus and the negative 

one by the epipelagic Cavolinia sp., and B. chierchiae (Table 12). Particularly, the down-core 

scores of this factor coincide with the δ13C, indicating that variations in primary productivity 

have an impact on pteropod abundances. Even though nutrient concentrations are not a limited 

factor for their distribution (Johnson et al., 2020), our data suggest that fluctuations in nutrients 

and salinity due to the increased freshwater inputs during the sapropel deposition favor the 

flourishment of some species (Cavolinia spp., B. chierchiae; Figure 22) (Giamali et al., 2020). 

Therefore, PCA2 is interpreted as Productivity factor (Figure 30e). The third varimax factor 

(PCA3), accounts for 10.27% of the total variance (Table 11). The negative loadings consist 
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mainly of the mesopelagic C. pyramidata, D. trispinosa and the shallow epipelagic and tolerant 

to low salinities species, C. acicula (Table 12). The mesopelagic species of this pole are 

indicative of a well ventilated water column (Sijinkumar et al., 2010). The epipelagic C. acicula, 

present in the negative pole, can be explained by its state of preservation, which is related to the 

oxic or anoxic conditions of the bottom. Positive loadings of this factor consist of the species H. 

inflatus, which is mesopelagic and the epicpelagic species Cavolinia sp., L. retroversa and B. 

chierchiae (Table 12). Epipelagic species are favored in a more intense and expanded OMZ. The 

fact that the mesopelagic H. inflatus takes part in the positive pole of this factor can be explained 

due to its dual character. This species adopts a variable depth habitat during its growth stages 

(veligers, juveniles and adults) and also is tolerant to low oxygen concentration of the OMZ 

(Singh et al., 2005). Thus, the third factor (PCA3) is referred to as a Stratification factor (Figure 

30f), as the degree of stratified water column is linked to the intensity and expansion of the 

OMZ.  

Table 12. Ranking of the pteropod species and their factor loadings along the PCA factors in core KIM-

2A. Bold data indicate the most important factor loadings in each factor (red for negative; black for 

positive values). 

Species Axis 1 Axis 2 Axis 3 

H. inflatus -0,387 0,693 0,453 

L. bulimoides -0,015 -0,012 0,010 

L. retroversa 0,895 0,175 0,304 

L. trochiformis -0,005 0,000 0,008 

B. chierchiae -0,154 -0,334 0,286 

C. acicula -0,064 0,227 -0,328 

Creseis sp. -0,027 -0,031 -0,038 

H. striata -0,004 -0,002 0,008 

S. subula -0,006 0,015 0,004 

C. pyramidata 0,009 -0,024 -0,437 

D. trispinosa 0,051 -0,020 -0,420 

Cavolinia sp. -0,131 -0,570 0,380 
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North Aegean 

Core AEX-15 

Table 13. PCA factors based on pteropods and their percentages of the total variability for core AEX-15. 

AEX15 

PCA 

Factos 
Eigenvalue % variance 

Cumulative % 

of the total variance 

1 494,862 37,764 37,764 

2 362,476 27,662 65,426 

3 183,956 14,038 79,464 

4 95,0715 7,2552 86,7192 

5 78,8895 6,0203 92,7395 

6 35,6337 2,7193 95,4588 

7 29,4056 2,244 97,7028 

8 24,0161 1,8327 99,5355 

9 3,7509 0,28624 99,82174 

10 2,33109 0,17789 99,99963 

 

The first varimax factor (PCA1) explains 37.76% of the total variance (Table 13), with the 

positive loadings expressed by the species H. inflatus and B. chierchiae (Table 14). H. inflatus 

adopts a variable depth habitat during its growth stages (veligers, juveniles and adults) and also 

is tolerant to low oxygen concentration of the OMZ (Singh et al., 2005). B. chierchiae is favored 

in a more intense and expanded OMZ. Both species are primary components of the sapropel 

fauna of this core. In contrast negative loadings are expressed mainly by L. trochiformis and C. 

pyramidata, species indicative of a well-ventilated water column (Bé and Gilmer, 1977; Singh et 

al., 2005). Thus, PCA1 can be explained as a Stratification factor (Figure 31d). The second 

factor (PCA2) explains the 27.66% of the total variance (Table 13). Its positive pole is 

represented mainly by the mesopelagic oligotrophic H. inflatus and the negative one by the 

epipelagic B. chierchiae (Table 14). The distribution of the latter species proliferates by changes 

in salinity and it seems that nutrient fluctuations during S1 favor its flourishment (Giamali et al., 

2020; Singh et al., 2005). Therefore, PCA2 is interpreted as Productivity factor (Figure 31e). 

The third factor (PCA3) describes 14.04% of the total variance (Table 13). The main 

representative of the positive pole, L. trichiformis (Table 14), is characterized as typical 
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upwelling species (Bé and Gilmer, 1977). Thus, the PCA3 can be interpreted as an Upwelling 

factor (Figure 31f).  

Table 14. Ranking of the pteropod species and their factor loadings along the PCA factors in core AEX-

15. Bold data indicate the most important factor loadings in each factor (red for negative; black for 

positive values). 

Species Axis 1 Axis 2 Axis 3 

H. inflatus  0,8659 0,3801 0,1618 

L. retroversa  -0,0056 0,0056 -0,0114 

L. trochiformis  -0,3639 0,3003 0,7328 

B. chierchiae 0,2175 -0,8421 0,2444 

C. acicula  -0,1332 0,0705 -0,4481 

S. subula  -0,1005 0,0618 -0,0169 

C. cuspidata  -0,0145 0,0104 0,0277 

C. pyramidata  -0,1896 0,1655 -0,0882 

D. trispinosa  -0,0110 0,0350 -0,3942 

Cavolinia spp. -0,0792 -0,1367 0,1093 

 

ΑΕΧ-23 

Table 15. PCA factors based on pteropods and their percentages of the total variability for core AEX-23. 

AEX-23 

PCA 

Factors 
Eigenvalue % variance 

Cumulative % of 

the total variance 

1 575,776 59,257 59,257 

2 166,624 17,148 76,405 

3 88,0575 9,0626 85,4676 

4 62,2565 6,4073 91,8749 

5 41,4792 4,2689 96,1438 

6 22,5672 2,3226 98,4664 

7 8,19763 0,84368 99,31008 

8 4,5734 0,47068 99,78076 

9 1,88562 0,19406 99,97482 

10 0,101273 0,010423 99,98524 

11 0,096186 0,009899 99,99514 

12 0,040206 0,004138 99,99928 
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The first varimax factor (PCA1) of core AEX-23 explains the 59.26% of the total variance 

(Table 15) and is mainly defined positively by B. chierchiae (Table 16). The distribution of this 

epipelagic, warm-water species is affected by nutrient and salinity fluctuations (Giamali et al., 

2020; Singh et al., 2005). Therefore, PCA1 of this core is interpreted as Productivity factor 

(Figure 32d). The second varimax factor (PCA2) explains the 17.15% of the total variance 

(Table 15) with the positive loadings expressed mainly by the epipelagic typical upwelling 

species L. trochiformis (Bé and Gilmer, 1977). In contrast, negative loadings are mainly 

expressed by the mesopelagic oligotrophic H. inflatus (Table 16). Hence, PCA2 is referred to as 

Upwelling indicator (Figure 32e). Finally, the third factor (PCA3) accounts 9.1% of the total 

variance (Table 15) with positive loadings mainly represented by the stenohaline mesopelagic 

species S. subula (Buccheri et al., 2002). Negative loadings of this factor are expressed mainly 

by the epipelagic L. trochiformis (Table 16), which is associated with the mixed layer and with 

upwelling conditions (Almogi-Labin et al., 1988; Bé and Gilmer, 1977; Singh et al., 2005) and 

the mesopelagic L. inflata. The latter adapts a variable depth habitat and also is tolerant to low 

oxygen concentration of the OMZ (Singh et al., 2005). Thus, the third factor PCA3 can be 

explained as stratification indicator (Figure 32f).  

Table 16. Ranking of the pteropod species and their factor loadings along the PCA factors in core AEX-

23. Bold data indicate the most important factor loadings in each factor (red for negative; black for 

positive values). 

Species Axis 1 Axis 2 Axis 3 

H. inflatus  -0,146 -0,440 -0,448 

L. retroversa  -0,003 0,006 0,001 

L. trochiformis  -0,266 0,764 -0,525 

B. chierchiae  0,939 0,211 -0,105 

C. acicula  -0,082 0,259 0,219 

H. striata -0,003 0,004 0,015 

S. subula  -0,096 0,113 0,595 

C. cuspidata  -0,001 0,011 0,010 

C. pyramidata  -0,087 0,214 0,220 

D. trispinosa  -0,007 -0,121 -0,066 

Cavolinia spp. -0,050 0,193 0,241 
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Fig. 30.Score plots of the Factors revealed from PCA analysis of core KIM-2A. 
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Fig. 31. Score plots of the Factors revealed from PCA analysis of core AEX-15. 
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Fig. 32. Score plots of the Factors revealed from PCA analysis of core AEX-23. 
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6.3.Differences in pteropod fauna between the South and North Aegean Sea  

Although pteropod fauna seems quite similar in both the study areas, few differences can be 

observed. Specifically, in south Aegean pteropod fauna includes 12 species, one of which is not 

encountered in the north Aegean. The same pattern is observed in north Aegean Sea, with one of 

the 12 species of the pteropod fauna not encountered in the south.   

As knowledge on pteropod late Quaternary records is limited for the Aegean Sea, it is crucial to 

understand and explain these differences, based on their ecological characteristics and the factors 

described above, controlling their distribution. To do so, it is essential to focus on the two 

species differentiating the faunal pattern (Table 20). Those are the following: Limacina 

bulimoides and Clio cuspidata.   

Limacina bullimoides it is a mesopelagic species that is considered as indicator of arid conditions 

(Almogi-Labin et al., 2008). Thus, its absence in the north Aegean Sea, can be explained by the 

different hydrographic characteristics and the climate contrasts between more humid conditions 

in the north and semi-arid conditions in the south Aegean Sea (Lykousis et al., 2002).  

Clio cuspidata is a bathypelagic pteropod. Bathypelagic pteropods are found below 1000 m 

depth. Thus, its absence in the south Aegean Sea must be attributed to the bathymetry of the 

Kimolos submarine depression (maximum depth 743m; Figure 5; Karageorgis et al., 2016).  

 

 

Table 20. Pteropod species in south and north Aegean Sea. Species in bold represent those that encounter 

only in one of the two regions.  

Pteropod Fauna 

South Aegean North Aegean 

H. inflatus 

L. bulimoides 

L. retroversa 

L. trochiformis 

B. chierchiae 

Creseis sp.  

H. inflatus 

L. retroversa 

L. trochiformis 

B. chierchiae 

Creseis sp.  

C. acicula 
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C. acicula 

S. subula 

H. striata 

C. pyramidata 

D. trispinosa 

Cavolinia spp. 

S. subula 

H. striata 

C. pyramidata 

C. cuspidata 

D. trispinosa 

Cavolinia spp. 

 

6.4.North versus South Aegean  

PCA performed on planktonic foraminifera and pteropod data, was used to interpret the 

environmental factors controlling their distribution in north and south Aegean. This analysis has 

dual character; that of spatial (north versus south Aegean) and of temporal variability, as south 

Aegean core covers the last 21 ka BP and cores from north Aegean the last 10 ka BP. 

Particularly, core KIM-2A provides information for Late Glacial, deglaciation and early to mid-

Holocene, in contrast with the cores of north Aegean, whose analyses provide information on 

factors concerning the Holocene period. Specifically, for the north Aegean both cores were 

chosen for the PCA in order to focus better on environmental parameters of the entire Holocene 

(AEX-15 almost entire Holocene, including S1; AEX-23 as a tool to focus on the Northgrippian 

and Meghalayan stages).  

 

6.4.1. Planktonic Foraminifera 

As shown in previous studies concerning late Quaternary, SST is the dominant factor controlling 

the biogeography of planktonic foraminifera at both global and local scale (Kontakiotis, 2016; 

Kontakiotis et al., 2011; Kucera et al., 2005). However, particularly in the Aegean Sea, 

additional factors controlling planktonic foraminifera distribution are primary productivity and 

seasonality; factors that are linked with water column stratification (Kontakiotis, 2016). 

Nowadays, in the Mediterranean Sea, modern planktonic foraminifera communities are mainly 

controlled by nutrient concentration, temperature and salinity (Zarkogiannis et al., 2020; 

Kontakiotis et al., 2021; Avnaim-Katav et al., 2020; Gregg and Casey, 2007; Mallo et al., 2017; 

Schiebel et al., 2004; Thunell, 1978). 
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Table 17. Factors extracted from PCA analysis on planktonic foraminifera for the totality of the cores.  

Factors South Aegean North Aegean 

AEX-15 AEX-23 

PCA1 Temperature Productivity Productivity 

PCA2 Stratification Stratification  Upwelling 

PCA3 Seasonality Upwelling Stratification 

 

This study reveals differences in factors controlling north and south Aegean Sea (Table 17). This 

fact can be explained primary because of the age of the cores (KIM-2A spans the last 22 ka, 

AEX-15 & AEX-23 span the last 10 ka), and secondary due to the significantly different 

hydrographic characteristics between these two basins (Lykousis et al., 2002), with the north 

Aegean being more humid in contrast with the semi-arid south Aegean. Consequently, the main 

controller of planktonic foraminifera distribution in south Aegean is SST (PCA1 in KIM-2A; 

Giamali et al., 2020). During late Quaternary, SST shows the highest explanatory power, as it 

has been showed before from other records of the Mediterranean (e.g., Geraga et al., 2010; 

Kontakiotis, 2016). In contrast, the main factor (PCA1 in AEX-15 & AEX-23) controlling north 

Aegean planktonic foraminifera distribution is SSP (productivity; Table 17). This variation 

between the PCA1 of north and south Aegean can be explained by the two parameters mentioned 

above. Particularly, the freshwater influx from the Black Sea and surrounding rivers draining 

into the north Aegean, and the presence of cyclonic and anticyclonic eddies and thus to the 

development of down- and upwellings enriched on nutrients (Geraga et al., 2010; Lykousis et al., 

2002) have as a result the increased eutrophication of the north Aegean compared to that of the 

south.  

Apart from SST and SSP the planktonic foraminifera distribution is controlled by the degree of 

the vertical stratification of the water column (PCA2 in KIM-2A & AEX-15, PCA3 in AEX-15; 

(Table 17). Stratified water conditions contribute to the formation of sapropels (De Lange et al., 

2008) and can be triggered by lower surface-water salinity and relatively warm winter conditions 

that lead to the restriction of deep-water formation (Rohling et al., 2015), as well as enhanced 

nutrient inputs by the borderlands’ rivers (Mélières et al., 1997; Rohling, 1991; Rossignol-Strick, 

1995) that result in higher primary productivity. Stratification factor, as shown by the PCA, 

controls both north and south Aegean faunal compositions, though, in AEX-23 in lower grade 
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(13%) than in the other two cores (22% in KIM-2A, 15% in AEX-15). This slight difference in 

percentages can be attributed to the age that cores’ sediments span. Specifically, cores KIM-2A 

and AEX-15 contain the entire sapropel S1 layer(s), whereas, AEX-23 includes only the upper 

part of it. Stratification is also linked to seasonality (Kontakiotis, 2016); factor that the results of 

this study suggest that also controls south Aegean planktonic foraminifera distribution (PCA3 in 

KIM-2A). Seasonal fluctuation in foraminifera composition follows seasonal changes in 

hydrographic conditions (Schiebel and Hemleben, 2005; Wilke et al., 2009). In contrast, 

seasonality seems to be a less influencing factor in assemblages of north Aegean Sea. The third 

PCA factor for this region (PCA3 in AEX-15 & PCA2 in AEX-23; Table 17) indicates that 

upwellings contribute in planktonic foraminifera distribution. Upwellings control food 

availability and foraminifera reproductive cycles (Hemleben et al., 1989) and are directly 

correlated with the seasonal fluctuations (Fraile et al., 2009; Wilke et al., 2009). The fact that 

upwelling seems to contribute in higher percentages in AEX-23 (26%) than in AEX-15 (7.5%) 

can be attributed in the age that cores’ sediments span.  

6.4.2. Pteropoda 

A considerable number of studies (e.g., Bhattacharjee, 1997; Buccheri, 1984; Gaby and 

Sengupta, 1985) have shown that late Quaternary pteropod assemblages and their distribution 

pattern in the world oceans, changes with temperature and the overall climatic conditions that 

also affect the aragonite compensation depth (ACD). Recent studies (Johnson et al., 2020) have 

shown that modern eastern Mediterranean pteropod communities are found to be more abundant 

than in western Mediterranean Sea. Their abundances are positively correlated with the aragonite 

saturation state (Ωar), O2, pH, salinity and temperature, and negatively correlated with nutrient 

concentration (phosphate and nitrate concentrations) (Howes et al., 2015; Johnson et al., 2020).  

Table 18. Factors extracted from PCA analysis on pteropods for the totality of the cores. 

Factors South Aegean North Aegean 

AEX-15 AEX-23 

PCA1 Temperature Stratification  Productivity 

PCA2 Productivity Productivity  Upwelling 

PCA3 Stratification Upwelling Stratification 
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The data analyzed in this work suggest a temperature control of pteropoda distribution when 

looking at the past 21 ka (PCA1 in KIM-2A; Table 18). This main factor is also in agreement 

with records from all over the world (Buccheri, 1984; Herman, 1971, 1981; Pierrot-Bults and 

Peijnenburg, 2015) and is observed only the south Aegean Sea. However, when focusing on the 

Holocene period, pteropod composition seems to be affected by other factors such as 

productivity (PCA2 in KIM-2A, PCA2 on AEX-15 & PCA1 in AEX-23), the extent and strength 

of the OMZ which is related to the stratification of the water column (PCA3 in KIM-2A, PCA1 

in AEX-15 and PCA3 in core AEX-23), and upwelling conditions (PCA3 of AEX-15 & PCA2 of 

AEX-23) (Table 18). The latter factor, though, as depicted by PCA, appears to be affecting only 

the north Aegean pteropod fauna.  

Particularly, the down-core scores of the Productivity factor (PCA2 in KIM-2A, PCA2 in AEX-

15 and PCA1 in AEX-23) coincide with the δ13C and E-index values, indicating that variations in 

primary productivity have an impact on pteropod abundances. Even though nutrient 

concentrations are not a limited factor for their distribution (Johnson et al., 2020) our data 

suggest that fluctuations in nutrients and salinity due to the increased freshwater inputs during 

the sapropel deposition favor the species-specific flourishment (Cavolinia spp., B. chierchiae; 

Figures 24 and 26). Additionally, the stratification factor (PCA3 in KIM-2A, PCA1 in AEX-15 

and PCA3 in AEX-23; Table 18) suggests that oxygen concentration, and thus the intensity of 

the oxygen minimum zone (OMZ), are parameters that affect pteropod distribution and 

particularly the mesopelagic species (Almogi-Labin et al., 2008). OMZ alterations are 

climatically controlled, with humid and milder climates favoring a strong and well developed 

OMZ, whereas cooler and/or arid periods are characterized by a more aerated OMZ (Almogi-

Labin et al., 1998; Sijinkumar et al., 2010). This parameter could explain well the distribution 

pattern of pteropods during sapropel S1 deposition, which remain unknown up to now. 

Finally, the third factor affecting pteropod distribution in north Aegean Sea seems to be the 

upwellings (PCA3 in AEX-15 & PCA2 in AEX-23). The participation of this factor in Holocene 

records of north Aegean is explained by the presence of cyclonic and anticyclonic eddies and 

thus to the development of down- and upwellings of the organic matter (Geraga et al., 2010; 

Lykousis et al., 2002), seems to be responsible for the higher nutrient levels in the water, and 

thus for an increase in productivity of the north Aegean Sea.  
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6.5.Foraminifera versus Pteropoda 

Both faunal groups seem to be reliable indicators for past paleoceanographic and palaeoclimatic 

changes, as shown by the PCA performed. The differences relay up on the extent that each factor 

affects the fauna. Specifically, the factor of temperature seems to be the dominant factor that 

affects equally both groups. Upwelling, though is not the dominant factor, it affects both groups. 

On the other hand, productivity and stratification are factors that exist in both areas for both taxa, 

but with different intensity. In the south Aegean Sea, planktonic foraminifera seem to express 

better the Stratification factor than pteropods (Table 19). This is due to the lower number of 

species of pteropods that are affected from stratified conditions in comparison with the 

planktonic foraminifers (e.g., H. inflatus that survives in such conditions by changing its habitat). 

In contrast, at core AEX-15 in the north Aegean Productivity factor is expressed more intensified 

in planktonic foraminifera fauna than in pteropods, and the opposite is observed with the 

Stratification factor (Table 19). This can be explained by the planktonic foraminifera species T. 

quinqueloba and G. bulloides indicative of cold and humid conditions, that render the role of 

productivity as main factor and especially in the more humid and eutrophicated north Aegean 

region (Geraga et al., 2010; Lykousis et al., 2002). The only factor that does not affect pteropod 

fauna, based on the PCA, is that of Seasonality. This is due to the low influence of seasonal 

factor, on the temperate and tropical pteropod species (Manno et al., 2017). The fact that in core 

AEX-23 all factors affect equally both groups can be explained by the time spanning of this core.  

Table 19. Total factors extracted from PCA for both taxa and both regions.  

Factors 

South Aegean 

KIM-2A 

North Aegean 

AEX-15 

North Aegean 

AEX-23 

Foraminifera Pteropoda Foraminifera Pteropoda Foraminifera Pteropoda 

PCA1 Temperature Temperature Productivity Stratification Productivity Productivity 

PCA2 Stratification Productivity Stratification  Productivity Upwelling Upwelling 

PCA3 Seasonality Stratification Upwelling Upwelling Stratification Stratification 
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7. Palaeoclimate and Palaeoenvironment 

7.1.Paleoenvironmental Indices – Temperature, Productivity and Stratification  

The late Quaternary palaeoenvironmental evolution and the main palaeoceanographic changes of 

the north and south Aegean Sea was reconstructed using high resolution micropalaeontological 

and geochemical data (δ18O and δ13C isotopes, AMS 14C datings, Corg content). In particular, 

micropalaeontological interpretations were based on the downcore variations of planktonic 

organisms (foraminifera and pteropoda) and indices extracted by the aforementioned organisms. 

Planktonic foraminifera indices (PPC, E-index, U-index, SPRUDTS) that were used in this study 

are explained in detail in the material and methods chapter and are based in a number of studies 

(e.g., Geraga et al., 2005, 2010; Hemleben et al., 1989; Kontakiotis, 2016; Rohling et al., 1993a; 

Sbaffi et al., 2004; Triantaphyllou et al., 2009a).  

Concerning pteropods, indices that have been used in literature are based mainly in Quaternary 

records from the Red Sea, the Caribbean Sea, the Gulf of Aden, the Gulf of Aqaba, the Arabian 

Sea and the Mediterranean Sea (Almogi-Labin, 1982; Almogi-Labin et al., 1986, 1991, 1998; 

Deuser et al., 1976; Edelman-Furstenberg et al., 2009; Herman, 1968, 1971, 1981; Herman and 

Rosenberg, 1969; Ivanova, 1985; Johnson et al., 2020; Reimer et al., 2013; Reiss et al., 1980; 

Singh et al., 2005; Wall-Palmer et al., 2012, 2014; Winter et al., 1983). Previous studies have 

used pteropods in order to extract information mainly on depth, state of preservation, the strength 

of OMZ and palaeoclimate. A brief description of these indicators is following.  

Herman (Herman and Rosenberg, 1969) suggested the ratio of Creseis spp./H. inflatus as 

bathymetric indicator due to the species restricted depth ranges. The converse ratio has also been 

used as the degree of the stratification of water column (Almogi-Labin et al., 1991, 1998; Singh 

et al., 2001). Another palaeo-application concerning variations in pteropod shells, is the 

Limacina Dissolution Index (LDX) (Gerhardt et al., 2000; Gerhardt and Henrich, 2001; Wall-

Palmer et al., 2012, 2013). This method was originally developed to detect post-depositional 

dissolution, but latter has been used in studies of shell dissolution on living pteropods due to low 

carbonate saturation in the surface water (Manno et al., 2017). The pteropod diversity (number of 

pteropod species per sample) is long being used and correlated to glacial and interglacial stages 

and thus to temperature (Almogi-Labin et al., 1998, 2008; Janssen and Peijnenburg, 2014; Wall-
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Palmer et al., 2014), as species richness is high during interglacial stages, intermediate during 

glacial, and very low during extreme glacial maximum conditions. Furthermore, the relative 

abundances of epipelagic and mesopelagic species are widely used in order to indicate the 

strength and extent of the oxygen minimum zone (OMZ) and the degree of the stratification of 

the water column (Almogi-Labin et al., 1998, 2008; Edelman-Furstenberg et al., 2009). In 

addition, the abundance of epipelagic species, it has also been used as an indicator for humid or 

arid periods (Almogi-Labin, 2010), with high relative percentages suggesting humid periods, 

whereas low percentages indicating arid periods. Another indicator of arid conditions that has 

been proposed is the relative abundance of L. bulimoides (Almogi-Labin et al., 1998; Edelman-

Furstenberg et al., 2009). A number of studies (e.g., Blanc-Vernet et al., 1969; Buccheri, 1984; 

Buccheri et al., 2002; Carboni and Esu, 1987; Torelli and Buccheri, 1983) concerning 

Mediterranean records are dedicating in constructing palaeoclimatic curve. This curve is mainly 

based on the occurrence of the species Limacina retroversa, which is frequently found to be 

present in large numbers in Pleistocene bottom samples and is considered to be characteristic for 

colder intervals, by comparing its numerical abundance to warm-water species like H. inflatus, L. 

trochiformis, C. inflexa, and/or D. trispinosa. 

In this study, in order to reconstruct the palaeoclimatic evolution of Aegean Sea, the indices that 

were used were separated into three groups. The first group is related to Temperature indicators, 

and proxies that were used are the Planktonic Palaeoclimatic Curve (PPC), SPRUDTS group, 

Pteropoda species richness (D-index: Diversity index), Limacina retroversa relative abundance 

and δ18OG.ruber (Figure 33). The second group is associated with Sea Surface Productivity (SSP) 

with the following indicators; Eutrophication index (E-index), Upwelling index (U-index: G. 

bulloides %), Limacina trochiformis relative abundance as an upwelling indicator, and the 

δ13CG.ruber as a productivity proxy (Figure 34). The third group refers to the stratification of the 

water column and the main indicators used are the Stratification index (S-index) based on 

planktonic foraminifera and the Epipelagic/Mesopelagic pteropod ratio (E/M) (Figure 35). The 

E/M ratio is used for the first time in this study and is estimated using the sum of Epipelagic 

species (L. retroversa, Limacina trochiformis, C. acicula, C. virgula and Cavolinia spp.) versus 

the sum of Epipelagic plus Mesopelagic species (L. bulimoides, C. pyramidata, C. cuspidata, D. 

trispinosa). In the sum of mesopelagic species, it is considered crucial to exclude H. inflatus. 

This is due to its adaptation in a variable depth habitat during its growth stages, and also its 
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potential to stand very low oxygen concentrations (Almogi-Labin et al., 1998; Singh et al., 2005; 

Weikert, 1982; Weikert and Cederbaum, 1987). The values of E/M ratio vary between 0 and 1. 

When values are close to 1 epipelagic species prevail, suggesting a more stratified water column. 

On the contrary when E/M ratio is close to 0, mesopelagic species surpass the epipelagic, 

suggesting a well aerated water column. In all the above mentioned groups the resulted factors of 

PCA were included.  

Fig. 33. Temperature indicators for the studied cores; For KIM-2A: a) PPC, b) δ18Ο, c) D-index, d) L. 

retroversa relative abundance, e) SPRUDTS group, f) PCA1 temperature indicator (black line represents 

planktonic foraminifera analysis whereas orange line pteropod analysis); for AEX-15: g) PPC, h) δ18Ο, i) 

D-index, j) L. retroversa relative abundance, k) SPRUDTS group; for AEX-23: l) PPC, m) δ18Ο, n) D-

index, o) L. retroversa relative abundance, p) SPRUDTS group. Gray bands represent the sapropel 

S1layers, light gray band represent the oxidized part of S1, red and blue band represent the Bølling–

Allerød and Younger Dryas respectively.  

Fig. 34. Productivity indicators for the studied cores; For KIM-2A: a) E-index, b) δ13C, c) U-index, d) L. 

trochiformis relative abundance, e) PCA2 productivity indicator derive from pteropod analysis; for AEX-

15: f) E-index, g) δ13C, h) U-index, i) L. trochiformis relative abundance, j) PCA1 and PCA2 productivity 

indicator k) PCA3 upwelling indicator (for PCA green color represents planktonic foraminifera analysis 

whereas red color pteropod analysis); for AEX-23: l) E-index, m) δ13C, n) U-index, o) L. trochiformis 

relative abundance, p) PCA1 and PCA1 productivity indicator, q) PCA2 upwelling indicator (for PCA 

purple color represents planktonic foraminifera analysis whereas yellow color pteropod analysis). Gray 

bands represent the sapropel S1layers, light gray band represent the oxidized part of S1, red and blue band 

represent the Bølling–Allerød and Younger Dryas respectively. 

Fig. 35. Stratification indicators for the studied cores; For KIM-2A: a) S-index, b) PCA2; stratification 

indicator (from planktonic foraminifera analysis), c) PCA2; stratification indicator (from pteropoda 

analysis), d) E/M ratio; for AEX-15: e) S-index, f) PCA2; stratification indicator (from planktonic 

foraminifera analysis), g) PCA3; stratification indicator (from pteropoda analysis), h) E/M ratio; for 

AEX-23: i) S-index, j) PCA3; stratification indicator (from planktonic foraminifera analysis), k) PCA3; 

stratification indicator (from pteropoda analysis), and l) E/M ratio. Gray bands represent the sapropel 

S1layers, light gray band represent the oxidized part of S1, red and blue band represent the Bølling–

Allerød and Younger Dryas respectively. 
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7.2.Palaeoenvironmental Reconstruction 

The geochemical records (δ18Ο, δ13C), in combination with the foraminiferal and pteropod 

abundance records, the palaeoceanographic indices and the results of the multivariate statistical 

analyses, are best interpreted as a series of successive changing, climatically driven dynamic 

regimes. The evidence of these changes is interpreted and discussed in terms of the events that 

mainly accompanied the transition out of the late glacial period (Late glacial, deglaciation), the 

deposition of sapropel S1 during the HCO, and the post-sapropel interval. These are described 

subsequently as a series of transitory states together with a detailed documentation of the main 

isotopic and faunal changes recognized in our north and south Aegean records (Figures 33–35). 

The timing of each state is in agreement with relevant paleoceanographic reconstructions (Grant 

et al., 2016; Siani et al., 2013) and may be considered typical of the particular 

climatic/circulation regime of the study area.  

Late Glacial 

During the late glacial period (21.1–15.7 ka BP), the heaviest δ18Ο values (2.49–3.26‰), 

accompanied with relatively low PPC and D-index values (-32% to +4% and ≤2 respectively) 

suggest a cold upper water column (Figure 33a,b,c). The data of PCA (high values in both fauna 

taxa; Figure 33f) also support similar climatic conditions. Particularly, this interval is 

characterized by high percentages of the cold-water foraminifera species T. quinqueloba (~30%), 

accompanied by G. glutinata (9%), and G. scitula (8%) and significant percentages of the warm-

water G. ruber f. alba (~34%) (Ib assemblage of q-mode analysis; Figure 27), that are suggestive 

of milder climate after the Last Glacial Maximum (LGM), which is in accordance with other 

records in the Mediterranean (Di Donato et al., 2008; Sprovieri et al., 2003). Pteropod fauna 

(Figure 22) is composed mainly by the cold-water species L. retroversa (98%) and the cold-

tolerant mesopelagic C. pyramidata in very low percentages (3%) which is consistent with 

relevant late glacial Mediterranean records (Biekart, 1989; Wall-Palmer et al., 2014). Eutrophic 

species are also abundant in this interval (N. pahyderma, N. dutertrei, T. quinqueloba and G. 

bulloides; Figure 21) and are associated to the high values of E-index and PCA2 (Figure 34e). 

Notably, the high abundance of N. pachyderma (26%) indicates shallowing of the pycnocline 

and the formation of a DCM layer. In addition, δ13C values, around +1‰, and the trend to higher 

S-index values (Figures 34b; 35a), also support the development of eutrophicated waters. The 
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moderate abundance of G. bulloides (U-index: 5%-17%; Figure 34c) suggests little to no 

upwelling and/or runoff contribution in primary productivity. Therefore, the injection of 

nutrients into the euphotic zone can be attributed to the intensification and southward shift of 

westerly winds, as indicated by atmospheric circulation models for this time interval (Kutzbach 

and Guetter, 1986).  

Deglaciation 

At 15.7 ka BP an abrupt shift of PPC to positive values accompanied by lighter δ18Ο values 

(+2.2‰) (Figure 33a,b), are indicative of the climatic amelioration that occurred during the last 

deglaciation. These warmer conditions are also supported by the higher D-index value (Figure 

33c), which is the outcome of the occurrence of the warm water species H. inflatus and D. 

trispinosa (up to 60% and 50% respectively), and the decrease in L. retroversa percentages 

(between 33% and 85%), reflected also in PCA1 (pteropod; Figure 33f). This warming trend is in 

agreement with relevant paleoclimatic records from the eastern Mediterranean and is attributed 

to the Bølling–Allerød (B-A) interstadial (Dormoy et al., 2009; Kontakiotis, 2016; Kotthoff et 

al., 2008a, 2011; Kuhnt et al., 2007). The increased SST and humidity are also recorded by the 

higher abundance of the terrestrial biomarkers in the south Aegean (Triantaphyllou et al., 2009b), 

and by a change in the benthic faunas from oxic to dysoxic indicator species (Kuhnt et al., 2007). 

In the beginning of this interval, Neogloboquadrinids are temporary replaced by G. bulloides 

(26%) suggesting local upwelling. Though, later on the eutrophic N. pachyderma and N. 

dutertrei present their highest abundance (42% and 14% respectively) (Figure 21). Additional 

components of this interval are G. ruber (both variants), G. bulloides, T. quinqueloba and G. 

inflata (Ia assemblage of q-mode analysis) suggesting temperate and meso- to eutrophic waters, 

with strong seasonal mixing and local upwelling.  

This state persisted until the onset of the Younger Dryas (YD) at about 12.9 ka BP, which is 

depicted in the abrupt decrease in PPC (from +28% to -10%) and D-index (between 0 and 4) and 

in heavier values of δ18Ο (1.0-2.5‰) (Figure 33a,b,c). The planktonic foraminiferal fauna shows 

an increase in cold water species (N. pachyderma, T. quinqueloba, G. inflata and G. glutinata). 

Pteropod fauna is composed mainly of the cold-water species epipelagic L. retroversa, and the 

mesopelagic temperate to warm-water species C. pyramidata, D. trispinosa while the warm-

water H. inflatus presents a decreasing trend (Figure 22). This climate response of south Aegean 



113 
 

depression to the YD event (12.9-11.7 ka BP) seems to be in accordance with relevant signals 

from other Aegean sub-basins (Geraga et al., 2010; Kontakiotis, 2016). Towards the end of YD 

(12.6 – 12.2 ka BP) the species G. rubescens, C. acicula and B. chierchiae are added to the fauna 

suggesting that mild climatic conditions prevailed for a brief time interval of about 400 years 

within the YD event. This brief climatic amelioration in the mid YD which has been attributed to 

the displacement of the polar front by a few degrees north (Cacho et al., 2001), has been also 

observed in north-central Aegean marine records (Dormoy et al., 2009; Kontakiotis, 2016) and 

coincides with the pattern of GRIP and NGRIP ice-core records (Björck et al., 1998; Rasmussen 

et al., 2007), pollen-based reconstructions from the Jura (Peyron et al., 2005) and the Balkans 

(Bordon et al., 2009), as well as chironomid-based reconstructions from North Italy (Larocque 

(Larocque and Finsinger, 2008). The increase of S-index, E-index and PCA2 (productivity 

foraminifera) at around 12.2 ka BP (Figures 34a,e and 35a) coincides with this amelioration, 

reflected by the improved ventilation and eutrophication of the water column. 

Holocene  

Pre-sapropel interval 

With the ending of the YD, a general climatic amelioration is seen in the records of KIM-2A 

(increase in PPC, lighter values in δ18Ο, decline of temperature factors PCA1; Figure 33a,b,f) 

marking the beginning of the Holocene. Planktonic foraminifera fauna consists mainly by G. 

ruber f. alba, that increases in abundance towards the onset of sapropel deposition, along with G. 

bulloides and N. pachyderma (IIa assemblage of q-mode analysis; Figure 27). The two latter 

species present an opposite trend, decreasing towards the onset of sapropel deposition (Figure 

21). This trend suggests the gradual development of stratified and oligotrophic surface waters. 

Pteropod fauna follows similar pattern with the decreasing abundances of the species D. 

trispinosa and C. pyramidata, which are indicative of a well-ventilated water column 

(Sijinkumar et al., 2010), and the increase in the epipelagic B. chierchiae and C. acicula (Figure 

22). Similar trend is observed in North Aegean core AEX-15 with high values (up to 50%) of 

PPC and light values in δ18Ο (Figure 33g,h). The gradual depletion of δ18Ο in both cores can be 

attributed to the global signal of meltwater pulse 1B. The slight shift to lighter δ18Ο values 

signifies a gradual freshening of the upper water column. The close similarity in timing of the 

δ18Ο changes in both G. ruber foraminiferal calcite (core AEX-15) and seawater (core LC-21; 
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Marino et al., 2009) provides evidence that this δ18ΟG. ruber depletion prior to S1 deposition is 

dominated by the inflow of isotopically light fresher surface waters into the Aegean Sea (Casford 

et al., 2002, 2003), and the consequent sea surface freshening propagates through the entire 

eastern Mediterranean away of the sites of freshwater discharge due to the efficient large-scale 

counter-clockwise circulation of the surface waters (Pinardi and Masetti, 2000).  

In addition, in AEX-15 this interval is marked by high relative abundances of warm mixed layer 

species (including the pteropod D. trispinosa) and the high abundance of G. glutinata (Figures 

23a and 24a). The latter species replaces G. inflata in KIM-2A (Figure 21). The shift toward the 

dominance of the shallower living species G. glutinata, in both cores, could be explained in 

terms of increased seasonality (Kontakiotis, 2016), suggested also by the Seasonality factor in 

KIM-2A (PCA3 of planktonic foraminifera; Figure 30c). The opportunistic response of G. 

glutinata to any increase in nutrient variability is also in agreement with (Casford et al., 2002), 

who presented a case for an initial period of 100–1500 yr of nutrient accumulation prior to the 

onset of S1 deposition. This is evident in all the productivity-related records (Figure 34), 

evidenced by the enrichment in δ13C (∼1‰ in AEX-15 and ~1.1‰ in KIM-2A; equivalent to the 

second primary event of Casford et al. (2007), the increased numbers of E-index and U-index 

around ~9.8 ka BP (Figure 34a,c) and the presence of the epipelagic pteropods (mainly C. 

acicula) that proliferate in low salinity waters (Rottman, 1980). The evidence of seasonality is 

further reinforced by the presence of G. bulloides and G. ruber f. alba, which are the main 

exponents of the seasonal contrasts governing planktonic foraminiferal assemblages in the 

Mediterranean Sea during the Holocene (Goudeau, 2015; Wilke et al., 2009; Wit et al., 2010). 

Sapropel Layers 

By 9.6 ka BP in AEX-15 and 9.4 ka BP in KIM-2A, S1 deposition commences, as witnessed by 

high organic carbon content and Ba/Al ratio (Figures 15a and 16), and it coincides with the 

abrupt increase of primary productivity (E-index and U-index; Figure 34a,c,f,h), the start of the 

overall δ13C depletion (Figure 34b,g), and the faunal shift to a dominance of species related to 

stratified water column (assemblage G. ruber f. alba IIb for south Aegean and assemblage I T. 

quinqueloba for north Aegean; Figures 27 and 28). Minor age discrepancies concerning the 

initiation of S1 and/or the differentiation of the sapropel subunits S1a and S1b in the analyzed 

cores reflect the local conditions of marine circulation, depositional depth and the amount of the 
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organic material that reached the sea floor (e.g., Casford et al., 2003; Kontakiotis, 2016; Kuhnt et 

al., 2007; Mercone et al., 2000). In all of the studies cores, during the sapropel S1 deposition, 

changes of the planktonic foraminifera fauna are characterized by an increase in SPRUDTS 

(Figure 33e,k,p). Steadily low (stabilized around zero) δ18Ο values, together with high PPC 

values reflect a climatic invasion towards high temperatures (Figure 33b,h). However, the 

comparison of the north and south Aegean records shows significant changes among the north 

and south Aegean basins in the temperature, productivity and the stratification of the upper water 

column during this time period. Particularly, the high temperatures pattern in North Aegean 

records seems to be interrupted. Three events of lower PPC and heavier δ18Ο values reflect lower 

SSTs are observed at around 9.5 – 9.1, 8.2 – 7.9 and 7.1 – 7.0 ka BP (Figure 33g,h). These short-

term cooling events are also reflected in significant faunal changes in the north Aegean Sea, such 

as the increase in abundance of G. bulloides and T. quinqueloba replacing the SPRUDTS group 

(Figure 23). Immediately after these events, faunal abundance and isotopic profiles return rapidly 

to their previous enhanced levels, and a gradual increase can be observed for PPC values (Figure 

33g). In contrast with the North Aegean records, South Aegean sediments core indicate only one 

cooling event at 7.9 – 6.8 ka BP which is related to the S1 interruption (detected here at 7.7 to 

6.8 ka BP). This interval is marked by the decrease in PPC (from 90% to 60%) and the heavier 

values of δ18O (+0.5‰) and δ13C (+0.8‰) as shown in Figures 33a,b and 34b. The subsequent 

cooling is also reflected in significant faunal changes, such as the increase in abundance of G. 

inflata, T. quinqueloba, G. bulloides and N. pachyderma (Figure 21). These species are 

associated with relatively cold temperatures and increased food supply, suggesting high primary 

production and stronger mixing of the water column (Casford et al., 2002; Pujol and Vergnaud-

Grazzini, 1995). In addition, the pteropod L. trochiformis, which is related to the mixed layer of 

the water column and thrives in upwelling conditions (Almogi-Labin et al., 1988; Bé and Gilmer, 

1977; Sakthivel, 1969; Wormuth, 1981), presents a peak at the beginning of S1i (Figure 34d). 

During sapropel S1 deposition increase in temperature and humidity has also been documented 

in all marine and terrestrial pollen records in the eastern Mediterranean region (Geraga et al., 

2010; Giamali et al., 2019; Kontakiotis, 2016; Kotthoff et al., 2008b; Rossignol-Strick, 1995; 

Triantaphyllou et al., 2009a). This paleoclimate change coincides with the Holocene summer 

precession-related insolation maximum in the Northern Hemisphere (Laskar et al., 2004), and the 

monsoon intensification that resulted in a widespread increase in humidity over the 
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Mediterranean region and concomitant increase of freshwater input to the Mediterranean Sea 

(Rohling, 1994; Rossignol-Strick, 1983). In accordance with previous observations from the 

Aegean Sea (Geraga et al., 2010; Kontakiotis, 2016), the elevated percentages of the species G. 

bulloides and T. quinqueloba within S1 are more pronounced in the north than in south Aegean, 

and are related to low salinity and high fertility of the surficial waters (Rohling et al., 1997; 

Zachariasse et al., 1997), possibly due to the larger river inflows draining the north Aegean land. 

The elevated percentages of T. quinqueloba and G. bulloides, in AEX-15 and AEX-23 (Figures 

23 and 25), especially between 8.2 and 7.0 cal ka BP, show that the freshening of sea surface 

waters driven by enhanced riverine discharges and land runoff due to intensified rainfall was 

greater towards the end of the sapropel. This is further supported by the contribution of Black 

Sea outflow after 8 ka (Sperling et al., 2003). This freshening of sea surface resulted in low 

salinity and eutrophic waters (Figure 34f,l). In contrast, U-index and δ13C (Figure 34b,c) in south 

Aegean reveal that the rainfall was more intense during the lower part of S1a sapropel layer. This 

is also testified by the presence of the pteropod L. bulimoides in the upper part of S1a with peaks 

at 8.4 ka, 8.1 ka and 7.9 ka (~6%) (Figure 22). This species is indicative of arid conditions 

(Almogi-Labin et al., 1998, 2008; Edelman-Furstenberg et al., 2009) and thus suggests that 

during the end of S1a (8.6–7.7 ka) the conditions were more arid than during the onset of S1a 

(9.4 – 8.6 ka) and the interval of S1b (6.9–6.4 ka).  

Another difference between the two basins seems to be the degree of stratification during the S1 

deposition. Precisely, the S-index of cores AEX-15 and AEX-23 along with the stratification 

factor of planktonic foraminifera (PCA2 in AEX-15 and PCA3 in AEX-23) reflect weak 

stratification of the water column (Figure 35e,f,g,i,j,k). In contrast, the same indices (S-index, 

PCA2 for both taxa; Figure 35a,b,c) of core KIM-2A are indicative of a strong stratified water 

column. This indicate a persistence of local deep – water formation in northern Aegean Sea 

during S1 formation, and it has been also documented by other records in eastern Mediterranean 

(Kontakiotis, 2016; Kuhnt et al., 2007, 2008). Thus, the stratification in north Aegean Sea is 

mainly restricted to the surface and enhanced productivity (high E-index and productivity factor 

PCA; Figure 34f,j) plays the most important role on the formation of S1. This is also enhanced 

by the planktonic foraminifera fauna. SPRUDTS group relative abundances are higher in south 

Aegean (in both S1a and S1b) comparing to that of north (Figure 33e,k,p), indicating that 

stratification in the south Aegean is not limited to the surface, but it is continuous throughout the 
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euphotic layer. Overall, this can be explained by the cold spells from eastern European and 

Siberian sources that may have resulted in a repeated cooling of northern Aegean surface waters 

also during generally warm conditions of the early Holocene (Kuhnt et al., 2007; Rohling et al., 

2002b). This could have led to the supplying of at least some oxygen to northern Aegean deep-

sea basins while southern Aegean deep-sea basins received less oxygen. As far as the pteropod 

records for stratification (E/M ratio; %; PCA2 in KIM-2A, PCA3 in AEX-15; Figure 

35c,d,g,h,k,l) are concerned, they seem to respond equally in changes the stratification of the 

water column in both studied areas. This can be explained by the pteropod composition which is 

not differentiated in these sub-basins. Particularly, in the humid and warmer conditions that 

persisted during the formation of S1, the subsequent stratification of the water column favored a 

strong and well developed OMZ that probably led to the reduction of mesopelagic species and 

thus to the high E/M ratio (Figure 35d,h,l). The presence of the mesopelagic H. inflatus into the 

sapropel sublayers can be explained by its habitat. More explicitly this species adopts a variable 

depth habitat during its growth stages, and it is more susceptible to the low oxygen concentration 

in the OMZ (Almogi-Labin et al., 1998; Weikert, 1982; Weikert and Cederbaum, 1987).  

From the faunal content of the oxidized part of S1 in north Aegean Sea, it seems that the bottom-

water oxygenation has resumed earlier than the final ending of sapropelic conditions indicated by 

Ba concentration (Figure 16). Specifically, the occurrence of the deep mixing species G. inflata 

and N. pachyderma (II G. inflata assemblage; Figure 28 and 29) reflects the prevalence of 

homogenization/overturn conditions in the water column (Casford et al., 2002; Rohling et al., 

1997). This is also supported by the pteropod L. trochiformis which indicates upwelling 

conditions (Almogi-Labin et al., 1988; Bé and Gilmer, 1977; Sakthivel, 1969; Wormuth, 1981) 

(Figure 34i,o). The subsequent regime is also characterized by the slightly colder and less 

eutrophic conditions, as evidenced by the PPC drop and the relatively lower E-index values 

(Figures 33g,l and 34f,l). During this interval (7.0–6.1 ka BP), the presence of the bathypelagic 

Clio pyramidata and C. cuspidata suggest the recovery of the thermohaline circulation (Figures 

24 and 26). Toward the Meghalayan, warm oligotrophic species (G. ruber f. alba, G. sacculifer, 

G. rubescens, and G. siphonifera gr.; Figures 23 and 25) prevail in the planktonic fauna, 

implying a significant reduction in primary productivity and the establishment of modern 

oligotrophic to mesotrophic conditions. 
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Post sapropel  

From the termination of S1 deposition up to 5.0 ka BP in south Aegean Sea, a trend to heavier 

δ18Ο values (from 0‰ to +1.3‰) and the drop of PPC (~60%) are recorded (Figure 33a,b). In 

planktonic foraminifera fauna increase in G. inflata, G. truncatulinoides and N. pachyderma (IIa 

assemblage; Figure 27) along with the reduction of G. ruber f. rosea, G. siphonifera gr. O. 

universa (Figure 21) indicate lower SST, and stronger seafloor oxygenation due to vertical 

mixing. This latter is also suggested by the increase in the mesopelagic pteropod D. trispinosa. 

The peak of L. trochiformis at 5.7 ka (Figure 34d) is suggestive of upwelling conditions. At this 

point and up to 5.0 ka increased percentages of G. bulloides and G. sacculifer are indicative of 

increased productivity. This is also indicated by the high values of E-index, the heavy δ13C (up to 

+1.7‰) and the PCA2 factor of pteropods (Figure 34a,b,e).  

In the north Aegean Sea the main change in the post-sapropel interval, is characterized by a 

decrease in G. sacculifer and O. universa (Figures 23 and 25; III G. ruber f. alba assemblage 

Figures 28 and 29) that reveals a river-runoff reduction and further coincides with the δ13C 

enrichment trend (Figure 34g,m) observed in both cores. This is further associated with clay 

mineral data known from the literature (Ehrmann et al., 2007; Roussakis et al., 2004) across this 

interval, which indicate a change in weathering conditions on land that points to particularly dry 

conditions in the north Aegean catchment. Moreover, the reduction in the surface water Black 

Sea outflow at around 4.5 ka BP (Kuhnt et al., 2007; Sperling et al., 2003) has probably caused 

an increase in sea-surface salinity, which is also testified by the slightly heavier (up to 0.8‰ 

enrichment) planktic δ18O record (Figure 33h,m), the reduction in the relative abundance of L. 

trochiformis, and the appearance of the stenohaline species S. subula at 3.3 ka BP (Figures 24 

and 26) (Buccheri et al., 2002). These observations support the idea of a general trend to climatic 

aridification during the Meghalayan stage, which is in accordance with the salinity increase and 

oligotrophic nature of the water column of the modern north Aegean Sea. 
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7.3.Holocene climate variability and its relationship to large-scale climatic changes 

The qualitative SST reconstructions for the Aegean Sea reveal a distinct pattern of climate 

oscillations that generally agrees with the previously reported series of millennial-scale 

fluctuations in the region (Kontakiotis, 2016; Kotthoff et al., 2008a, 2008b; Le Houedec et al., 

2020; Rohling et al., 2002a), but which enriches that picture with centennial-scale details. The 

Holocene climatic instability of the study area is further supported by episodes of brief cooling, 

with the suggested mechanism that caused the development of these cooling spells to involve 

local features, such as intensified orographically channeled, northerly air outbreaks and/or land-

sea contrasts (Brayshaw et al., 2011; Rohling et al., 2002a). Six distinct sea-surface cooling 

events in the north Aegean (referred to as “NAEGC”; Giamali et al., 2019) and two in the south 

Aegean Sea (referred to as “SAEGC”) have been identified in the present study (Figure 36 and 

Table 21), corresponding to similar short and abrupt cold/dry events that have been described in 

different basins in the Mediterranean (Cacho et al., 2001; Combourieu-Nebout et al., 2009, 2013; 

Desprat et al., 2013; Frigola et al., 2007; Geraga et al., 2008; Sbaffi et al., 2004; Schmiedl et al., 

2010; Table 22). Furthermore, similarities to the GISP2 ice core, and their coincidence with 

times of weakening monsoonal activity (Incarbona and Sprovieri, 2020), lowering of lake levels 

in eastern Africa (Gasse, 2000), and glacier advances in Europe (Denton and Karlén, 1973), 

suggest correlations with the paleoclimatic changes occurring at high latitudes of the northern 

Atlantic and worldwide (Bond et al., 2001; Bond et al., 1997; Mayewski et al., 2004; Wanner et 

al., 2015; Wanner et al., 2011). These correlations reinforce earlier observations of 

teleconnections between Holocene climate variability of the (sub)tropics and the high latitudes at 

multi-centennial to millennial timescales (Marino et al., 2009; Rohling et al., 2002a). Each 

cooling event results in an approximate drop in temperature of 2–4° C, independently confirming 

what previous studies, using different methods, have shown (Cacho et al., 2001; Rohling et al., 

2002a).  
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Fig. 36. Comparison of north and south Aegean results with relevant climate reconstructions of the 

eastern, central, and western Mediterranean and North Atlantic, including the following: a) Planktonic 

paleoclimatic curve (PPC) of north Aegean cores (green line for AEX-15 and orange line for AEX-23). b) 

Oxygen isotope record (δ18OG. ruber) of north Aegean cores (green line for AEX-15 and orange line for 

AEX-23). c) Planktonic paleoclimatic curve (PPC) of core KIM-2A. d) Oxygen isotope record (δ18OG. 

ruber) of core KIM-2A. e) Alkenone sea surface temperatures (SSTs) of ODP site 160-967D in the 

Levantine Basin (Emeis et al., 2000). f and g) Alkenone SSTs from cores M25/4-KL11 and M40/4-SL78, 

respectively, from the Ionian Sea (Emeis et al., 2003). h) Oxygen isotope record (δ18OG. ruber) of core 963D 

from Sicily Strait (Incarbona and Sprovieri, 2020). i) δ18OG. bulloides of core BS7938 (Cacho et al., 2001). j) 

Alkenone SSTs of core BS7938 from the Tyrrhenean Sea (Cacho et al., 2001). k) δ18OG. bulloides from core 

MD99-2343 in the Balearic Sea (Frigola et al., 2007). l) δ18OG. bulloides of core MD952043 (Cacho et al., 

2001). m) Alkenone SSTs of core MD952043 in the Alboran Sea (Cacho et al., 2001). n) Hematite 

stained grains (HSG)–based cold events for VM29-191 (Bond et al., 1997). o) δ18ON. pachyderma for VM29-

191 (Bond et al., 1997). Blue bands correspond to North Aegean cooling events and light blue bands to 

the South Aegean cooling events, whereas gray and light gray bands to the sapropel S1 interval (or 

sapropel sublayers; S1a and S1b) and its oxidized part. 

 

 

Table 21. Timing of the Holocene abrupt climate events in North and South Aegean. 

North Aegean 
Sea 

Age (ka BP) Central Age 
(ka BP) 

Duration 
(ka) 

Time Since Previous 
Event (ka) 

NAEGC1 2.6-1.5 2.05 1.1 1.5 

NAEGC2 3.8-3.3 3.55 0.5 1.0 

NAEGC3 4.8-4.3 4.55 0.5 2.5 

NAEGC4 7.1-7.0 7.05 0.1 1.0 

NAEGC5 8.2-7.9 8.05 0.3 1.25 

NAEGC6 9.5-9.1 9.3 0.4 - 

South Aegean 
Sea 

Age (ka BP) Central Age 
(ka BP) 

Duration 
(ka) 

Time Since Previous 
Event (ka) 

SAEGC1 5.7-5.0 5.35 0.7 2.0 

SAEGC2 7.9-6.8 7.35 1.1 - 
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7.3.1. Abrupt Holocene cooling events and their impact on eastern Mediterranean 

hydrologic regime  

The Holocene abrupt events detected in the Aegean Sea have an average duration of 600 years 

and an observed periodicity of 1200 years (Table 21). The differences in time or the absence of 

some of the cooling events among the three cores is most likely due to the different sampling 

resolution, the different age model between north and south Aegean cores and the different 

hydrographic condition prevailing in the two basins.  

The most pronounced Holocene abrupt cooling events (NAEGC6–NAEGC4 & SAEGC2–

SAEGC1) occurred at 9.5–9.1, 8.2–7.9, and 7.1–7.0 ka BP in north Aegean and at 7.9–6.8 and 

5.7–5.2 ka BP in south Aegean Sea. They punctuate the wettest phase as deduced by our 

planktonic foraminifera records during the Greenlandian–Northgrippian stages, and they seem to 

exert important control on sapropel deposition within the Mediterranean Sea. All these events 

parallel the widely documented abrupt cooling events punctuating the early–middle Holocene: 

the “Boreal Oscillation” at ∼10.0 ka BP (Björck et al., 2001); the “9.3 ka event” (Rasmussen et 

al., 2007); the “8.2-event” (Alley et al., 1997); and a final event at ∼7.4 ka BP (Bond et al., 

2001), which likely corresponds to the drier episode detected at ∼7.0 ka BP (Figure 36). They 

also coincide with the weakening activity in the West Africa and Indian monsoons (Fleitmann et 

al., 2003; Incarbona and Sprovieri, 2020). These events were related to a series of recurrent (dry) 

atmospheric climatic anomalies, which can be furthermore associated with meltwater pulse 

perturbation of the north Atlantic climate. 

In particular, in North Aegean records, there are two sharp negative peaks in the PPC at 9.5 and 

9.1 ka BP, coupled with two intervening δ18O positive excursions (at ∼9.3 and 9.2 ka BP), which 

are superimposed on a broader period of climatic deterioration in the Aegean Sea during this 

time interval (Figure 36a,b). Cooling event NAEGC6 is coeval with relevant cooling events in 

Tyrrhenian basin centered at 9.5 ka BP (Rohling et al., 1997; Sbaffi et al., 2004) and further 

coincides with aridification events based on pollen assemblage changes in the Alboran Sea 

(Combourieu Nebout et al., 2009) (Table 22). The forest decline (Giamali et al., 2019) at this 

time is associated with a prominent SST cooling event in the eastern Norwegian Sea (Berner et 

al., 2010) and coincides with cooling in the NGRIP (North Greenland Ice Core Project) record 

toward 9.95 ka BP, although this anomaly is not consistent across different Greenland records 
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(Rasmussen et al., 2007). NAEGC6 is possibly linked to an Atlantic meridional overturning 

circulation (AMOC) reduction because of a meltwater pulse at St. Lawrence Bay (Fleitmann et 

al., 2008) or alternatively to contemporaneous outburst floods from proglacial lakes such as Lake 

Agassiz (Teller and Leverington, 2004), Lake Labrador- Ungava (Jansson and Kleman, 2004), 

Lake Superior (Yu et al., 2010), or Baltic ice Lake in SW Sweden (Nesje et al., 2004), and with 

solar activity minima (Bond et al., 2001; Magny and Bégeot, 2004).  

The following NAEGC5 event, constrained here by progressive δ18O enrichment to maximum 

values (+0.95‰) centered on 8.1 ka BP, corresponds to the regional expression of the 8.2 ka BP 

cold/arid north Atlantic event (Bond et al., 1997, 2001). Surprisingly, that δ18O enrichment 

appears coeval in time but not in amplitude to the negative 2‰ δ18Oice event in the Greenland ice 

cores (Rasmussen et al., 2007), which is thought to represent an ∼6°C cooling of the air 

temperature over Greenland Summit (Alley et al., 1997). The significant decline in the PPC 

(from + 32% to −42%; Figure 36a) provides evidence for an abrupt winter SST minimum on the 

northern Aegean borderlands in response to the 8.2 ka BP AMOC reduction (LeGrande et al., 

2006; Wiersma and Renssen, 2006).  

The SAEGC2 event detected in KIM-2A core seems to correspond as well to the 8.2 ka BP cold 

event. The cooling identified by PPC (drop from 100% to 60%) and δ18O (from -0.3 to +0.8‰) 

records at 7.9–6.8 ka BP (Figure 36c,d), led to the S1 interruption (as evidenced also by the 

Corg; Figure 15). This event has also been identified in neighboring cores (C69-ST2 in Myrtoan 

Basin at 8.0–6.5 cal ka BP; (Geraga et al., 2005), in the central (Combourieu-Nebout et al., 2013; 

Sbaffi et al., 2001) and in the western Mediterranean Sea (Frigola et al., 2007) (Table 22). The 

weakening monsoonal activity and the intensification of the atmospheric circulation (Incarbona 

and Sprovieri, 2020; Marino et al., 2009) during SAEGC2 led to good ventilation conditions in 

the Aegean basin interrupting the S1 deposition, synchronously with the termination of the 

formation of the enriched in organic matter layer (organic rich layer; Cacho et al., 2002) in the 

Alboran Sea (western Mediterranean). 

The sharp drop in PPC around 7.0 ka BP corresponds to the NAEGC4 cooling event (Figure 

36a). This event is attributed to the strengthening and increases in frequency of winter cooling, 

driven by changes in intensity of high-latitude continental air masses (Rohling et al., 2002b). The 

intensification of the atmospheric circulation during this time interval led to improved ventilation 
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conditions in the eastern Mediterranean basin. This cooling event may have induced the 

resumption of deep-water formation in the north Aegean Sea. Indeed, density of the surficial 

waters was sufficiently high during that time interval to enable the ventilation of the deep north 

Aegean basin, because of the counterbalance between salinity depletion and SST decrease. This 

notion is also confirmed by the higher benthic δ13C (∼1.1–1.4‰) values, the significant increase 

of the benthic foraminifera Cibicidoides (Abu-Zied et al., 2008; Kuhnt et al., 2007; Schmiedl et 

al., 2010) and the planktonic G. inflata recorded in the studied and other cores between 7.0 and 

6.0 ka BP (Casford et al., 2002; Geraga et al., 2010; Kontakiotis, 2016), attesting the return to 

oxic conditions and the resumption of the north Aegean deep-water formation just after the end 

of S1. Similar short cooling events were detected using foraminiferal and pollen assemblages in 

the Minorca Basin (M7 event; (Frigola et al., 2007); Figure 36k) and the Siculo-Tunisian Strait 

(at 7.3–6.7 ka BP; (Desprat et al., 2013) (Table 22). In the Adriatic and Aegean basins (AdC5 

and C69-ST2 events, respectively; Combourieu-Nebout et al., 2013; Geraga et al., 2005; 

Jimenez‐Espejo et al., 2008), these events are supposed to be responsible for sapropel 

termination. Following the interpretation of Rohling et al., (2002a) and Casford et al., (2003), the 

absence of these events in δ18OG. ruber was suggested to reflect a seasonal offset between climate 

forcing and the proxy carrier, as cooling is a winter phenomenon and therefore is not recorded by 

G. ruber, which thrives in the summer mixed layer.  

At 6.3 ka BP, negative values in the PPC (–46%) of core AEX-23 are observed that are not 

followed by any enrichment in δ18OG. ruber in the studied cores or negative PPC values of AEX-15 

and KIM-2A (Figure 36a,b,c,d). No cooling event is identified in this time interval, and the 

observed negative PPC peak is suggested that is attributed to increased T. quinqueloba 

percentages (59%; Figures 23 and 25). A similar decrease in arboreal vegetation has also been 

observed during that time in north Aegean cores and possibly highlights the onset of the 

transition toward drier mid- to late Holocene (Giamali et al., 2019). 

The trend to heavier values of δ18OG. ruber along with the negative peak of PPC (12%; Figure 

36c,d) in the south Aegean core (KIM-2A), marks the SAEGC1 event (5.7–5.0 ka BP). This 

cooling has also been identified in Myrtoan Basin (C69-ST1; Geraga et al., 2005), in the Ionian 

Sea (Z1-CE3; Geraga et al., 2008), in central (SCE4; Sbaffi et al., 2004, TC3; Cacho et al., 2001, 

5.6-5.0; Desprat et al., 2013, AdC3; Combourieu-Nebout et al., 2013) and in western 
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Mediterranean Sea (AC2; Cacho et al., 2001, ACP4; Combourieu Nebout et al., 2009) as shown 

in Table 22. The possible suggested causes of this event are the decline in solar output (Bond et 

al., 2001; Denton and Karlén, 1973; Mayewski et al., 2004). In the eastern Mediterranean, this 

event is correlated to the end of the sapropel S1 deposition (De Rijk et al., 1999; Geraga et al., 

2005; Rohling et al., 1997).  

The nature and intensity of the NAEGC3 event at 4.8–4.3 ka BP in the isotope record, 

resembling the previous events, also points to a climate origin and hence is thought to be the 

result of a cold and dry episode. The PPC drop of ∼20% in both cores of north Aegean Sea is in 

phase and is associated with the 4.2 ka BP north Atlantic Holocene cold event (Bond et al., 2001; 

Bond et al., 1997) (Figure 36a,n,o), as well as with Uk’
37-SST minima along the Mediterranean 

Sea (Cacho et al., 2001; Emeis et al., 2000, 2003). NAEGC3 could also correspond to the ACP4 

of the Adriatic Sea (Combourieu Nebout et al., 2009), M5 in Minorca Basin (Frigola et al., 

2007), the 4.5 ka BP event of the Siculo-Tunisian Strait (Desprat et al., 2013), the Ionian and 

Levantine Seas (Emeis et al., 2003; Emeis et al., 2000; Geraga et al., 2008), AdC3 in Adriatic 

Sea (Combourieu-Nebout et al., 2013), and the 4–4.4 ka BP of the north Aegean Sea (Kotthoff et 

al., 2008a; Schmiedl et al., 2010) (Table 22). This event is further evident on the northern side of 

the Mediterranean Basin (Magny et al., 2009; Peyron et al., 2011), in the Medjerda Valley (Faust 

et al., 2004; Zielhofer et al., 2004), and in the speleothems of Gueldaman Cave (Ruan et al., 

2016). This cold episode, largely expressed in climate records as expanding from polar to 

tropical regions, has been attributed to a weakening of the Northern Hemisphere summer 

insolation (Bond et al., 2001; Mayewski et al., 2004). This cold and arid spell, although 

weakened in the north Aegean Sea (Kontakiotis, 2016), caused the temporary enhanced deep-

water ventilation and consequently the restoration of oxic conditions in the north Aegean. This is 

further supported by the low accumulation rates of marine and terrestrial biomarkers and 

elevated δ15N values from nearby north Aegean cores (Gogou et al., 2007), which indicate that 

the deep north Aegean was fully oxygenated during that period.  

The interval between 3.8 and 3.3 ka BP comprises heavier δ18O values, a drop in the PPC of 

∼25% in both cores (Figure 36a,b), and the first appearance of L. retroversa in the Holocene for 

core AEX-23 (Figure 33o). The latter species, previously was supposed to be accidentally 

present in the sediments of the upper Holocene, due to sampling processes (Janssen 2012). 



126 
 

However, this study shows that this cold-water species was able to enter the pteropod fauna of 

the eastern Mediterranean during the cold events. This can also be testified by the length of the 

cores (especially of AEX-23; retrieved from 142.5 cm). This episode (NAEGC2) coincides with 

equivalent events in the Mediterranean Sea based on planktonic foraminifera and pollen 

assemblages (Combourieu Nebout et al., 2009; Frigola et al., 2007; Sbaffi et al., 2004) (Table 

22). In the Tyrrhenian Sea, this event appears to be intense with an approximate decrease in SST 

of 2.5–3.5°C based on alkenone and the modern analogue technic SSTs reconstructions (Sbaffi et 

al., 2004). At 2.6–1.5 ka BP, heavier isotope values, significant drop in PPC, appearance of the 

cold water pteropod L. retoversa, have been documented in both cores corresponding to 

NAEGC1 event (Figures 36a,b and 33i,o). This is correlated with the dry episode recorded from 

marine cores in the eastern Mediterranean between 3.0 and 1.7 ka BP (Jalut et al., 2009; Magny 

et al., 2003). It is also evident in the western and central part of the Mediterranean between 3.2 

and 1.4 ka BP (Cacho et al., 2001; Combourieu Nebout et al., 2009; Frigola et al., 2007; Sbaffi et 

al., 2004) and is correlated to the NAC2 event (Bond et al., 1997) (Table 22). 
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Table 22. List of short Holocene cooling events recorded in the North and South Aegean Sea and their correspondence to the relevant dry/cooling 

events in different basins (Alboran Sea, Balearic Sea, Tyrrhenian Sea, Siculo-Tunisian Strait, Adriatic Sea, Ionian Sea, and Aegean Sea) of the 

Mediterranean Sea, in the North Atlantic, and globally. Names of each event were provided followed by ages in brackets (in ka BP). In cases 

where the events are not named, only ages are given. 

  

MEDITERRANEAN SEA 

North 
Atlantic 

Globally 
This study Aegean Sea  

Ionian 
Sea 

Adriatic 
Sea 

Siculo-
Tunisian 

Strait 
Tyrrhenian Sea Minorca Alboran Sea 

  
Age  

(ka BP)  

Schmield et 
al., 2010 & 

Kotthoff et al., 
2008a 

Geraga et 
al., 2005 

Geraga 
et al., 
2008 

Combouri
eu - 

Nebout et 
al., 2013 

Desprat 
et al., 
2013 

Cacho et al., 
2001 

Sbaffi et al., 2004 
Frigola et al., 

2007 
Cacho et 
al., 2001 

Combourieu - 
Nebout et al., 

2009 

Bond et 
al., 1997 

Mayewski 
et al., 
2004 

N
o

rt
h

 A
e

ge
an

 S
e

a 

NAEGC1 2.6-1.5 2.7-2.4 
    

 TC1 (1.9-1.0) 
& TC2 (3.45-

2.5) 

SCE1 (1,7-
0,9) & SCE2 

(3.2-2.4) 

 SCE2 
(3.2-2.5) 

M1(1.8-1.4) & 
M2 (2.6-2.3) 

AC1 (1.90-
1.01) 

APC2 (2.6-2.3) 
NAC2 
(2.8) 

RCC4 (3.5-
2.5) 

NAEGC2 3.8-3.3 
      

SCE3 (3.9-
3.5)  

M3 (3.4-3.1) 
 

APC3 (3.77-
3.14)  

  

NAEGC3 4.8-4.3 4.4-4.0 
 

Z1-CE2 
(4.0) 

AdC 2 
(4.2) 

4.5 
   

M5 (5.3-4.7) 
AC2 (5.94-

4.75) 
ACP4 (6.0-4.5) 

NAC3 
(4.3) 

  

NAEGC4 7.1-7.0 
 

C69-ST2 
(8–6.5) 

Z1-CE4 
(7.0) 

AdC 5 
(7.0) 

7.3-6.7 
  

SCE5 
(7.6-6.9) 

M7 (7.4-6.9) 
   

  

NAEGC5 8.2-7.9 8.3-8 
 

Z1-CE5 
(8.2) 

AdC 6 
(8.2) 

8.5-7.9 
 

SCE5(8.2-
7.5)  

M8 (9.0-7.8) 
AC3 (9.08-

7.56) 
APC5 (8.5-7.9) 

NAC5 
(8.2) 

RCC1 (9.0-
8.0) 

NAEGC6 9.5-9.1         9.5-9.1 TC4 (9.62-9.13)    
SCE6  

(9.9-9.0) 
    APC6 (9.6-8.9) 

NAC6 
(9.5) 

  

So
u

th
 A

e
ge

an
 

Se
a 

SAEGC1 5.7-5.0   
C69 - ST1 

(5.5) 
Z1-CE3 

(5.0) 
AdC 3 
(5.0) 

5.6 -5.0 TC3 (6.58-5.28) 
SCE4 (5.0-

6.0)     

AC2 (5.94-
4.75) 

ACP4 (6.0-4.5) 
NAC4 
(5.9) 

RCC2 (6.0-
5.0) 

SAEGC2 7.9-6.8 6.7-6.3  
C69 - ST2 
(8.0 -6.5) 

Z1-CE4 
(7.0) 

AdC 5 
(7.0) 

7.3-6.7 
  

SCE5 (8.2-
7.6) 

SCE5 
(7.6-6.9) 

M7 (7.4-6.9) 
AC3 (9.08-

7.56)       
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8. Conclusions 

This main objective of this thesis was to contribute in the understanding of the palaeoclimate 

during the last ~21 ka, as depicted from the planktonic foraminifera and pteropod fauna retrieved 

from three gravity cores located at north and south Aegean. The interpretations were based on 

the abundances of planktonic foraminiferal and pteropod assemblages and the down-core 

variations of the stable isotope (δ18O, δ13C) values, combined with the results of multivariate 

statistical analysis, in association with temperature- productivity- and stratification related 

paleoceanographic data.    

The main conclusions of this research are summarized below: 

- Two cores from the North Aegean Trough and one from a submarine depression between 

Kimolos and Sifnos islands were examined. Based on their lithological characteristics the 

faunal content and the AMS radiocarbon (14C) datings, the age model performed 

indicated that sediment levels used in this thesis span the last 10.1 ka in core AEX-15, 7.5 

ka in AEX-23 and 21.1 ka in KIM-2A. The sedimentation rates that calculated confirm 

the already known data with higher sedimentation rates in the north Aegean Sea (17.3 

and 42.8 cm/ka for AEX-15 and AEX-23 respectively) in comparison with the south 

Aegean (11.86 cm/ka).  

- Apart from the already well known records on late Quaternary planktonic foraminifera 

assemblages in the Aegean Sea, this research provided for the first time information on 

late Quaternary pteropod fauna for this region. Specifically, the pteropod fauna of the 

Aegean Sea consists of 13 Euthecosomata species, with some of them encountered only 

in one of the two regions due to their habitat preferences and/or hydrologic conditions of 

the studied areas.  

- The Q-mode analysis performed in the planktonic foraminiferal fauna revealed two and 

three distinct assemblages in south and north Aegean respectively, each one 

representative of different hydrological and climatic conditions. These assemblages were 

further divided were needed into sub-assemblages that correspond to sapropel, pre- or 

post- sapropel, and late glacial and deglaciation conditions.  
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- The Principal Component Analysis performed in both fauna groups, suggested that the 

sea surface temperature, productivity, stratification of the water column, upwelling and 

seasonality are the main controllers of the planktonic foraminifera distributions, whilst 

for the pteropod fauna the sea surface temperature, productivity, stratification of the 

water column, and upwelling control their distribution.  

- The comparison of the data retrieved by the faunal distributions and the statistical 

analysis indicated differences between the two studied areas. Specifically, in the south 

Aegean Sea temperature seems to be the main controller, which is partly attributed to the 

time that sediments of core KIM-2A span. On the other hand, in the north Aegean Sea 

productivity is the main factor followed by stratification, factor that contributes in both 

studied areas and also affects both groups. Each described factor does not affect equally 

the different faunal groups.   

- In order to proceed in the palaeoclimatic and palaeoenvironmental reconstruction, 

selected indices from the available bibliography were used. In those, a new index based 

on pteropods is suggested for the first time, so as to express the stratification of the water 

column, namely the E/M ratio.  

- Combining all data available in this thesis a succession of Late glacial to Holocene 

paleoclimatic and paleoceanographic changes is revealed. During the Late Glacial, all the 

records in south Aegean Sea indicate the occurrence of cold and eutrophicated waters. 

The time interval of 15.9–11.7 ka, corresponding to the deglaciation phase, was 

characterized by gradual climatic amelioration. During this interval, the warm interstadial 

Bølling–Allerød was identified, while low SST records at 12.9 ka revealed the onset of 

the YD. During this event, mild climate conditions were observed for around 400 years, 

and are attributed to the displacement of the polar front by a few degrees north. With the 

onset of the Holocene, a general climatic amelioration was observed, with the gradual 

development of stratified oligotrophic surface waters. These conditions were intensified 

during the sapropel S1 deposition, which started at 9.6 ka and ended in 6.1 ka in north 

Aegean Sea, and appears in two layers in the south Aegean (S1a: 9.4–7.7 ka and S1b: 

6.9–6.4 ka). The faunal and isotopic data suggest that conditions were more arid in the 

south Aegean, and especially towards the end of S1a. The interruption of sapropel 
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deposition (S1i) in core KIM-2A and the post-sapropel interval of all the cores are 

characterized by lower SST and stronger seafloor oxygenation due to vertical mixing.  

- Overall, the high sedimentation rates encountered in the analyzed cores and the high-

resolution sampling have contributed to the detection of six cold/arid events in the north 

Aegean Sea and two in the south Aegean, throughout the Holocene. Although absolute 

age control provides only modest constraint, these events also appear to correlate with 

equivalent events documented within and beyond the Mediterranean Sea in north latitude 

areas, northeastern Africa, and the Middle East, pointing to large, hemispheric-scale 

teleconnections. 
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AEX 15: Planktonic foraminifera and pteropod abundances (%)  

Species/Samples 1,5 3 4,5 6,25 8 9 10 11,25 12,5 13,5 14,5 

O. universa 0,00 0,61 1,15 1,75 1,45 3,30 0,00 1,38 1,55 5,34 4,88 

G. ruber alba 27,52 30,67 37,93 40,35 45,89 41,98 30,63 32,57 41,45 54,85 40,49 

G. ruber rosea 8,05 11,04 6,32 12,28 8,21 8,02 11,26 11,93 19,69 17,48 31,22 

G. sacculifer 0,00 0,00 0,00 0,00 0,00 0,47 0,00 2,29 2,07 3,40 3,90 

G. inflata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,97 0,49 

G. bulloides  22,82 33,74 28,16 30,70 27,54 19,81 33,78 25,23 10,36 3,40 0,98 

G. rubescens 12,75 3,07 2,30 2,63 1,45 8,02 3,15 5,05 0,00 0,49 0,00 

G.aequilateralis 0,00 1,23 2,87 0,88 3,38 0,00 1,35 3,21 1,55 0,49 0,98 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 2,75 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 4,70 6,75 6,90 0,00 2,90 0,94 3,15 8,26 14,51 12,62 17,07 

N. dutertrei d 0,00 1,84 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,61 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 19,46 9,82 13,79 10,53 8,70 15,09 16,22 9,17 8,29 0,97 0,00 

G. glutinata 4,70 0,61 0,57 0,88 0,48 2,36 0,45 0,46 0,00 0,00 0,00 

G. scitula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,46 0,52 0,00 0,00 

B. digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflatus 0,00 4,88 4,23 10,39 5,83 10,97 6,61 6,33 6,67 16,20 14,77 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 4,23 0,00 

L. trochiformis 0,00 14,63 22,54 3,90 14,17 14,19 18,18 16,46 0,00 7,04 4,55 

C. virgula 0,00 18,29 11,27 12,99 14,17 25,81 7,44 11,39 3,33 6,34 0,00 

C. acicula 0,00 26,83 26,76 41,56 20,00 13,55 16,53 17,72 13,33 3,52 6,82 

H. striata 0,00 1,22 0,00 0,00 0,83 1,94 0,00 0,00 0,00 0,70 1,14 

S. subula 0,00 1,22 2,82 1,30 2,50 3,23 5,79 2,53 13,33 6,34 5,11 

C. cuspidata 0,00 0,00 0,00 0,00 0,83 1,94 0,83 0,00 0,00 0,70 1,14 

C. pyramidata 0,00 14,63 9,86 10,39 24,17 8,39 12,40 20,25 23,33 11,97 17,05 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 0,00 4,88 2,82 5,19 8,33 9,03 9,09 10,13 6,67 7,04 14,20 
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Species/Samples 15,5 17 19 20,5 21,5 23 25 27 29 31 33 

O. universa 2,16 0,97 4,40 0,88 1,01 2,42 0,86 0,91 1,56 1,19 0,45 

G. ruber alba 41,62 48,31 60,44 50,66 45,73 46,38 45,26 54,09 39,45 45,24 39,19 

G. ruber rosea 21,08 15,46 4,40 13,66 18,59 21,74 11,64 15,00 6,25 9,92 9,01 

G. sacculifer 5,95 2,42 3,85 4,85 2,51 0,00 3,02 5,00 2,34 1,19 1,80 

G. inflata 1,62 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  8,11 7,25 13,19 12,33 11,56 9,66 18,10 10,45 12,89 8,33 9,46 

G. rubescens 1,62 5,80 0,00 1,76 2,01 0,97 3,02 1,36 3,52 1,59 1,35 

G.aequilateralis 1,62 2,90 2,20 2,64 3,02 3,38 2,59 2,73 3,52 3,57 4,95 

G. calida 0,00 1,93 0,00 1,76 2,01 0,00 0,00 0,00 0,00 3,17 4,05 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 12,43 5,31 9,89 0,88 2,01 7,25 3,88 2,73 1,95 2,38 0,90 

N. dutertrei d 1,08 0,00 0,55 0,00 0,00 1,45 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,97 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 2,16 10,63 1,10 11,89 12,56 4,83 11,64 7,27 28,13 25,79 31,53 

G. glutinata 0,00 0,97 0,00 0,44 1,01 0,97 0,00 0,45 0,39 0,79 1,35 

G. scitula 0,54 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

B. digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflatus 7,55 7,53 7,63 5,06 8,33 10,92 8,70 8,88 7,69 5,56 10,59 

L. retroversa 1,89 0,00 17,80 0,00 0,00 1,68 0,00 0,59 0,00 0,00 0,00 

L. trochiformis 9,43 21,51 1,69 12,66 15,63 7,56 13,04 26,04 0,00 20,00 16,47 

C. virgula 11,32 5,38 3,39 27,22 14,58 8,40 13,04 7,10 0,00 8,89 0,00 

C. acicula  4,72 6,45 5,08 8,86 13,54 11,76 2,90 7,10 0,00 3,33 1,18 

H. striata 0,00 0,00 0,00 0,00 1,04 0,00 1,45 0,00 0,00 0,00 0,00 

S. subula 15,09 10,75 3,39 4,43 8,33 8,40 8,70 5,33 0,00 11,11 7,06 

C. cuspidata 0,00 1,08 0,85 1,27 0,00 0,00 0,00 0,59 0,00 1,11 4,71 

C. pyramidata 14,15 16,13 20,34 13,92 19,79 15,13 21,74 13,02 46,15 15,56 22,35 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 9,43 10,75 11,02 13,29 7,29 11,76 11,59 16,57 0,00 8,89 5,88 
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Species/Samples 35 37 39 41 43 45 47 49 51 53 55 

O. universa 1,91 0,44 0,42 0,85 1,99 2,11 0,42 2,11 0,00 0,39 1,67 

G. ruber alba 26,32 33,19 42,37 41,28 41,83 65,82 54,39 48,95 46,31 49,41 37,92 

G. ruber rosea 9,09 9,29 10,17 10,21 9,96 6,75 9,21 8,02 11,07 6,67 8,33 

G. sacculifer 2,87 4,87 5,93 2,98 3,98 2,95 6,69 2,53 1,23 0,78 1,25 

G. inflata 0,00 0,44 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,39 0,00 

G. bulloides  18,18 9,73 7,63 10,64 11,55 10,13 12,97 12,66 20,08 24,31 20,42 

G. rubescens 0,48 1,77 2,54 2,55 5,18 1,69 3,35 9,28 6,56 3,92 4,58 

G.aequilateralis 3,83 2,65 3,39 2,55 2,79 2,11 5,02 4,22 4,51 2,35 4,17 

G. calida 2,39 0,00 2,12 0,00 2,39 0,00 2,09 2,11 3,69 0,00 2,92 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 5,26 1,77 3,81 1,28 1,59 0,00 0,00 0,00 0,00 1,57 4,17 

N. dutertrei d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,39 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 32,06 35,40 23,73 27,66 21,12 8,44 6,69 10,97 9,84 9,02 17,50 

G. glutinata 0,00 0,00 0,00 0,00 0,00 0,00 1,26 1,27 0,41 0,78 0,00 

G. scitula 0,00 0,44 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

B. digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflatus 12,22 16,20 10,84 8,39 3,13 4,10 0,00 6,25 0,00 8,89 4,81 

L. retroversa 0,00 0,00 0,00 0,70 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 24,44 17,32 22,09 20,28 23,96 7,38 0,00 23,44 0,00 12,06 12,83 

C. virgula 5,56 13,41 20,88 11,19 3,13 2,46 0,00 7,81 0,00 10,48 9,09 

C. acicula  7,78 1,68 4,02 5,59 6,25 18,85 0,00 3,13 0,00 12,38 15,51 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 6,67 10,61 14,86 15,38 26,04 25,41 0,00 15,63 0,00 35,87 28,34 

C. cuspidata 1,11 1,12 0,40 1,40 1,04 0,82 0,00 4,69 0,00 0,95 2,14 

C. pyramidata 18,89 14,53 8,43 18,18 18,75 24,59 0,00 21,88 0,00 10,79 14,97 

D. trispinosa 1,11 0,00 0,00 0,00 1,04 0,00 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 12,22 8,94 9,24 9,09 10,42 4,92 0,00 4,69 0,00 2,22 2,67 
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Species/Samples 57 59 61 63 65 67 69 71 73 75 77 

O. universa 1,88 0,00 0,00 0,43 0,00 0,48 1,03 2,46 0,85 2,31 1,70 

G. ruber alba 39,47 37,59 13,37 47,86 44,24 48,56 50,00 59,84 57,87 54,17 44,26 

G. ruber rosea 12,03 6,57 11,05 16,24 8,76 8,65 10,31 7,38 2,55 10,65 14,89 

G. sacculifer 0,38 2,19 0,00 0,85 0,92 1,92 0,52 2,87 1,70 2,78 1,70 

G. inflata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  21,80 19,71 22,09 9,40 28,57 21,63 12,89 11,07 17,02 9,72 17,02 

G. rubescens 5,26 7,30 31,40 4,27 5,07 5,77 4,64 2,05 2,55 3,70 5,11 

G.aequilateralis 1,13 4,38 2,91 4,70 1,84 2,40 3,61 6,56 2,13 5,56 3,83 

G. calida 0,75 2,19 0,00 2,56 0,00 0,00 2,58 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 1,82 0,00 0,00 2,30 0,00 1,03 1,23 1,28 0,93 2,13 

N. dutertrei d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 17,67 20,44 15,70 14,53 6,45 5,77 11,86 5,74 11,06 8,33 7,23 

G. glutinata 0,38 0,00 3,49 1,28 1,84 4,81 3,61 0,82 2,55 1,85 1,28 

G. scitula 0,00 0,00 0,00 0,43 0,00 0,00 0,52 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,43 0,00 0,85 

H. inflatus 0,00 0,00 14,29 6,90 22,22 7,69 10,40 16,22 9,52 12,12 12,86 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 23,81 58,62 33,33 76,92 32,00 26,58 38,10 42,42 35,71 

C. virgula 0,00 0,00 14,29 3,45 0,00 0,00 12,00 9,01 13,33 7,58 4,29 

C. acicula 0,00 0,00 4,76 0,00 0,00 0,00 9,60 2,25 2,86 7,58 2,86 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 9,52 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 2,38 0,00 11,11 0,00 0,00 0,90 0,95 0,00 1,43 

C. pyramidata 0,00 0,00 7,14 10,34 0,00 0,00 3,20 5,86 7,62 10,61 11,43 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 0,00 0,00 4,76 6,90 0,00 7,69 12,00 12,61 5,71 4,55 10,00 
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Species/Samples 79 81 83 85 87 89 91 93 95 97 99 

O. universa 0,46 0,44 0,00 1,80 0,79 0,45 0,00 0,86 0,00 0,43 1,16 

G. ruber alba 35,78 36,89 35,98 33,53 36,36 43,05 41,47 33,48 36,86 17,09 38,61 

G. ruber rosea 12,84 18,22 20,83 18,56 27,67 22,42 20,74 14,59 15,29 31,62 15,83 

G. sacculifer 1,83 4,89 3,03 0,00 2,37 1,35 0,46 3,86 0,78 0,00 1,54 

G. inflata 0,00 0,44 0,00 0,00 0,00 0,00 0,00 0,00 0,39 0,00 0,00 

G. bulloides  20,18 21,33 21,21 17,37 16,60 16,14 15,21 17,60 18,04 10,68 10,04 

G. rubescens 5,50 4,44 5,68 12,57 7,91 5,38 7,83 15,02 11,76 17,95 12,74 

G.aequilateralis 4,13 2,67 4,92 2,40 1,58 4,93 3,69 2,58 3,53 2,14 3,47 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 1,38 0,44 0,76 0,00 0,40 0,00 0,46 0,43 1,18 0,43 0,77 

N. dutertrei d 0,00 0,00 0,00 0,60 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 15,60 7,56 4,92 12,57 4,74 4,93 6,45 9,44 9,41 18,38 13,13 

G. glutinata 2,29 2,22 1,52 0,60 0,79 1,35 3,23 2,15 2,75 1,28 1,54 

G. scitula 0,00 0,00 0,00 0,00 0,00 0,00 0,46 0,00 0,00 0,00 0,39 

B.digitata 0,00 0,44 0,76 0,00 0,79 0,00 0,00 0,00 0,00 0,00 0,77 

H. inflatus 15,00 16,09 15,95 8,60 11,23 9,45 7,02 9,66 7,77 10,22 5,63 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 32,50 34,10 20,86 17,20 18,72 41,73 29,82 35,17 24,27 25,27 0,70 

C. virgula 10,50 8,43 6,75 29,03 9,63 6,30 10,53 6,90 20,39 7,53 36,27 

C. acicula 5,50 2,30 9,20 11,83 8,02 2,36 4,39 8,97 4,85 15,05 11,97 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,50 0,00 0,61 1,08 1,07 2,36 0,00 0,69 0,00 0,00 0,70 

C. pyramidata 4,50 3,07 7,36 5,38 5,88 4,72 7,89 6,90 6,80 2,15 4,58 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 8,50 9,20 14,11 7,53 12,83 8,66 12,28 12,41 8,74 12,90 14,08 
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Species/Samples 101 103 105 107 109 111 113 115 117 119 120,5 

O. universa 2,13 2,67 1,05 1,12 2,76 2,18 3,79 4,07 4,10 3,01 1,78 

G. ruber alba 52,48 59,16 49,12 27,72 35,43 28,00 36,36 17,78 13,93 9,40 5,33 

G. ruber rosea 2,48 5,34 11,93 13,11 14,57 13,09 7,95 14,44 14,75 15,79 5,78 

G. sacculifer 3,19 1,15 3,51 2,62 1,97 3,64 2,27 1,85 0,00 1,88 0,00 

G. inflata 0,00 0,38 0,70 3,00 3,54 3,27 6,06 18,52 18,44 32,33 0,44 

G. bulloides  4,96 9,54 8,07 11,24 14,17 8,36 11,36 8,89 13,11 7,52 15,11 

G. rubescens 5,67 3,05 5,26 7,87 5,51 5,45 5,68 2,96 1,64 3,76 0,89 

G.aequilateralis 5,67 5,73 2,11 7,49 1,57 2,18 3,41 2,96 2,46 3,01 0,89 

G. calida 4,61 2,67 1,75 3,37 0,00 1,09 0,00 0,00 0,00 1,13 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,41 0,00 0,00 

N. pachyderma d 0,00 0,76 0,70 1,50 3,15 3,27 1,89 13,33 15,98 7,89 0,00 

N. dutertrei d 0,00 0,00 0,35 0,37 0,39 0,73 0,00 0,37 0,00 1,13 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 22,34 11,83 15,44 23,22 15,35 26,18 20,08 14,81 11,89 13,53 68,44 

G. glutinata 0,35 0,38 1,75 0,75 1,18 1,09 0,38 0,00 1,23 0,75 0,89 

G. scitula 0,71 0,00 0,00 0,00 0,39 1,45 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 0,36 0,00 0,00 0,41 0,00 0,44 

H. inflatus 9,29 4,56 2,47 0,00 13,33 5,17 2,99 6,25 5,88 13,64 13,95 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,37 0,28 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 33,09 39,03 37,04 0,00 37,78 15,52 49,25 62,50 52,94 22,73 46,51 

C. acicula 9,67 13,39 4,94 0,00 0,00 0,00 0,00 0,00 0,00 4,55 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,74 1,71 2,47 0,00 0,00 5,17 2,99 0,00 0,00 0,00 0,00 

C. pyramidata 6,32 4,56 7,41 0,00 0,00 3,45 2,99 0,00 0,00 4,55 0,00 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 2,33 

Cavolinia spp. 23,79 23,65 24,69 0,00 17,78 15,52 17,91 6,25 5,88 13,64 20,93 
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Species/Samples 121,5 122,5 123,5 124,5 125,5 126,5 127,5 128,5 129,5 130,5 131,5 

O. universa 8,58 17,91 13,33 7,09 4,71 6,02 4,55 2,80 3,04 1,13 4,76 

G. ruber alba 8,58 11,57 12,59 8,58 4,31 4,14 14,46 16,78 7,60 7,89 5,13 

G. ruber rosea 9,33 14,93 18,52 16,42 8,63 6,39 10,74 12,94 6,08 5,26 14,29 

G. sacculifer 2,24 2,61 4,07 1,49 0,78 0,00 1,65 1,75 1,90 0,75 0,73 

G. inflata 0,37 0,00 0,37 0,00 0,00 0,00 0,00 0,35 0,00 0,00 0,00 

G. bulloides  48,13 35,82 38,89 37,69 40,39 37,22 42,56 26,22 12,17 16,92 11,72 

G. rubescens 0,37 0,00 2,22 7,09 5,10 2,63 2,48 3,15 3,04 2,26 1,47 

G.aequilateralis 3,36 7,09 3,70 3,73 1,96 3,76 2,89 3,50 3,04 1,88 2,93 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,05 1,90 0,00 1,47 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,37 0,00 0,37 0,00 0,78 0,00 2,07 1,05 0,38 0,38 0,00 

N. dutertrei d 0,00 0,37 0,00 0,00 0,00 0,00 1,24 0,00 0,00 0,00 0,37 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,37 

T. quinueloba 18,66 9,70 5,56 17,54 32,55 37,97 16,94 30,07 60,46 62,41 57,88 

G. glutinata 0,00 0,00 0,37 0,00 0,78 0,75 0,41 1,05 1,52 0,75 0,00 

G. scitula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,38 0,00 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 1,13 0,00 0,35 0,38 0,38 0,37 

H. inflatus 14,58 0,00 26,83 4,35 19,39 18,28 28,06 22,58 30,30 39,39 38,46 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 42,71 0,00 17,07 58,70 38,78 44,09 23,02 41,94 51,52 15,15 9,89 

C. acicula 1,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,00 1,22 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

D. trispinosa 3,13 0,00 0,00 4,35 5,10 3,23 6,47 3,23 0,00 0,00 0,00 

Cavolinia spp. 16,67 0,00 7,32 8,70 4,08 11,83 8,63 9,68 3,03 3,03 2,20 
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Species/Samples 132,5 133,5 134,5 135,5 136,5 137,5 138,5 139,5 140,5 141,5 142,5 

O. universa 8,90 7,50 2,78 2,92 3,65 7,38 6,92 6,99 12,21 22,18 13,31 

G. ruber alba 8,19 3,57 3,97 4,58 1,09 3,32 5,00 5,51 7,25 11,28 10,08 

G. ruber rosea 14,59 12,86 10,32 8,75 8,76 10,33 9,62 4,78 10,69 13,62 13,71 

G. sacculifer 5,34 6,07 1,59 0,83 0,73 1,11 0,38 0,00 0,76 0,39 0,00 

G. inflata 0,00 0,00 0,00 0,42 0,00 0,37 0,00 0,37 0,38 0,00 0,00 

G. bulloides  16,73 10,71 10,71 9,58 10,22 9,59 11,15 13,24 12,60 10,51 12,10 

G. rubescens 1,78 0,71 2,38 0,42 3,65 1,85 3,85 5,15 5,34 5,84 7,66 

G.aequilateralis 7,12 4,29 0,79 3,75 6,20 6,27 3,46 2,21 3,05 5,06 3,63 

G. calida 1,78 2,86 0,00 0,00 0,73 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 0,00 0,00 0,42 0,36 0,74 0,38 0,37 0,00 0,00 0,00 

N. dutertrei d 1,07 0,00 0,40 0,00 0,36 0,00 0,00 0,00 0,38 0,78 0,81 

N. dutertrei s 0,36 0,00 0,00 0,00 0,00 0,00 0,00 0,37 0,00 0,78 0,00 

T. quinueloba 35,59 53,93 66,67 67,08 63,87 58,30 59,23 61,03 47,33 29,57 37,50 

G. glutinata 0,36 0,00 0,40 0,83 0,36 0,37 0,00 0,00 0,00 0,00 0,81 

G. scitula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,36 0,00 0,42 0,73 0,37 0,00 0,00 0,00 0,00 0,40 

H. inflatus 43,62 10,84 8,11 4,11 0,00 4,76 4,76 27,94 0,00 0,00 0,00 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 18,09 31,33 32,43 50,68 50,94 31,75 9,52 47,06 35,71 0,00 0,00 

C. acicula 0,00 0,00 0,00 0,00 0,00 1,59 0,00 0,00 14,29 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,00 0,00 2,74 0,00 0,00 0,00 5,88 0,00 0,00 0,00 

D. trispinosa 0,00 0,00 0,00 1,37 1,89 1,59 0,00 0,00 7,14 0,00 0,00 

Cavolinia spp. 4,26 12,05 2,70 5,48 15,09 19,05 9,52 4,41 7,14 0,00 0,00 
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Species/Samples 143,5 144,5 145,5 146,5 147,5 148,5 149,5 150,5 151,5 152,5 153,5 

O. universa 9,42 4,83 5,88 19,91 13,70 6,23 3,68 9,58 25,97 27,45 7,66 

G. ruber alba 13,41 7,43 11,03 8,33 11,85 12,46 7,72 4,98 9,52 13,33 6,93 

G. ruber rosea 8,33 10,78 14,34 20,37 24,81 25,61 13,24 7,28 12,99 12,94 6,57 

G. sacculifer 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. inflata 0,36 0,00 0,37 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  6,88 9,67 22,06 23,61 24,81 18,34 22,06 21,84 14,72 16,47 16,79 

G. rubescens 2,54 13,75 7,35 10,65 8,52 22,84 20,59 15,71 9,09 7,45 7,66 

G.aequilateralis 6,16 0,74 3,68 3,70 5,19 3,46 2,21 3,07 5,19 4,31 0,00 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 0,74 0,00 0,00 0,00 0,00 0,37 0,00 0,00 0,00 0,00 

N. dutertrei d 0,36 0,00 0,00 0,00 0,00 1,38 1,10 0,00 0,00 0,39 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 52,54 52,04 32,35 12,50 10,74 7,61 28,31 37,55 22,08 16,47 54,38 

G. glutinata 0,00 0,00 0,37 0,46 0,00 0,35 0,37 0,00 0,00 0,00 0,00 

G. scitula 0,00 0,00 0,00 0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,00 2,57 0,46 0,37 1,73 0,37 0,00 0,43 1,18 0,00 

H. inflatus 0,00 50,00 47,73 52,43 61,31 63,38 42,86 63,86 100,00 61,43 71,43 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 0,00 0,00 22,73 21,62 11,68 9,15 14,29 25,30 0,00 10,00 21,43 

C. acicula 0,00 0,00 0,00 1,08 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,00 4,55 5,95 5,84 4,23 0,00 1,20 0,00 2,14 2,38 

D. trispinosa 0,00 0,00 0,00 2,70 0,73 0,70 0,00 0,00 0,00 4,29 0,00 

Cavolinia spp. 0,00 3,85 2,27 0,54 5,11 4,23 0,00 0,00 0,00 1,43 0,00 
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Species/Samples 154,5 155,5 156,5 158,5 159,5 160,5 161,5 162,5 163,5 164,5 165,5 

O. universa 12,63 13,43 9,85 11,84 7,87 1,37 3,00 2,48 2,18 0,37 10,86 

G. ruber alba 8,07 1,41 1,09 9,21 6,37 7,17 9,74 11,16 9,61 11,48 7,24 

G. ruber rosea 13,33 4,59 1,82 5,26 11,99 8,53 14,98 4,55 0,44 1,48 0,45 

G. sacculifer 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,81 

G. inflata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  18,60 16,25 17,52 20,18 11,61 26,62 20,97 20,25 17,03 31,85 12,67 

G. rubescens 4,91 1,06 0,36 0,00 2,25 2,05 0,75 1,65 0,00 3,70 0,45 

G.aequilateralis 1,40 1,06 1,46 4,39 3,00 2,73 4,49 9,50 3,06 1,85 3,62 

G. calida 0,00 0,00 0,00 0,88 1,12 0,68 1,12 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 0,00 0,00 0,44 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei d 0,00 0,00 0,00 0,00 1,87 0,00 0,37 0,00 0,44 3,33 0,90 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,44 0,00 0,00 

T. quinueloba 40,35 61,48 67,15 48,25 53,93 50,17 44,57 48,76 65,07 44,07 61,09 

G. glutinata 0,35 0,71 0,73 0,44 1,12 1,37 1,12 1,65 1,75 1,85 0,90 

G. scitula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,35 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflatus 55,56 33,33 79,17 57,41 66,92 31,25 30,43 20,83 46,81 57,14 15,07 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 20,47 66,67 12,50 25,00 6,77 0,00 21,74 4,17 7,09 14,29 24,66 

C. acicula 0,00 0,00 8,33 4,63 3,01 12,50 4,35 12,50 15,60 9,52 32,88 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 4,68 0,00 0,00 1,85 3,76 0,00 0,00 0,00 3,55 4,76 2,74 

D. trispinosa 0,00 0,00 0,00 4,63 10,53 6,25 0,00 8,33 6,38 4,76 1,37 

Cavolinia spp. 1,75 0,00 0,00 0,00 2,26 12,50 8,70 8,33 1,42 0,00 5,48 
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Species/Samples 166,5 168 170 172 173,5 

O. universa 11,19 10,15 4,96 2,01 0,00 

G. ruber alba 35,82 30,08 35,88 27,71 18,88 

G. ruber rosea 1,49 3,38 3,44 2,81 3,21 

G. sacculifer 1,12 0,75 1,53 0,40 0,00 

G. inflata 0,00 0,00 0,38 0,00 0,00 

G. bulloides  25,75 28,20 23,28 16,06 29,72 

G. rubescens 1,87 0,38 3,82 4,42 13,65 

G.aequilateralis 2,99 2,26 0,76 0,40 0,00 

G. calida 0,00 1,50 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 0,00 0,00 0,00 0,00 

N. dutertrei d 0,00 1,13 0,38 0,40 0,00 

N. dutertrei s 0,00 0,38 0,76 1,20 0,00 

T. quinueloba 17,16 18,42 14,89 34,14 22,09 

G. glutinata 2,61 4,89 9,92 10,44 12,45 

G. scitula 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 

H. inflatus 31,58 5,92 4,00 9,46 0,00 

L. retroversa 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,88 0,00 0,00 0,00 0,00 

C. virgula 5,26 0,00 3,00 1,35 0,86 

C. acicula 19,30 48,68 38,00 28,38 26,72 

H. striata 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 12,28 19,08 15,00 12,16 7,76 

D. trispinosa 21,93 21,05 38,00 40,54 58,62 

Cavolinia spp. 0,00 0,00 0,00 0,00 0,00 
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AEX 23: Planktonic foraminifera and pteropod abundances (%) 

Species/Samples 2,5 12,5 22,5 32,5 42,5 52,5 62,5 72,5 82,5 92,5 102,5 

O. universa 0,00 0,00 0,44 0,00 0,80 0,00 0,47 0,00 0,90 0,39 0,86 

G. ruber alba 29,95 23,47 16,89 31,22 32,93 29,00 20,93 25,89 36,94 33,73 30,47 

G. ruber rosea 3,38 10,80 8,44 5,06 6,02 5,19 5,58 4,46 2,70 4,71 9,44 

G. sacculifer 0,00 0,00 1,33 0,84 0,80 0,87 0,00 0,00 1,80 0,39 0,86 

B.digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,47 0,00 0,00 0,00 0,00 

G. inflata 0,48 0,47 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  13,04 16,43 16,44 14,35 16,47 16,88 13,02 13,84 12,61 20,39 18,45 

G. rubescens 3,86 4,23 11,11 7,17 4,02 9,52 6,51 9,82 7,21 10,20 12,02 

G.aequilateralis 0,97 2,35 1,33 0,84 1,61 2,60 0,00 2,23 0,90 1,96 2,15 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,89   0,00 0,00 

N. pachyderma s 0,97 0,47 0,89 0,42 0,00 0,87 0,93 0,45 0,90 0,00 0,00 

N. pachyderma d 10,14 2,82 1,78 3,80 1,61 2,16 5,12 2,68 4,05 0,39 1,72 

N. dutertrei d 2,90 0,00 0,89 0,00 0,00 0,00 0,00 3,57 0,00 0,78 0,00 

N. dutertrei s 0,48 0,00 1,33 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 27,05 35,21 32,44 32,49 30,12 31,60 46,05 34,82 28,38 22,75 22,32 

G. glutinata 6,28 3,29 6,22 3,80 5,22 0,87 0,93 1,34 2,70 1,57 1,29 

G. scitula 0,48 0,47 0,44 0,00 0,00 0,43 0,00 0,89 0,90 0,00 0,00 

H. inflata 6,61 8,70 5,09 5,95 9,26 4,26 11,18 7,58 8,03 6,62 17,97 

L. retroversa 0,00 0,00 0,00 0,74 0,00 0,00 0,00 2,11 0,00 0,00 0,00 

L. trochiformis 9,25 7,73 9,26 13,38 38,89 11,70 20,59 15,16 14,72 10,26 18,75 

C. virgula 16,30 10,63 12,50 21,19 14,81 20,21 7,06 3,58 14,05 9,60 12,50 

C. acicula 24,67 15,94 18,52 10,04 5,56 5,32 7,65 10,32 6,69 7,28 3,91 

H. striata 0,88 1,45 1,39 1,12 0,00 0,00 0,59 0,21 0,00 0,00 0,00 

S. subula 3,52 10,14 6,48 8,55 1,85 10,64 11,76 12,84 26,76 45,36 16,41 

C. cuspidata 0,00 0,00 0,46 0,37 0,00 1,06 0,00 0,42 0,67 0,66 0,00 

C. pyramidata 11,01 14,49 12,50 10,78 9,26 14,89 12,94 14,95 14,38 6,62 10,16 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,42 0,00 0,33 0,00 

Cavolinia spp. 9,25 16,43 20,83 15,24 5,56 18,09 13,53 13,47 9,03 5,63 7,81 
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Species/Samples 112,5 122,5 132,5 142,5 152,5 162,5 172,5 182,5 192,5 202,5 212,5 

O. universa 0,40 0,49 0,00 0,00 0,00 0,45 0,86 0,00 0,82 0,39 1,57 

G. ruber alba 35,48 41,87 37,84 26,67 20,43 24,32 31,76 20,16 12,65 26,85 40,16 

G. ruber rosea 17,34 5,42 5,41 18,10 38,72 27,48 4,29 16,05 22,04 22,96 4,33 

G. sacculifer 0,00 0,49 1,80 0,48 2,13 0,45 0,00 1,23 0,00 0,39 1,18 

B.digitata 0,00 0,00 0,00 0,95 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. inflata 0,40 0,00 0,00 0,00 0,43 1,35 0,00 0,00 0,00 0,39 0,00 

G. bulloides  16,94 15,76 8,56 13,33 16,17 9,01 16,74 7,82 6,94 7,00 9,06 

G. rubescens 8,06 7,88 8,56 14,29 7,23 13,96 11,59 12,76 18,37 9,73 7,09 

G.aequilateralis 1,21 2,46 0,90 3,81 2,55 1,80 2,15 2,47 2,04 2,72 1,97 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,40 0,00 0,00 0,48 0,00 0,00 0,43 0,00 0,41 0,00 0,00 

N. pachyderma d 2,02 1,97 1,35 0,95 2,13 0,90 1,72 1,65 1,22 3,50 0,39 

N. dutertrei d 0,00 0,00 0,45 0,95 0,00 0,00 0,00 0,00 0,00 0,39 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 16,13 17,24 30,18 17,62 8,51 16,67 23,18 35,39 32,65 22,57 30,31 

G. glutinata 0,81 2,96 1,35 1,43 1,28 2,70 4,72 1,65 1,22 2,72 2,76 

G. scitula 0,00 0,49 0,90 0,00 0,43 0,00 0,00 0,00 0,00 0,39 0,00 

H. inflata 12,92 11,34 13,72 13,07 8,06 6,38 8,81 5,95 4,59 7,24 7,45 

L. retroversa 0,37 0,52 0,72 0,33 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 30,26 38,40 32,85 15,69 28,44 38,84 33,57 29,76 20,14 0,00 0,62 

C. virgula 23,25 15,98 9,03 14,38 16,59 9,86 9,76 13,69 19,79 33,79 43,48 

C. acicula 4,06 4,38 6,50 8,17 7,58 13,33 10,48 15,77 10,60 21,03 9,94 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,37 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,37 0,00 0,36 0,65 1,42 0,00 0,48 0,60 0,35 0,34 0,00 

C. pyramidata 7,75 4,64 9,03 8,17 4,74 4,93 3,33 2,68 3,89 1,72 1,86 

D. trispinosa 0,00 0,26 0,36 0,33 0,00 0,00 0,00 0,30 0,00 0,00 0,00 

Cavolinia spp. 8,86 8,76 13,00 21,90 14,22 10,14 13,10 13,10 19,79 13,10 13,04 
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Species/Samples 222,5 232,5 242,5 252,5 262,5 272,5 282,5 288,25 289,75 291 293 

O. universa 1,18 3,38 1,21 1,16 1,49 1,49 2,28 3,35 1,42 1,21 0,42 

G. ruber alba 37,40 16,92 19,43 10,85 24,54 17,91 18,63 13,88 12,06 7,27 5,04 

G. ruber rosea 1,57 16,54 7,69 4,26 7,81 7,46 17,87 14,35 10,64 12,73 3,36 

G. sacculifer 1,18 0,75 0,40 0,39 0,37 0,00 0,00 0,96 0,00 0,00 0,00 

B.digitata 0,00 0,38 0,00 0,00 0,00 0,37 0,00 0,00 0,00 0,00 0,00 

G. inflata 0,79 0,00 1,62 3,49 4,09 23,51 0,76 0,48 8,51 0,61 0,00 

G. bulloides  6,69 15,04 6,48 9,69 8,18 11,94 4,56 4,31 14,18 22,42 23,53 

G. rubescens 5,12 6,02 6,48 4,65 4,09 1,87 2,28 2,39 3,55 6,67 2,94 

G.aequilateralis 2,36 1,13 3,24 1,94 1,49 1,87 4,56 4,31 0,71 1,21 0,00 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,78 0,00 0,37 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,39 2,26 0,81 1,55 0,37 5,22 1,52 1,91 3,55 3,03 0,00 

N. dutertrei d 0,39 0,00 0,00 0,39 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 39,37 36,09 48,18 59,30 47,21 27,24 46,77 52,63 43,26 42,42 63,87 

G. glutinata 1,18 0,75 3,24 1,55 0,00 0,37 0,76 1,44 0,00 2,42 0,84 

G. scitula 0,79 0,75 0,40 0,00 0,00 0,00 0,00 0,00 2,13 0,00 0,00 

H. inflata 8,66 7,53 2,42 7,69 7,27 3,03 0,00 0,00 0,00 0,00 14,29 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 31,77 48,12 58,18 49,77 41,82 66,67 53,33 100,00 100,00 0,00 0,00 

C. acicula 13,36 0,42 1,21 0,00 0,00 0,00 6,67 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,72 0,84 1,21 0,45 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 4,69 6,69 3,64 1,81 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

D. trispinosa 0,36 0,00 1,21 0,90 0,00 0,00 6,67 0,00 0,00 0,00 4,76 

Cavolinia spp. 27,44 9,21 22,42 16,29 7,27 6,06 0,00 0,00 0,00 0,00 0,00 
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Species/Samples 295 297,5 299,5 300,75 302,25 304,75 307,75 310 312 314 316 318,5 320 

O. universa 0,41 2,30 7,46 11,03 9,16 3,85 1,04 7,72 6,31 4,38 7,77 5,34 10,76 

G. ruber alba 2,45 7,66 6,44 1,78 4,38 7,69 9,34 4,88 8,64 0,73 6,36 6,41 0,87 

G. ruber rosea 6,53 5,36 9,49 8,19 6,77 4,55 11,42 10,98 17,28 12,77 15,90 14,95 12,79 

G. sacculifer 0,41 0,77 4,41 5,34 3,59 1,05 1,73 0,41 2,99 9,12 2,83 1,78 2,62 

B.digitata 0,00 0,00 0,00 0,00 0,40 0,00 0,35 0,81 0,00 0,00 0,00 1,07 0,58 

G. inflata 0,00 0,38 0,00 0,00 0,00 0,00 0,35 0,41 0,00 0,00 0,00 0,00 0,00 

G. bulloides  29,39 44,06 37,29 45,55 42,63 41,26 17,30 4,88 10,63 9,12 16,61 17,08 7,85 

G. rubescens 0,82 1,15 1,02 1,42 0,40 0,70 0,69 0,81 1,00 0,36 1,06 0,00 0,00 

G.aequilateralis 0,00 1,15 3,39 3,20 1,59 0,35 2,42 3,25 2,33 2,19 2,12 5,34 4,94 

G. calida 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 2,45 1,15 0,34 0,00 0,40 0,70 0,00 0,00 0,33 0,00 0,00 0,36 0,00 

N. dutertrei d 0,00 0,00 0,34 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 57,55 35,63 29,83 23,49 30,68 38,81 53,63 64,23 50,17 60,95 47,00 47,69 59,59 

G. glutinata 0,00 0,00 0,00 0,00 0,00 1,05 1,38 0,81 0,33 0,36 0,35 0,00 0,00 

G. scitula 0,00 0,38 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflata 19,05 24,59 14,71 10,20 11,63 24,21 37,17 46,51 26,98 6,72 2,33 0,00 0,00 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 4,76 0,00 0,98 0,00 0,00 0,00 0,00 0,00 4,76 6,72 2,33 0,00 0,00 

C. virgula 19,05 9,02 8,82 10,20 11,63 13,68 16,81 15,12 15,87 46,22 25,58 29,03 47,44 

C. acicula 0,00 1,64 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. cuspidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

D. trispinosa 14,29 6,56 5,88 0,00 2,33 6,32 4,42 2,33 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 0,00 5,74 3,92 6,12 9,30 3,16 4,42 5,81 11,11 2,52 18,60 19,35 24,36 
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KIM-2A: Planktonic foraminifera and pteropod abundances (%) 

Species/Samples 6 14,5 28 34 41,5 50,25 61 61,5 62,5 63,5 64,5 

O. universa 2,58 1,79 2,59 7,39 5,49 14,07 18,04 10,53 11,37 7,32 11,79 

G. ruber alba 57,94 44,84 21,76 35,02 40,29 12,17 25,77 20,00 18,96 21,95 26,67 

G. ruber rosea 3,00 8,97 7,25 6,23 14,65 14,45 9,28 10,53 4,74 9,76 9,74 

G. sacculifer 10,30 8,07 0,00 0,00 14,65 9,51 7,73 6,32 7,11 4,39 4,62 

B.digitata 0,00 0,00 0,00 1,56 0,00 1,14 0,00 1,05 0,47 2,44 0,00 

G. inflata 4,72 4,48 31,09 17,51 1,83 0,38 2,06 3,16 5,69 8,78 1,54 

G. bulloides  14,16 17,94 15,03 12,84 10,99 20,91 19,59 20,00 18,96 21,95 19,49 

G. rubescens 0,00 4,48 1,55 0,00 0,00 1,52 7,73 8,42 4,74 3,90 6,15 

G.aequilateralis 4,72 7,17 5,70 3,11 5,49 15,21 7,73 10,53 8,53 7,80 9,23 

G. calida 0,00 1,35 4,66 1,56 1,47 7,22 2,06 2,63 3,32 3,41 4,10 

N. pachyderma d 0,86 0,90 6,22 7,00 0,00 0,00 0,00 0,00 7,11 5,85 4,10 

N. dutertrei d 0,00 0,00 0,52 0,00 0,00 0,00 0,00 2,63 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 0,43 0,00 0,52 0,00 0,37 1,90 0,00 1,05 4,27 2,44 2,56 

G. truncatulinoides 0,00 0,00 0,00 7,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. glutinata 0,00 0,00 2,59 0,00 2,93 1,52 0,00 2,63 4,74 0,00 0,00 

H. inflata 46,38 57,14 19,35 16,67 100,00 14,81 21,00 24,59 36,99 32,98 23,19 

L. bulimoides 0,00 0,00 0,00 0,00 0,00 0,00 1,83 1,64 0,00 2,13 10,14 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 5,80 0,00 6,45 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 2,90 0,00 25,81 0,00 0,00 40,74 15,07 0,00 17,81 0,00 20,29 

C. acicula 2,90 0,00 3,23 0,00 0,00 0,00 0,46 0,00 0,00 0,00 0,00 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 0,00 29,68 36,07 5,48 20,21 0,00 

H. striata 1,45 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,37 0,00 0,00 

S. subula 15,22 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,00 0,00 0,00 0,00 0,00 5,48 1,64 2,74 4,26 5,80 

D. trispinosa 0,00 0,00 0,00 8,33 0,00 0,00 0,00 0,00 0,00 0,00 1,45 

Cavolinia spp. 1,45 0,00 35,48 58,33 0,00 37,04 8,22 18,03 24,66 10,64 13,04 
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Species/Samples 65,5 66,5 67,5 68,5 69,5 70,5 71,5 72,5 73,5 74,5 75,5 

O. universa 15,77 20,10 19,65 22,62 20,93 16,81 28,17 30,21 23,27 27,18 42,04 

G. ruber alba 27,48 29,15 30,57 36,20 25,58 41,18 17,46 19,57 17,14 27,67 23,67 

G. ruber rosea 18,02 9,05 11,35 6,33 18,60 12,18 28,97 26,38 30,61 16,99 15,51 

G. sacculifer 4,50 4,02 0,00 0,00 2,79 2,10 1,19 0,00 0,82 0,49 0,00 

B.digitata 0,00 0,00 0,44 0,00 0,00 1,26 1,59 1,70 2,04 1,46 2,04 

G. inflata 2,25 0,50 1,75 2,26 0,00 0,00 0,00 0,00 0,00 0,49 0,00 

G. bulloides  13,51 14,07 17,47 13,57 16,28 13,45 2,38 9,79 13,06 16,99 5,71 

G. rubescens 0,00 4,02 0,00 0,00 1,86 0,00 0,00 0,00 1,22 0,00 0,00 

G.aequilateralis 9,46 13,07 11,35 8,14 9,30 7,98 16,27 9,79 11,02 7,77 11,02 

G. calida 9,01 4,52 2,18 1,81 2,33 4,20 3,97 2,55 0,00 0,00 0,00 

N. pachyderma d 0,00 1,01 0,44 0,45 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 0,00 0,50 0,00 0,90 0,00 0,00 0,00 0,00 0,82 0,97 0,00 

G. truncatulinoides 0,00 0,00 2,62 4,52 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. glutinata 0,00 0,00 0,00 2,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflata 57,14 45,61 35,86 30,19 30,04 32,86 25,68 27,14 33,54 34,20 40,00 

L. bulimoides 0,00 1,75 6,57 1,89 3,04 6,71 2,70 2,01 1,54 1,73 6,67 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 3,30 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 8,79 14,91 18,69 25,16 19,77 25,80 27,70 22,11 26,15 26,84 40,00 

C. acicula 0,00 0,88 0,51 0,00 0,38 0,00 0,00 0,00 0,00 0,00 0,00 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 1,10 0,00 1,52 0,00 1,14 1,06 0,34 0,00 1,23 0,00 0,00 

S. subula 0,00 0,00 0,00 0,63 0,00 0,00 0,68 0,50 0,00 0,00 0,00 

C. pyramidata 2,20 5,26 4,55 3,14 6,46 3,89 8,11 4,52 4,31 4,76 6,67 

D. trispinosa 0,00 0,00 0,51 1,26 1,14 1,06 0,34 0,50 0,92 0,00 0,00 

Cavolinia spp. 12,09 13,16 10,10 14,47 7,98 8,48 6,08 9,55 7,38 12,12 0,00 
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Species/Samples 76,5 77,5 78,5 79,5 80,5 81,5 82,5 83,5 84,5 85,5 86,5 

O. universa 21,33 30,38 30,18 44,41 38,63 5,02 40,93 5,33 21,27 10,95 29,57 

G. ruber alba 17,67 15,00 26,67 25,59 14,44 29,39 22,06 37,78 45,25 45,27 41,94 

G. ruber rosea 27,33 27,69 11,93 14,12 19,86 34,77 29,54 37,78 17,19 18,41 10,22 

G. sacculifer 0,00 0,38 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,61 

B.digitata 1,67 2,69 0,70 0,88 2,17 0,00 0,00 0,00 0,00 0,00 0,00 

G. inflata 0,00 0,38 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. bulloides  11,00 9,23 17,19 5,29 12,27 12,54 3,91 6,67 3,62 10,45 6,99 

G. rubescens 2,33 0,77 2,81 0,59 2,89 0,00 0,36 0,00 0,00 0,00 0,00 

G.aequilateralis 14,67 13,46 7,02 6,47 6,14 16,13 3,20 12,44 12,67 14,43 9,68 

G. calida 3,67 0,00 2,81 2,65 3,61 1,79 0,00 0,00 0,00 0,50 0,00 

N. pachyderma d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. truncatulinoides 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. glutinata 0,00 0,00 0,70 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. inflata 23,96 40,47 34,80 37,38 37,97 27,98 45,20 46,64 32,78 15,79 44,55 

L. bulimoides 3,13 1,95 0,00 0,00 0,25 0,00 0,00 0,00 0,00 0,00 0,00 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 34,38 23,35 19,44 15,85 17,62 20,16 17,06 0,00 22,22 18,42 12,73 

C. acicula 0,00 0,78 0,00 0,00 0,00 0,00 0,00 21,48 0,00 0,00 23,64 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 1,04 0,00 2,82 0,20 0,25 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,39 0,00 0,00 0,00 0,00 0,00 0,00 1,67 0,00 0,00 

C. pyramidata 16,67 7,39 3,13 1,57 2,73 0,41 0,43 1,68 1,11 7,89 3,64 

D. trispinosa 1,04 0,00 0,00 0,00 0,74 0,00 0,00 0,00 0,00 0,00 1,82 

Cavolinia spp. 7,29 10,89 25,08 24,46 16,13 3,70 4,69 3,69 39,44 57,89 10,00 
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Species/Samples 88 90 92 94 96 99 103 109 115 117,5 121 

O. universa 11,11 10,44 2,92 1,12 2,98 2,05 0,00 0,00 0,00 0,00 0,00 

G. ruber alba 42,86 45,60 66,42 33,52 44,64 36,99 17,65 13,25 12,14 30,43 10,95 

G. ruber rosea 0,00 3,30 2,19 2,79 1,79 0,68 5,88 0,00 1,43 0,00 0,00 

G. sacculifer 7,41 2,75 0,00 2,79 1,19 6,85 0,00 0,00 0,00 0,00 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. inflata 1,59 1,65 2,19 3,91 2,98 4,11 0,00 3,97 2,14 0,00 10,95 

G. bulloides  26,98 25,27 10,95 33,52 28,57 24,66 35,29 33,11 14,29 21,74 19,71 

G. rubescens 0,00 1,10 1,46 0,00 2,98 6,85 11,76 6,62 0,00 0,00 5,84 

G.aequilateralis 8,47 5,49 2,92 4,47 0,60 0,00 0,00 0,00 5,00 0,00 0,00 

G. calida 0,00 0,55 0,00 1,68 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 0,00 0,00 0,73 4,47 0,60 2,05 11,76 26,49 25,00 30,43 36,50 

N. dutertrei d 0,00 0,00 0,00 0,00 0,00 0,00 0,00 6,62 14,29 10,87 8,76 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

T. quinueloba 0,00 0,55 0,00 2,79 2,98 2,74 0,00 3,31 5,71 8,70 2,92 

G. truncatulinoides 1,59 1,65 8,76 2,79 3,57 6,16 0,00 0,00 4,29 0,00 0,00 

G. glutinata 0,00 1,65 0,73 5,59 7,14 6,85 17,65 6,62 15,71 10,43 4,38 

H. inflata 36,40 50,38 35,42 25,88 24,44 29,23 45,45 33,33 12,50 25,00 0,00 

L. bulimoides 2,19 1,50 0,00 0,00 2,22 0,00 0,00 3,03 0,00 0,00 0,00 

L. retroversa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 21,21 12,50 3,13 0,00 

L. trochiformis 0,00 0,00 1,04 1,18 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 9,21 3,76 2,08 3,53 2,22 3,08 0,00 0,00 0,00 0,00 0,00 

C. acicula  34,21 20,30 31,25 54,12 24,44 29,23 9,09 3,03 0,00 3,13 0,00 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 0,00 9,09 0,00 0,00 12,50 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 2,22 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,88 5,26 14,58 10,59 15,56 13,85 9,09 18,18 37,50 12,50 0,00 

D. trispinosa 3,07 3,01 4,17 2,35 6,67 12,31 18,18 6,06 12,50 25,00 0,00 

Cavolinia spp. 2,19 0,00 0,00 1,18 0,00 1,54 0,00 0,00 0,00 0,00 0,00 
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Species/Samples 125 127 129 133 139 145 149 153 157 

O. universa 1,19 0,99 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. ruber alba 20,83 14,85 21,85 14,78 15,65 9,35 20,69 34,06 28,13 

G. ruber rosea 1,19 0,99 2,65 0,00 0,00 15,89 0,00 0,00 0,00 

G. sacculifer 0,00 0,00 0,00 0,00 1,83 0,00 0,00 1,69 0,00 

B.digitata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G. inflata 11,90 9,90 7,91 4,76 8,26 2,06 0,00 5,62 3,15 

G. bulloides  11,90 9,90 9,35 16,19 15,60 12,37 14,66 33,71 14,17 

G. rubescens 4,76 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

G.aequilateralis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 3,37 0,00 

G. calida 0,00 0,00 4,32 0,00 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 35,71 44,55 45,32 37,14 41,28 44,33 41,38 10,11 33,07 

N. dutertrei d 0,00 7,92 5,76 12,38 13,76 15,46 12,93 2,25 4,72 

N. dutertrei s 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,12 0,00 

T. quinueloba 5,95 4,95 1,32 10,43 0,00 7,48 6,90 3,49 21,25 

G. truncatulinoides 0,00 1,98 1,44 0,95 0,92 0,00 0,00 0,00 0,00 

G. glutinata 5,36 3,96 5,96 8,70 1,74 0,00 2,59 4,37 3,75 

H. inflata 20,00 0,00 60,00 22,22 21,43 0,00 0,00 0,00 0,00 

L. bulimoides 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

L. retroversa 0,00 9,09 40,00 22,22 35,71 33,33 42,31 84,21 93,33 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. virgula 20,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. acicula 20,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 45,45 0,00 22,22 35,71 16,67 7,69 1,75 2,67 

D. trispinosa 20,00 9,09 0,00 22,22 7,14 50,00 34,62 14,04 2,67 

Cavolinia spp. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
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Species/Samples 159 171 179 187 195 

O. universa 0,00 0,00 0,00 0,00 0,00 

G. ruber alba 23,40 22,58 25,32 34,53 29,84 

G. ruber rosea 0,00 0,00 0,00 0,00 0,00 

G. sacculifer 0,00 0,00 1,14 0,00 1,55 

B.digitata 0,00 0,00 0,57 0,00 0,00 

G. inflata 0,00 0,00 0,00 0,00 0,00 

G. bulloides  23,19 19,23 16,00 19,23 8,53 

G. rubescens 0,00 0,00 0,57 0,00 0,00 

G.aequilateralis 0,00 0,00 0,00 0,00 0,00 

G. calida 0,00 0,00 0,00 0,00 0,00 

N. pachyderma d 31,88 40,38 25,71 24,04 37,98 

N. dutertrei d 5,80 0,00 2,86 0,00 7,75 

N. dutertrei s 5,07 0,00 4,57 0,00 0,00 

T. quinueloba 14,89 30,11 20,68 20,14 22,51 

G. truncatulinoides 0,00 0,00 0,00 0,00 0,00 

G. glutinata 9,04 7,53 7,59 3,60 6,28 

H. inflata 0,00 0,00 0,00 0,00 0,00 

L. bulimoides 0,00 0,00 0,00 0,00 0,00 

L. retroversa 98,46 98,45 98,31 96,51 97,22 

L. trochiformis 0,00 0,00 0,00 0,00 0,00 

C. virgula 0,00 0,00 0,00 0,00 0,00 

C. acicula 0,00 0,00 0,00 0,00 0,00 

Creseis sp. 0,00 0,00 0,00 0,00 0,00 

H. striata 0,00 0,00 0,00 0,00 0,00 

S. subula 0,00 0,00 0,00 0,00 0,00 

C. pyramidata 0,00 0,78 0,85 3,49 2,78 

D. trispinosa 0,00 0,00 0,00 0,00 0,00 

Cavolinia spp. 0,00 0,00 0,00 0,00 0,00 
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Abstract

Aspects of paleoclimatic and paleoceanographic evolution of the north Aegean Sea through the Holocene are revealed by the
study of quantitative variations in planktonic foraminiferal, pteropodal, and palynomorph assemblages; the isotopic compo-
sition of planktonic foraminifera; and hydrographic-related indices, extracted from two high-sedimentation rate cores from
the North Aegean Trough. Focusing on the last ∼10 cal ka BP, the current Holocene subdivision (Greenlandian, Northgrip-
pian, and Meghalayan) confirms the traditional understanding of an evolution from wetter (Greenlandian) to gradually drier
(Northgrippian and Meghalayan) climatic conditions and further highlights the role of changing seasonality during this time.
The most warm and humid phase corresponds to the time of the sapropel S1 deposition (9.6–6.1 cal ka BP). The Holocene
climatic instability of the study area is further supported by six episodes of brief cooling (North Aegean cooling; NAEGC6–
NAEGC1) centered at 9.30, 8.05, 7.05, 4.55, 3.55, and 2.05 cal ka BP, reflected by significant faunal changes and oxygen
isotope enrichments. These cold/arid events are coeval with equivalent cooling events that have been described in different
basins of theMediterranean Sea, while signal similarities with equivalent changes in the intensity of the Siberian high suggest
a climatic link between the studied area and the high-latitude areas.

Keywords: Holocene cooling events; Planktonic foraminifera; Pteropods; Palynomorphs; Stable isotopes;
Paleoceanographic evolution; Sapropel S1; Late Quaternary; North Aegean Sea

INTRODUCTION

Over the last decades, there has been considerable interest in
the role of the subtropical oceans in climate change and, in
particular, oceanic subbasins andmarginal seas. These bodies
are often more responsive to paleoceanographic and paleocli-
matic changes than global oceans because of their smaller
size and partial isolation. As an example, the relatively
small volume of the Mediterranean Sea causes changes in
its climatic forcing to be recorded virtually instantaneously
in paleoceanographic proxy data, such as stable isotope and

other geochemical ratios, and in microfossil abundances.
Specifically, the signals registered by changes in abundance
and distribution of fossil microorganisms, such as planktonic
foraminifera, provide a reliable and well-documented record
at both global and local scales (Cacho et al., 2001; Siani
et al., 2010, 2013; Lirer et al., 2014; Antonarakou et al.,
2015, 2019; Bonfardeci et al., 2018). The basin’s limited
communication with the open ocean implies that any climatic
signals will be recorded in an amplified fashion in Mediterra-
nean properties, such as temperature, salinity, and specific
elemental concentrations (Casford et al., 2002; Marino
et al., 2009; Kontakiotis, 2016; Louvari et al., 2019).

The Aegean Sea is ideal for the analysis of climate change
to the proposed forcing mechanism because of its intermedi-
ate position between the higher-latitude and lower-latitude
climate systems (subtropical high pressure and subpolar
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depression; Zervakis et al., 2004; Giorgi and Lionello, 2008;
Rohling et al., 2009). Its geographic and oceanographic set-
ting contributes to the enhanced imprint and preservation of
climatic perturbations associated with mid- and low-latitude
climate conditions. The unusually high sedimentation rates
characterizing this study area allow detailed records of
changes to be preserved and facilitate the assessment of
basin-integrated paleoceanographic responses.
Environmental changes of the water column have an impact

on the abundance and distribution of fossil micro- and macro-
organisms, such as planktonic foraminifera, pteropods, and
palynomorphs. This makes them extremely valuable for both
stratigraphic correlation and paleoenvironmental reconstruc-
tions (Casford et al., 2007; Comeau et al., 2010; Antonarakou
et al., 2015, 2018; Drinia et al., 2016; Jaouadi et al., 2016;
Kontakiotis et al., 2016; Wilson et al., 2018). These fossils
have been used for the detection of long- and short-duration
paleoclimatic and paleoceanographic changes in the study
area (Casford et al., 2003; Geraga et al., 2005, 2010; Trianta-
phyllou et al., 2009; İșler et al., 2016; Kontakiotis, 2016;
Howes et al., 2017; Antonarakou et al., 2018), especially dur-
ing the last glacial cycle (including the last glacial maximum,
Bølling-Allerød, Younger Dryas, and Holocene climatic opti-
mum [HCO]). However, little attention has been paid toward
the investigation of the Aegean Sea pteropod assemblages.
In the present study, high-resolution analysis on two sedi-

ment cores (AEX-15 and AEX-23) from the North Aegean
Trough was conducted to advance the understanding of the

spatial and temporal variability of climatic and oceanographic
changes recorded in the study area and to elucidate forcing
mechanisms. Paleoceanographic reconstruction and climatic
oscillations in the North Aegean Sea were based on the abun-
dances of planktonic foraminifera, pteropods, and palyno-
morphs, as well as variations of oxygen and carbon isotopic
signal. The short-term events detected in this studywere further
compared with previously published circum-Mediterranean
climate records (e.g., Emeis et al., 2000, 2003; Cacho et al.,
2001; Frigola et al., 2007).

REGIONAL OCEANOGRAPHIC SETTING

The Aegean Sea is separated into two major subbasins with
different climatic conditions: the “north” and the “south”
Aegean Sea. The north is more humid than the semiarid
south (Lykousis et al., 2002). The north Aegean Sea is char-
acterized by an alternation of deep trenches and troughs, shal-
low shelves, and sills. The dominant bathymetric feature in
the northern sector of the Aegean Sea is the 800- to
1590-m-deep northeast–southwest (NE–SW) elongated
depression, known as the North Aegean Trough (Fig. 1a). It
includes several interconnected subbasin depressions
(Saros, 1061 m deep; Limnos, 1590 m; Athos, 1149 m; and
Sporades, 1470 m), widening toward the west, that are sepa-
rated from each other by 100- to 350-m-deep intervening
shoals and associated islands (Papanikolaou et al., 2002;
Roussakis et al., 2004).

Figure 1. (color online) (a) Location of the gravity cores AEX-15 and AEX-23 in the North Aegean Trough. (b) Lithologic log of cores
AEX-15 and AEX-23.
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The physical oceanography of the north Aegean Sea is con-
trolled by the regional climate, the freshwater discharge from
major rivers (Axios, Strymon, Nestos, and Evros) draining
southeastern Europe, and Black Sea surface-water outflow
through the Dardanelles Straits. Previous studies revealed a
general cyclonic water circulation in the Aegean Sea, on
which a number of mesoscale cyclonic and anticyclonic
eddies are superimposed (Casford et al., 2002). Thewater col-
umn structure comprises three major water masses: the super-
ficial nutrient-rich and less saline Black Sea Water (9–22°C
and 22–23 psu), the Levantine Intermediate Water (16–25°
C and 39.2–39.5 psu) with higher salinity, and the North
Aegean Deep Water (13–14°C and 39.1–39.2 psu; Velaoras
and Lascaratos, 2005). The surface and intermediate waters
follow the general counterclockwise circulation of the
Aegean Sea and progressively mix as they flow southward
along the east coast of Greece (Karageorgis et al., 2003).

MATERIAL AND METHODS

Location and description of cores

Two gravity cores (AEX-15 and AEX-23) from the North
Aegean Trough (Fig. 1) were recovered with R/V Aegaeo in
October 2013 and cover most of the Holocene epoch (the
last ∼10 ka and 8 ka, respectively). Both cores were collected
from a relatively isolated elongated subbasin of the north
Aegean Sea, oriented NE–SW, with dimensions of approxi-
mately 42 × 7 km and a maximum depth of 1290 m. Core
AEX-15 (39°39.900′N, 24°15.369′E; 1242 m water depth,
length 178 cm) was recovered from the southern sector of
the basin; core AEX-23 (39°49.464′N, 24°22.354′E;
1226 m water depth, length 322 cm) was recovered near the
depocenter of the basin.
The interval between 0 and 6.5 cm of AEX-15 consists of

mud of yellowish-brown color (Munsell soil color 2.5Y 5/3),
followed by an interval (6.5 to 14.5 cm) of yellow (2.5Y 6/4)
mud with some shell debris. From 21 cm to 122 cm, olive
(5Y 6/2) mud with dense darker laminae is observed. The
interval between 122 cm to 165 cm is characterized by an
olive gray color (5Y 6/2) mud. The last 13 cm consists of
grayish olive (7.5Y 6/2) mud (Fig. 1b).
The interval between 0 cm and 246 cm of core AEX-23

consists of olive yellow (7.5Y 6/3) mud that becomes grayish
olive (5Y 6/2) up to 286 cm. The rest of the core (286–
322 cm) is composed of dark olive gray (2.5GY 4/1) mud.
In the top 4 cm of this interval (286–290 cm) lens of mud
rich in organic matter with dark olive gray color (2.5GY 4/1)
is observed (Fig. 1b).
All samples taken (118 from AEX-15 and 43 from

AEX-23) were used for paleontological (planktonic forami-
nifera, pollen, dinoflagellate cysts, and pteropods) and geo-
chemical (oxygen, δ18O, and carbon, δ13C, isotopes)
analyses. Samples were taken from all the intervals of the
cores but with different sampling resolution. For the olive
gray and dark olive gray intervals, the sampling resolution
was 1 cm for AEX-15 and 2.5 cm for AEX-23; beyond

these intervals, the sampling was 2 cm for AEX-15 and
5 cm for AEX-23.

Chronostratigraphy

The chronostratigraphy of the cores is based on three acceler-
ator mass spectroscopy radiocarbon (AMS 14C) dates (two
for ΑΕΧ−15 and one for core AEX-23 on Globigerinoides
ruber tests at Beta Analytics laboratories), supplemented by
the detected additional control points, as defined by Ba, Al,
and organic carbon measurements (this study) and well-dated
correlation horizons from nearby north Aegean cores (Fig. 2).
Conventional 14C ages were calibrated by means of the Calib
version 7.0.2 software (Stuiver and Reimer, 1993) and the
Marine13 data set with a regional reservoir age correction
(ΔR) of 58 ± 85 yr outside the sapropel S1 interval (Reimer
et al., 2013). Hereafter, ages in this study are reported in cal-
ibrated thousands of years before present, notated cal ka BP.

Determination of organic carbon (Corg) andmajor elements
(Al) and barium (Ba) were performed on selected sediment
samples from both cores to detect the depth where the onset
and termination of S1 deposition occurred (e.g., Martínez-
Ruiz et al., 2003, and references therein) (Fig. 2). Corg was
determined in a Fisons Instruments EA-1108 CHNS ana-
lyzer. The operating parameters were very similar to those
reported by Cutter and Radford-Knoery (1991), Nieuwenhu-
ize et al. (1994), and Verardo et al. (1990). The precision of
the method is within 5%. A detailed description of the analyt-
ical procedure is given by Karageorgis et al. (2009).

Major element concentrations were determined on fused
beads using an X-ray fluorescence spectrometer (Panalytical
PW-2400) at the biogeochemical laboratory of the Hellenic
Centre for Marine Research, which is accredited according
to ELOT EN ISO/IEC 17025:2005. Aluminum and barium
were determined as oxides following the procedure described
in Karageorgis et al. (2005). In addition, barium excess (Baex)
that represents marine barite, and thus enhanced productivity
(Martínez-Ruiz et al., 2003), was estimated according to
Karageorgis et al. (2005). The analytical precision is 5–10%
on the basis of duplicate runs of standards and unknowns,
whereas accuracywas assessed using the international reference
material PACS-2.

Micropaleontological analyses

All samples were prepared following standard micropaleon-
tological procedures. For the faunal analyses, approximately
3 cm3 of dried sediment was washed and sieved through
63 µm and 125 µm sieves, and residues were dried in an
oven at 50°C. Qualitative and quantitative analyses have
been performed on both the planktonic foraminiferal and
pteropod assemblages for the >125 µm fraction, split into ali-
quots, each one containing at least 300 specimens. All shells
were handpicked, identified (additionally at morphospecies
level where possible; G. ruber), and counted in each sample
and then converted into percentages, based on the extrapola-
tion of a counted split (Figs. 3 and 4). The palynomorphs
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(when possible 400 specimens were counted and identified)
were extracted using 10% HCl and 38% HF acids followed
by several sievings (wet sieving through 125 µm and ultra-
sonic 10 µm sieves). The residues were mounted in glycerine
gel on microscope slides for analysis under a binocular
Nikon transmission microscope at 500× and 1000× (oil
immersion) magnification. Pollen percentages for each
taxon presented here are based on the main pollen sum
excluding Pinus and Pteridophyte spores (Fig. 5). Planktonic
foraminiferal taxonomy followed the work of Hemleben
et al. (1989) with additional updates from Kontakiotis
et al. (2017); for pteropods, we referred to Di Geronimo
(1970), Van der Spoel (1976), and Janssen (2012); and for
pollen and dinoflagellate cysts, we referred to Polunin
(1988), Marret and Zonnefeld (2003), and Zonneveld et al.
(2013). Finally, planktonic species with phylogenetic

affinities and similar ecological characteristics were counted
together and grouped to better interpret distribution patterns
(Fig. 3). All morphotypes of G. ruber (“Normal,” “Platys,”
“Elongate,” and “Twin” types; Kontakiotis et al., 2017)
were plotted together, distinguishing only the “alba” and
“rosea” varieties because of different ecological characteris-
tics. Similarly, pollen data were summarized into selected
ecological groups: Mediterranean taxa, cool temperate sum-
mergreen, cool temperate evergreen, warm temperate sum-
mergreen, total nonarboreal pollen (NAP), and the total
arboreal pollen (AP) (Fig. 6).

Stable isotope analyses

For stable oxygen and carbon isotope measurements (δ18Ο,
δ13C), 30 specimens of the planktonic species

Figure 2. Time stratigraphic framework (age model and mean sedimentation rates) of the study cores along with Corg and Baex concentrations
and Ba/Al ratios. Blue dots represent control points and bioevents according to the following: a Buccheri et al. (2002), b Casford et al. (2002), c

Casford et al. (2007), d Kotthoff et al. (2008a), e Geraga et al. (2010), and f Herrle et al. (2018). Green dots represent accelerator mass spec-
trometry (AMS) 14C datings. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Figure 3. Frequency curves of the most indicative planktonic foraminiferal species in core AEX-15 (a) and AEX-23 (b).Globigerina bulloides
group includes the speciesGlobigerina bulloides andGlobigerina falconensis, theGlobigerinoides sacculifer group includesGlobigerinoides
trilobus and Globigerinoides sacculifer, and the Globigerinella siphonifera group includes the species Globigerinella aequilateralis, Globi-
gerina calida, and Globigerina digitata. The species Globigerinita glutinata includes the morphotypes with and without bulla. Within the
group of neogloboquadrinids, two types have been discerned: Neogloboquadrina pachyderma and Neogloboquadrina dutertrei. The dashed
blue lines represent the Ia/Ib and Ib/Ic boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Figure 4. Frequency curves of the most indicative pteropoda in core AEX-15 (a) and AEX-23 (b). The dashed blue line represents the reen-
trance of the pteropod Styliola subula. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version
of this article.)
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Globigerinoides ruber f. alba were picked from the 250–
300 µm size fraction. In particular, we exclusively used the
morphotype “Normal” (usually represented to G. ruber sensu
stricto) of Kontakiotis et al. (2017) in order to minimize poten-
tial morphotype-specific differential responses in stable isotope
compositions. This size fraction limitation was used to mini-
mize ontogenetic and growth rate effects on shell geochemistry
(Spero et al., 2003). The analyses were carried out at the Labo-
ratory of Geology and Geophysics at Edinburgh University.
Foraminiferal δ18O and δ13C data were calibrated to National
Bureau of Standards 19 (NBS19), and the isotope values are
reported in ‰ relative to Vienna Pee Dee belemnite scale.
The external standard errors of the stable carbon and oxygen
isotope analyses are <0.06‰ and 0.08‰, respectively.

Paleoceanography proxy records

The planktonic foraminiferal relative distributions are used as a
first-order estimate of sea-surface temperature (SST) varia-
tions. An index of the SST variations was constructed based
on the down-core variation of planktonic foraminiferal abun-
dances, referred to as planktonic paleoclimatic curve (PPC).
The PPC was obtained by the formula 100 × (w− c)/(w + c),
where w represents the warm-water indicators (G. ruber
alba,G. ruber rosea,Orbulina universa,Globigerinoides sac-
culifer gr., Globoturborotalita rubescens, and Globigerinella
siphonifera gr.), and c the cold-water indicators (Globorotalia
inflata, Globorotalia truncatulinoides, Turborotalita quinque-
loba, Globigerinita glutinata, and Globorotalia scitula)

Figure 5. Frequency curves of pollen species for core AEX-15 (a) and core AEX-23 (b).
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(Rohling et al., 1993). The stable isotopes (δ18O, δ13C) were
used to infer SST and productivity variations, respectively.
Following the recent findings of Kontakiotis (2016) from the

eastern Mediterranean Sea, we also present the paleoceano-
graphic indices of eutrophication and upwelling (E-index and
U-index) as representative of the hydrographic evolution and
ecosystem dynamics of the north Aegean Sea. The eutrophica-
tion index (E-index) was estimated using the sum of the
eutrophic species (Neogloboquadrina pachyderma, Neoglobo-
quadrina dutertrei,Globigerina bulloides, T. quinqueloba, and
G. inflata) versus the sum of the eutrophic plus oligotrophic
species (G. ruber alba,G. ruber rosea,G. rubescens,G. saccu-
lifer, O. universa, and G. siphonifera). The percentage of G.
bulloides was estimated as an upwelling index (U-index).
The species G. siphonifera gr., G. rubescens, O. universa,
and G. sacculifer gr. are referred as SPRUDTS group, follow-
ing the ecological characteristics of Rohling et al. (1993).

RESULTS

Planktonic foraminifera distribution pattern

Planktonic foraminifera are abundant and well preserved in
all the samples from both analyzed cores. The qualitative

analysis of the planktonic foraminifera allow the identifica-
tion of 18 species lumped into 15 groups: Globigerinoides
ruber alba, Globigerinoides ruber rosea, Globigerina bul-
loides group, Orbulina universa, Globigerinoides sacculifer
group, Globoturborotalita rubescens, Globigerinoides con-
globatus, Globogerinella siphonifera group, Globorotalia
inflata, Turborotalita quinqueloba, Globorotalia truncatuli-
noides, Globigerinita glutinata, Globorotalia scitula,
Neogloboquadrina dutertrei, and Neogloboquadrina pachy-
derma. The down-core stratigraphic distributions of their rel-
ative abundance are shown in Figure 3.
From the bottom of core AEX-15 (173.5 cm) up to 165 cm,

the assemblage is dominated byG. ruber f. albawith percent-
ages up to 35%, along with T. quinqueloba (34%) andG. bul-
loides (29%). Present with low percentages in this interval are
the species G. glutinata (12%), G. rubescens (13%), and
O. universa (11%). Between 165 cm and 120 cm
(AEX-15), the warm subtropical species (G. ruber f. rosea
and O. universa) are abundant with percentages up to 25%,
and the species Turboratalita quinqueloba and G. bulloides
present their maximum percentages (∼68% and 48%, respec-
tively). At the same interval neogloboquadrinids occur spor-
adically and with very low percentages (<2%), and G. inflata
is totally absent (Fig. 3a). The relative abundance curves of

Figure 6.Down-core variations of cool temperate evergreen taxa (Abies, Picea, Cedrus, Buxus, andHedera) (a), cool temperate summergreen
taxa (Betula,Quercus robur, Alnus,Corylus, Fagus,Carpinus, and Tilia) (b), warm temperate summergreen taxa (c), Mediterranean taxa (Cis-
tus, Quercus ilex, Phillyrea, Olea, and Pistacia) (d), arboreal pollen (AP) groups (excluding Pinus) (e), and nonarboreal pollen (NAP) (Poa-
ceae, Asteraceae, Chenopodiaceae, Artemisia, Plantago, and Ephedra) (f); green line with triangle for AEX-15 and orange linewith square for
AEX-23. Gray and light gray bands correspond to the sapropel S1 and its oxidized part, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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G. sacculifer group, G. siphonifera group, and O. universa
display highly variable down-core patterns, occasionally
reaching significant percentages (10–30%). G. ruber f. alba
and G. rubescens are continuously present but in small per-
centages. At 120 cm in AEX-15 and 291 cm in AEX-23, a
sharp increase in the abundance of G. inflata (32% in
AEX-15 and 23% in AEX-23) and N. pachyderma (16% in
AEX-15 and 5% in AEX-23) is observed. Later on (119 cm
to 1.5 cm in AEX-15 and 290 cm to 2.5 cm in AEX-23),
the distribution pattern of these species is limited, with the
exception of the upper part of the cores, which is marked
by a sharp increase of N. pachyderma. During this interval,
G. ruber f. alba reaches maximum abundances (up to 65%
and 40% for AEX-15 and AEX-23, respectively). G. ruber
f. rosea (∼10–15%) and T. quinqueloba (∼15–30%) are
still present but less abundant, whereasO. universa decreases
dramatically (Fig. 3). Increasing percentages of G. rubescens
(∼15–30%) and G. glutinata (∼5%) are also recorded.

Pteropod distribution pattern

All samples examined for foraminifera include variable
amounts of aragonitic pteropods. A total of 11 species of
Euthecosomata (Heliconoides inflatus, Limacina trochifor-
mis, Limacina retroversa, Creseis virgula, Creseis clava,
Hyalocyclis striata, Styliola subula, Clio pyramidata, Clio
cuspidata,Diacria trispinosa, and Cavolinia spp.) and 2 gen-
era of Pseudothecosomata (Gleba sp. and Peracle spp.) were
identified. Heteropoda of the family of Atlantidae were hand-
picked and counted without further identification. Generally,
the specimens arewell preserved, and the majority of them are
juveniles. Adult specimens where presented were fragmented
(Cavolinia, C. pyramidata, and C. cuspidata). The identifica-
tion of some species or genera was made by their protoconchs
(Creseis, Diacria, and Cavolinia), which was the only left
residue. The down-core variation of their abundance is pre-
sented in Figure 4.
The assemblage observed from 173.5 cm to 165 cm of

AEX-15 consists of high percentages of the warm-water
D. trispinosa (up to 60%) and C. clava (27–49%) accompa-
nied by C. pyramidata (∼20%) and H. inflatus (∼10%).
Between 165 cm and 120 cm (AEX-15) and 320 cm and
291 cm (AEX-23), the fauna is characterized by the high rel-
ative abundance ofH. inflatus (79% in AEX-15 and 46.5% in
AEX-23), C. virgula (58% in AEX-15 and 47.5% in
AEX-23), and Cavolinia spp. (22% in AEX-15 and 24.3%
in AEX-23) (Fig. 4). The species C. pyramidata and D. tris-
pinosa decrease dramatically during this interval in AEX-15
(0–6% and 0–11%, respectively), whereas in AEX-23D. tris-
pinosa shows two significant influxes at 305 cm and at
295 cm (up to 6% and 14%, respectively). Peracle spp.
appear in abundance from 117 cm in AEX-15 and
262.5 cm in AEX-23 (Fig. 4). The interval between 119 cm
and 1.5 cm in AEX-15 and 290 cm and 2.5 cm in AEX-23
presents similarities in both cores with percentages of H.
inflatus decreasing (less than 28% in AEX-15 and 18% in
AEX-23) and the epipelagic Creseis spp. and Cavolinia

spp. being present throughout the whole interval. Limacina
trochiformis appears for the first time in this interval at
103 cm in AEX-15 and at 192.5 cm in AEX-23, reaching per-
centages of 62% in AEX-15 and 39% in AEX-23. The steno-
haline epipelagic warm-water species S. subula enters the
fauna at 61 cm in AEX-15 and at 112.5 cm in AEX-23
(Fig. 4).

Pollen distribution pattern

Both cores provided abundant and well-preserved palyno-
morphs. The qualitative analyses allowed the identification
of the most important species: 26 of AP (Pinus, Abies,
Picea, Betula, Quercus ilex, Quercus robur, Cedrus, Alnus,
Juglans, Corylus, Ulmus, Fagus, Carpinus, Olea-type,
Pistacia-type, Phillyrea, Cistus, Platanus, Tilia, Ostrya,
Acer, Buxus, Hedera, Fraxinus, Hippophae, and Populus)
and 6 of NAP (Poaceae, Asteraceae, Chenopodiaceae, Plan-
tago, Artemisia, and Ephedra). The down-core variation of
their abundance is shown in Figure 5.

Between 173.5 cm and 165 cm of AEX-15, the flora is
dominated by Chenopodiaceae (25%), Asteraceae (18%),
Artemisia (15%), and Poaceae (13%). Apart from Q. robur
(10%), the AP (Betula, Alnus, and Carpinus) is represented
with low percentages (∼4%). At 165 cm in the core
AEX-15, an increase in the AP concentration and diversity
is observed. Specifically, the Mediterranean taxa Pistacia,
Phillyrea, and Olea present their first appearance, and decid-
uous Quercus remains a dominant element of the flora (20%)
(Fig. 5a). From 107 cm, species such as Q. ilex, Q. robur,
Abies, Alnus, Juglans, Fraxinus, and Olea become more
abundant in AEX-15. The interval between 242.5 cm and
152.5 cm in AEX-23 presents a sharp decline in percentages
of Populus, Fraxinus, Hedera, Pistacia, Olea, and Phillyrea.
From 152.5 cm to the top of AEX-23, the abovementioned
species increase in abundance (Fig. 5b).

Dinoflagellate distribution pattern

Nineteen species of dinoflagellate cysts were recognized from
the sediments of both cores (Brigantedinium simplex, Brigan-
tedinium cariacoense, Polysphaeridium zoharyi, Impagidi-
nium aculeatum, Operculodinium israelianum, Impagidinium
patulum, Impagidinium sphaericum, Lingulodinium machaer-
ophorum, Nematosphaeropsis labyrinthus, Operculodinium
centrocarpum, Tetactodinium psilatum, Spiniferites delicatus,
Tuberculodinium vancampoae, Spiniferites mirabilis, Spinifer-
ites bentorii, Spiniferites ramosus, Spiniferites bulloideus, Spi-
niferites hyperacanthus, and Bitectatodinium tepikiense). Their
down-core variation is shown in Figure 7.

Between 173.5 cm and 165 cm of AEX-15, dinocysts
exhibit low relative abundances with the only exceptions
being the S. ramosus (37%) and L. machaerophorum
(17%). Dinoflagellate cyst percentages between 165 cm and
120 cm of AEX-15 present highly variable down-core pat-
terns with the species S. ramosus, L. machaerophorum, and
O. centrocarpum being dominant in the whole interval.
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Figure 7. Frequency curves of dinoflagellate cysts for core AEX-15 (a) and core AEX-23 (b).
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In AEX-23 toward 291 cm, the species B. simplex, P. zoharyi,
I. patulum, and S. mirabilis are also present with higher per-
centages than in AEX-15. Between 120 cm and 107 cm in
AEX-15 and 291 cm and 242.5 cm in AEX-23, species
such as P. zoharyi, I. aculeatum, I. sphaericum, and S. mira-
bilis present an abrupt disappearance. From 93 cm in
AEX-15 and 152.5 cm in AEX-23 to the top of both cores,
the dinoflagellate cysts assemblage recovers with species
such as L. machaerophorum, S. bentorii, S. mirabilis, and
Spiniferites dfsp., reaching their maximum relative abun-
dances (37%, 12%, and 7% respectively), whereas the species
S. hyperacanthus, B. tepikiense, and B. cariacoense exhibit
low relative abundance.

Stable isotopes

Oxygen and carbon isotopic values are presented in Figures 8
and 9. Oxygen isotopic values of G. ruber (Fig. 9b) display
considerable scatter in the intervals between 173.5 cm and
120 cm of AEX-15 and 320 cm and 291 cm of core
AEX-23. Less variable and rather light values are observed
in the part toward the top of both cores. In detail, δ18O values
between 173.5 cm and 120 cm in core AEX-15 range from
−2.86‰ to + 4.15‰ (Fig. 9b); the most significant enrich-
ments up to ∼4‰ are evident at 160.5 cm (3.24‰) and at
158.5 cm (4.15‰). At about 146 cm, a shift to heavier
δ18O values is observed (from 0.2‰ to 0.8‰) and is followed
by a recovery of light values. The same pattern is observed
again at 141 cm with δ18O values ranging from 0.1‰ to
0.9‰. In core AEX-23 between 320 cm and 291 cm, slight
enrichment (−0.1‰ to + 1‰) in δ18O values is observed.
From this point on, δ18O values are relatively stable in both

cores, stabilizing around zero, with the only exceptions of
three peaks in AEX-15 (a negative −2.8‰ at 111 cm and
two positives at 89 cm [ + 1.8‰] and at 43 cm [ + 1.29‰])
and two positive peaks in AEX-23 (+1.07‰ at 62.5 cm
and + 1.34‰ at 2.5 cm).

The carbon isotope analyses (δ13C) exhibit more scatter
(Fig. 8a) than the δ18O records, especially in the lower part
of both cores. In AEX-15, δ13CG. ruber shows a gradual
decrease up to 120 cm, culminating in a minimum at about
142.5 cm. The only exceptions in this interval are the follow-
ing positive peaks: 160.5 cm (+1.2‰), 158.5 cm (+1.6‰),
and 144.5 (+2.4‰). From 120 cm to the top of this core,
the general trend shows values ranging from approximately
+ 0.3‰ to + 1‰ with two distinct negative excursions at
41 cm (−1.2‰) and at 111 cm (−1.1‰) along with a positive
one at 45 cm (+2.2‰). In AEX-23, between 320 cm and
291 cm δ13C values are depleted (from −0.6‰ to + 0.3‰).
The interval between 288 cm and 212.5 cm is characterized
by heavier values (average + 0.6‰). From 212.5 cm to the
top, δ13CG. ruber exhibits slightly lighter values with a nega-
tive peak at 202.5 cm (−0.2‰).

DISCUSSION

Time stratigraphic framework and sedimentation
rates

The age model of the analyzed cores was established by linear
interpolation between all dating points. In addition to the
AMS 14C dates, the biostratigraphic control provides two
well-dated correlation horizons, the biozone Ia/Ib and Ib/Ic
boundaries of Casford et al. (2002). Correlations are also

Figure 8. Productivity records (green line with triangle for AEX-15 and orange line with square for AEX-23). (a) Carbon isotope record
(δ13CG. ruber). (b) Eutrophication index (E-index). (c) G. bulloides % abundance (U-index). Gray and light gray bands correspond to the sap-
ropel S1 and its oxidized part, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Figure 9. Comparison of North Aegean results (green line for AEX-15 and orange line for AEX-23) with relevant climate reconstructions of
the eastern, central, and western Mediterranean and North Atlantic, including the following: (a) Planktonic paleoclimatic curve (PPC). (b)
Oxygen isotope record (δ18OG. ruber). (c) Alkenone sea surface temperatures (SSTs) of ODP site 160-967D in the Levantine Basin (Emeis
et al., 2000). (d and e) Alkenone SSTs from cores M25/4-KL11 and M40/4-SL78, respectively, from the Ionian Sea (Emeis et al., 2003).
(f) δ18OG. bulloides. (g) Alkenone SSTs of core BS7938 from the Tyrrhenean Sea (Cacho et al., 2001). (h) δ18OG. bulloides from core
MD99-2343 in the Balearic Sea (Frigola et al., 2007). (i) δ18OG. bulloides. ( j) Alkenone SSTs of core MD952043 in the Alboran Sea
(Cacho et al., 2001). (k) Hematite stained grains (HSG)–based cold events. (l) δ18ON. pachyderma (d) for VM29-191 (Bond et al., 1997).
Blue bands correspond to North Aegean cooling events, whereas gray and light gray bands to the sapropel S1 interval and its oxidized
part. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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suggested by variations in the Ba/Al and Corg concentrations.
These are useful chronological standards for dating late Qua-
ternary sequences in the central and eastern Mediterranean
(including the Aegean Sea; Casford et al., 2002, 2007; Ger-
aga et al., 2010; Kontakiotis et al., 2013; Drinia et al.,
2016; Kontakiotis, 2016) because of their Mediterranean-
wide applicability and synchronicity (Capotondi et al.,
1999; Hayes et al., 1999; Casford et al., 2001).
Based on our age model, the planktonic foraminifera distri-

bution pattern allows identification of the biozone Ia/Ib and
Ib/Ic boundaries (Casford et al., 2002). Subzone Ic
(173 cm–120 cm, AEX-15) was identified by the warm sub-
tropical species (G. ruber f. rosea, andO. universa) as well as
by T. quinqueloba and G. bulloides (Fig. 3a). The sharp
increase in the abundance of G. inflata and N. pachyderma
at 120 cm in AEX-15 and at 291 cm in AEX-23 is inferred
to mark the onset of the Ib subzone, whereas the Ia/Ib boun-
dary is marked by their decrease (107 cm in AEX-15 and
242.5 cm in AEX-23). This subzone is also characterized
by the maximum abundances of G. ruber f. alba and the
sharp increase of N. pachyderma at the upper part (Fig. 3).
Although the onset of sapropel S1 (∼9.6 cal ka BP; Cas-

ford et al., 2002, 2007) is clearly depicted in organic carbon
content (Corg; sharp increase from background values,
Fig. 2), its termination is obscured by oxidation processes.
In this case, Ba is a more reliable proxy to record the original
thickness of the sapropel layer (De Lange et al., 2008).
Therefore, in core AEX-15, the vertical distribution of Corg

with respect to Ba/Al and Baex shows that sapropel S1 depo-
sition commenced at 165 cm and terminated at 107 cm, with
the sediments between 107 and 120 cm representing the oxi-
dized sapropel. In core AEX-23, elemental profiles corrobo-
rate termination at 242.5 cm, while the oxidation zone
extends up to 291 cm, and the onset of S1 deposition is not
reached in the core (Fig. 2). As a result, the upper boundary
of S1 is determined by the Ba/Al ratios, which have been
dated at 6.1 ka in the Aegean Sea (Casford et al., 2007).
This age is consistent with the Ia/Ib boundary, which is
defined by the termination of the higher percentages of
G. inflata (Casford et al., 2002) and correlates well with
the AMS dating (5170 cal yr BP) at a 103 cm depth. Assem-
blage Ic, which is mainly characterized by the sapropel fauna,
also occurs all over the Aegean Sea and ends on average at
7.0 cal ka BP (Casford et al., 2002).
Based on the adopted chronostratigraphic framework, sedi-

ment levels used in this study span the last 10.1 cal ka BP for
core AEX-15 and 7.5 cal ka BP for AEX-23, with an average
sedimentation rate of 17.3 and 42.8 cm/ka, respectively
(Fig. 2). These rates assume that the sediment accumulation
has been consistent throughout each interval, and they are
in good agreement to those reported in the north Aegean
Sea (>20 cm/ka; Zachariasse et al., 1997; Kuhnt et al.,
2007; Kotthoff et al., 2008a, 2008b; Kontakiotis, 2016).
The differing rates between the two cores expresses the
heterogeneity of sedimentation rates previously documented
in the north Aegean Sea (Roussakis et al., 2004), resulting
from large seafloor topographic contrasts and variable

sedimentary processes in the study area. In particular, the
higher sedimentation rate of core AEX-23 is explained by
the adjacent slope that transports sedimentary inputs by
deep bottom currents.

Paleoenvironmental reconstruction

The geochemical records (δ18Ο, δ13C), in combination with
the foraminiferal, pteropod, pollen, and dinocyst abundance
records, are best interpreted as a series of successive chang-
ing, climatically driven dynamic regimes. The evidence of
these changes is interpreted and discussed in terms of the
events that mainly accompanied the transition out of the
late glacial period (Termination 1b; Casford et al., 2002),
the deposition of sapropel S1 during the HCO, and the post-
sapropel interval. These are described subsequently as a
series of transitory states together with a detailed documenta-
tion of the main isotopic and faunal/floral changes recognized
in our north Aegean records (Figs. 6, 8 and 9). The timing of
each state is in agreement with relevant paleoceanographic
reconstructions (Siani et al., 2013; Grant et al., 2016) and
may be considered typical of the particular climatic/circula-
tion regime of the study area.

Termination 1b

From ∼10.1 cal ka BP to the onset of the sapropel S1 layer, a
gradual depletion of δ18Ο is recorded and can be attributed to
the global signal of meltwater pulse 1B. The slight shift to
lighter δ18Ο values signifies a gradual freshening of the
upper water column. The close similarity in timing of the
δ18Ο changes in both G. ruber foraminiferal calcite (core
AEX-15) and seawater (core LC-21; Marino et al., 2009) pro-
vides evidence that this δ18ΟG. ruber depletion prior to S1 dep-
osition is dominated by the inflow of isotopically light,
fresher surface waters into the Aegean Sea, and the conse-
quent sea-surface freshening propagates through the entire
eastern Mediterranean away of the sites of freshwater
discharge (including the north Aegean Sea) because of the
efficient large-scale counterclockwise circulation of the
surface waters.

However, the difference in magnitude with relevant δ18Ο
data from the south Aegean Sea during this time (e.g., Marino
et al., 2009; Fhlaithearta et al., 2010) suggests that the advec-
tion of fresher surfacewaters from the north through river run-
off becomes inhibited because of the intense thermohaline
front to the north of the study core sites, which prevents
southward extension of the influence of the north Aegean sur-
face waters. Early Holocene pollen records indicate increased
precipitation over the north Aegean borderland (Kotthoff
et al., 2008a, 2008b), and so the position of this front was
controlled by the local cyclonic circulation of the basin. Its
intensity was the same or even stronger than today.

The accompanied high values (up to 50%) of PPC and the
increasing trend of warm temperate summergreen, as well the
subtropical-temperate dinocysts (P. zoharyi, I. aculeatum,
I. sphaericum, S. mirabilis, and Tetactodinium psilatum)
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(Figs. 6 and 7c), indicate the climate amelioration. This inter-
val is marked by high relative abundances of warm mixed-
layer species (including the pteropod Diacria trispinosa)
and the high abundance of G. glutinata (Figs. 3 and 4). The
former is interpreted as indicative of an increase of depth
and extent of the thermocline, and therefore the strengthening
of summer stratification in a generally well-oxygenated envi-
ronment. The shift toward the dominance of the shallower-
living species G. glutinata could be explained in terms of
increased seasonality. The opportunistic response of this spe-
cies to any increase in nutrient variability is also in agreement
with Casford et al. (2002), who presented a case for an initial
period of 100–1500 yr of nutrient accumulation prior to the
onset of S1 deposition. This is evident in all the
productivity-related records, evidenced by the enrichment
in δ13C (∼1‰; equivalent to the second primary event of Cas-
ford et al. [2007]) and the increased numbers of E-index and
G. bulloides abundances around 9.8 cal ka BP (Fig. 8c). The
evidence of seasonality is further reinforced by the presence
ofG. bulloides andG. ruber f. alba, which are the main expo-
nents of the seasonal contrasts governing planktonic forami-
niferal assemblages in the Mediterranean Sea during the
Holocene (Wilke et al., 2009; Wit et al., 2010; Goudeau
et al., 2015).

Sapropel S1 interval

Distinct fluctuations in the isotopic and faunal records of both
cores indicate a remarkable climate and hydrographic vari-
ability during this interval. By 9.6 cal ka BP, S1 deposition
commences, and it coincides with the abrupt increase of pri-
mary productivity (0.7 < E-index < 0.8, G. bulloides ∼30%),
the start of the overall δ13C depletion, the faunal shift to a
dominance of mixed-layer species, and the dominance of
AP over NAP (Figs. 6 and 8). Steadily low (stabilized around
zero) δ18Ο values, together with high PPC values, reflect a
climatic invasion toward high temperatures, with the only
exception of three events (obtained around 9.5–9.1, 8.2–
7.9, and 7.1–7.0 cal ka BP), where lower PPC and heavier
δ18Ο values reflect lower SSTs during the early–middle Holo-
cene (Greenlandian–Northgrippian stages) (Fig. 9a and b).
These short-term cooling events are also reflected in signifi-
cant faunal changes in the north Aegean Sea, such as the
increase in abundance of G. bulloides and T. quinqueloba
replacing the SPRUDTS group. Immediately after these
events, faunal abundance and isotopic profiles return rapidly
to their previous enhanced levels, and a gradual increase can
be observed for PPC values (Fig. 9a and b).
The warm/humid conditions because of the monsoon

intensification (Rossignol-Strick, 1985) enhanced riverine
inputs and resulted in low salinity and eutrophic waters, as
these are documented by the elevated percentages of T. quin-
queloba, especially between 8.2 and 7.5 cal ka BP. This is
further supported by the contribution of Black Sea outflow
after 8.0 cal ka BP (Sperling et al., 2003; Ehrmann et al.,
2007). Moreover, the δ13C signatures reveal that the rainfall
was more intense during that time, while the G. bulloides

abundance records (Fig. 8c) show that the freshening of sea-
surface waters was greater toward 7.0 cal ka BP. The reduc-
tion in NAP and the simultaneous increase in arboreal trees
at 7.7 to 6.9 cal ka BP suggest higher humidity, which is in
accordance with the pollen-based climatic models (Kotthoff
et al., 2008a), exhibiting 50% higher precipitation than in
the previous time interval.
From the faunal content of the oxidized part of S1, it seems

that the bottom-water oxygenation has resumed earlier than
the final ending of sapropelic conditions indicated by Ba con-
centration. Specifically, the occurrence of the deep mixing
species G. inflata and N. pachyderma reflects the prevalence
of homogenization/overturn conditions in the water column
(Rohling et al., 1997; Casford et al., 2002). The subsequent
regime is also characterized by the slightly colder and less
eutrophic conditions, as evidenced by the PPC drop and the
relatively lower E-index values (Figs. 8b and 9a). During
this interval (7.0–6.1 cal ka BP), the presence of the bathype-
lagicClio pyramidata, C. cuspidata, and Peracle spp. suggest
the recovery of the thermohaline circulation. In addition, a
reduction in AP and an increase in NAP along with a slight
retreat in cool temperate summergreen vegetation character-
ize the termination of the S1. The dinocyst species P. zoharyi,
I. aculeatum, and I. sphaericum present an abrupt disappear-
ance in this interval, whereas an increase in abundance of
L. machaerophorum, O. centrocarpum, Brigantedinium sim-
plex, and Spiniferites sp. is observed (Fig. 7). Toward the
Meghalayan, warm oligotrophic species (G. ruber alba,
G. sacculifer, G. rubescens, and G. siphonifera gr.) prevail
in the planktonic fauna, implying a significant reduction in
primary productivity and the establishment of modern oligo-
trophic to mesotrophic conditions.

Late Holocene (Meghalayan stage) interval

Climatic and oceanographic boundary conditions of the north
Aegean Sea change in the late Holocene. The main change is
characterized by a decrease in G. sacculifer and O. universa
(Fig. 3) that reveals a river-runoff reduction and further coin-
cides with the δ13C enrichment trend (Fig. 8a) observed in
both cores. This is further associated with clay mineral data
known from the literature (Roussakis et al., 2004; Ehrmann
et al., 2007) across this interval, which indicate a change in
weathering conditions on land that points to particularly dry
conditions in the north Aegean catchment. Moreover, the
reduction in the surface water Black Sea outflow at around
4.5 cal ka BP (Sperling et al., 2003; Kuhnt et al., 2007) has
probably caused an increase in sea-surface salinity, which
is also testified by the slightly heavier (up to 0.8‰ enrich-
ment) planktic δ18O record (Fig. 9b), the reduction in the rel-
ative abundance of L. trochiformis, and the appearance of the
stenohaline species S. subula at 3.3 cal ka BP (Fig. 4) (Buc-
cheri et al., 2002). These observations support the idea of a
general trend to climatic aridification during the Meghalayan
stage, which is in accordance with the salinity increase and
oligotrophic nature of the water column of the modern
north Aegean Sea.
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Holocene climate variability and its relationship to
large-scale climatic changes

Our qualitative SST reconstructions for the north Aegean Sea
reveal a distinct pattern of climate oscillations that generally
agrees with the previously reported series of millennial-scale
fluctuations in the region (Rohling et al., 2002; Kotthoff et al.,
2008a, 2008b; Kontakiotis, 2016), but which enriches that
picture with centennial-scale details. The Holocene climatic
instability of the study area is further supported by episodes
of brief cooling, with the suggested mechanism that caused
the development of these cooling spells to involve local fea-
tures, such as intensified orographically channeled, northerly
air outbreaks and/or land-sea contrasts (Rohling et al., 2002;
Brayshaw et al., 2011). Six distinct sea-surface cooling events
in the north Aegean Sea (referred to as “NAEGC”) have been
identified in the present study (Fig. 9), corresponding to sim-
ilar short and abrupt cold/dry events that have been described
in different basins in the Mediterranean (Cacho et al., 2001;
Sbaffi et al., 2004; Geraga et al., 2008; Frigola et al., 2007;
Combourieu-Nebout et al., 2009, 2013; Schmiedl et al.,
2010; Desprat et al., 2013; Table 1). Furthermore, similarities
to the GISP2 ice core, and their coincidence with times of
reduced monsoonal rainfall, lowering of lake levels in eastern
Africa (Gasse, 2000), and glacier advances in Europe (Den-
ton and Karlen, 1973), suggest correlations with the paleocli-
matic changes occurring at high latitudes of the northern
Atlantic and worldwide (Bond et al., 1997, 2001; Mayewski
et al., 2004; Wanner et al., 2011, 2014). These correlations
reinforce earlier observations of teleconnections between
Holocene climate variability of the (sub)tropics and the
high latitudes at multicentennial to millennial timescales
(Rohling et al., 2002; Marino et al., 2009). Each cooling
event results in an approximate drop in temperature of 2–4°
C, independently confirming what previous studies, using
different methods, have shown (Rohling et al., 1997, 2002;
Cacho et al., 2001).

Impact of abrupt centennial-scale Holocene cooling
events on eastern Mediterranean hydrologic regime

The most pronounced Holocene abrupt cooling events
(NAEGC6–NAEGC4) occurred at 9.5–9.1, 8.2–7.9, and
7.1–7.0 cal ka BP. They punctuate the wettest phase as
deduced by our pollen records during the Greenlandian–
Northgrippian stages, and they seem to exert important con-
trol on sapropel deposition within the Mediterranean Sea.
All these events parallel the widely documented abrupt cool-
ings punctuating the early–middle Holocene: the “Boreal
Oscillation” at ∼10.0 cal ka BP (Björck et al., 2001); the
“9.3 ka event” (Rasmussen et al., 2007); the “8.2-event”
(Alley et al., 1997); and a final event at ∼7.4 cal ka BP
(Bond et al., 2001), which likely corresponds to the drier epi-
sode detected at ∼7.0 cal ka BP (Fig. 6). These events were
related to a series of recurrent (dry) atmospheric climatic
anomalies, which can be furthermore associated with meltwa-
ter pulse perturbation of the north Atlantic climate. T
ab
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In particular, there are two sharp negative peaks in the PPC at
9.6 and 9.1 cal ka BP, coupled with two intervening δ18O
positive excursions (at ∼9.3 and 9.2 cal ka BP), which are
superimposed on a broader period of climatic deterioration
in the Aegean Sea during this time interval. Cooling event
NAEGC6 is coeval with relevant cooling events in Tyrrhe-
nian basin centered at 9.5 cal ka BP (Rohling et al. 1997;
Sbaffi et al., 2004) and further coincides with aridification
events based on pollen assemblage changes in the Alboran
Sea (Combourieu-Nebout et al., 2009) (Table 1). The forest
decline (Fig. 6d) at this time is associated with a prominent
SST cooling event in the eastern Norwegian Sea (Berner
et al., 2010) and coincides with cooling in the NGRIP
(North Greenland Ice Core Project) record toward 9.95 cal
ka BP, although this anomaly is not consistent across different
Greenland records (Rasmussen et al., 2007). NAEGC6 is
possibly linked to an Atlantic meridional overturning circula-
tion (AMOC) reduction because of a meltwater pulse at
St. Lawrence Bay (Fleitmann et al., 2008) or alternatively
to contemporaneous outburst floods from proglacial lakes
such as Lake Agassiz (Teller et al., 2002), Lake Labrador-
Ungava (Jansson and Kleman, 2004), Lake Superior
(Yu et al., 2010), or Baltic ice Lake in SW Sweden (Nesje
et al., 2004), and with solar activity minima (Bond et al.,
2001; Magny and Bégeot, 2004).
The following NAEGC5 event, constrained here by pro-

gressive δ18O enrichment to maximum values (+0.95‰) cen-
tered on 8.1 cal ka BP, corresponds to the regional expression
of the 8.2 cal ka BP cold/arid north Atlantic event (Bond
et al., 1997, 2001). Surprisingly, that δ18O enrichment
appears coeval in time but not in amplitude to the negative
2‰ δ18Oice event in the Greenland ice cores (Rasmussen
et al., 2007), which is thought to represent an ∼6°C cooling
of the air temperature over Greenland Summit (Alley et al.,
1997). The significant decline in the PPC (from + 32% to
−42%; Fig. 9a) also coincides well with pollen-based data
(drop in deciduous trees; Fig. 6b and c) and provides evidence
for an abrupt winter SST minimum on the northern Aegean
borderlands in response to the 8.2 cal ka BPAMOC reduction
(LeGrande et al., 2006; Wiersma and Renssen, 2006).
The intensification of the atmospheric circulation (Marino
et al., 2009) during NAEGC5 led to good ventilation condi-
tions in the Aegean basin interrupting the S1 deposition, syn-
chronously with the termination of the formation of the
enriched in organic matter layer (organic rich layer; Cacho
et al., 2002) in the Alboran Sea (western Mediterranean).
The sharp drop in PPC around 7.0 cal ka BP corresponds to

the NAEGC4 cooling event (Fig. 9). This event is attributed
to the strengthening and increases in frequency of winter
cooling, driven by changes in intensity of high-latitude con-
tinental air masses (Rohling et al., 2002). The intensification
of the atmospheric circulation during this time interval led to
improved ventilation conditions in the eastern Mediterranean
basin. We argue that this cooling event may have induced the
resumption of deep-water formation in the north Aegean Sea.
Indeed, density of the surficial waters was sufficiently high
during that time interval to enable the ventilation of the

deep north Aegean basin, because of the counterbalance
between salinity depletion and SST decrease. This notion is
also confirmed by the higher benthic δ13C (∼1.1–1.4‰) val-
ues, the significant increase of the benthic foraminifera Cibi-
cidoides (Kuhnt et al., 2007; Abu-Zhied et al., 2008;
Schmiedl et al., 2010) and the planktonic G. inflata recorded
in the studied and other cores between 7.0 and 6.0 cal ka BP
(Casford et al., 2002; Geraga et al., 2010; Kontakiotis, 2016),
attesting the return to oxic conditions and the resumption of
the north Aegean deep-water formation just after the end of
S1. Similar short cooling events were detected using forami-
niferal and pollen assemblages in the Minorca Basin (M7
event; Frigola et al., 2007) and the Siculo-Tunisian Strait
(at 7.3–6.7 cal ka BP; Desprat et al., 2013) (Table 1). In the
Adriatic and Aegean basins (AdC5 and C69-ST2 events,
respectively) (Geraga et al., 2005; Jimenez-Espejo et al.,
2008; Combourieu-Nebout et al., 2013), these events are sup-
posed to be responsible for sapropel termination. Following
the interpretation of Rohling et al. (2002) and Casford et al.
(2003), the absence of these events in δ18OG. ruber was sug-
gested to reflect a seasonal offset between climate forcing
and the proxy carrier, as cooling is a winter phenomenon
and therefore is not recorded by G. ruber, which thrives in
the summer mixed layer.
At 6.3 cal ka BP, negative values in the PPC (–46%) of core

AEX-23 are observed that are not followed by any enrichment
in δ18OG. ruber in both cores or negative PPC values of
AEX-15 (Fig. 9a and b). We suggest that the observed nega-
tive PPC peak is marked by increased T. quinqueloba per-
centages (59%; Fig. 3). A similar decrease in arboreal
vegetation has also been observed during that time and possi-
bly highlights the onset of the transition toward drier mid- to
late Holocene.
The nature and intensity of the NAEGC3 event at 4.8–4.3

cal ka BP in our isotope record, resembling the previous
events, also points to a climate origin and hence is thought
to be the result of a cold and dry episode. The PPC drop of
∼20% in both cores is in phase with concurrent expansion
of NAP (Fig. 6f) and is associated with the 4.2 cal ka BP
north Atlantic Holocene cold event (Bond et al., 1997,
2001), as well as with Uk’

37-SST minima along the Mediterra-
nean Sea (Emeis et al., 2000, 2003; Cacho et al., 2001)
(Fig. 9). NAEGC3 could also correspond to the ACP4 of
the Adriatic Sea (Combourieu-Nebout et al., 2009), M5 in
Minorca Basin (Frigola et al., 2007), the 4.5 cal ka BP
event of the Siculo-Tunisian Strait (Desprat et al., 2013),
the Ionian and Levantine Seas (Emeis et al., 2000, 2003; Ger-
aga et al., 2008), AdC3 in Adriatic Sea (Combourieu-Nebout
et al., 2013), and the 4–4.4 cal ka BP of the north Aegean Sea
(Kotthoff et al., 2008a; Schmiedl et al., 2010) (Table 1). This
event is further evident on the northern side of the Mediterra-
nean Basin (Magny et al., 2009; Peyron et al., 2011), in the
Medjerda Valley (Faust et al., 2004; Zielhofer et al., 2004),
and in the speleothems of Gueldaman Cave (Ruan et al.,
2016). This cold episode, largely expressed in climate records
as expanding from polar to tropical regions, has been attrib-
uted to a weakening of the Northern Hemisphere summer
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insolation (Bond et al., 2001; Mayewski et al., 2004). This
cold and arid spell, although weakened in the north Aegean
Sea (Kontakiotis, 2016), caused the temporary enhanced
deep-water ventilation and consequently the restoration of
oxic conditions in the north Aegean. This is further supported
by the low accumulation rates of marine and terrestrial bio-
markers and elevated δ15N values from nearby north Aegean
cores (Gogou et al., 2007), which indicate that the deep north
Aegean was fully oxygenated during that period.
The interval between 3.8 and 3.3 cal ka BP comprises

heavier δ18O values and a drop in the PPC of ∼25% in
both cores (Fig. 9a and b). This episode (NAEGC2) coincides
with equivalent events in the Mediterranean Sea based on
planktonic foraminifera and pollen assemblages (Sbaffi
et al., 2004; Frigola et al., 2007; Combourieu-Nebout et al.,
2009) (Table 1). In the Tyrrhenian Sea, this event appears
to be intense with an approximate decrease in SST of 2.5–
3.5°C based on alkenone and the modern analogue technic
SSTs reconstructions (Sbaffi et al., 2004). At 2.6–1.5 cal ka
BP, heavier isotope values, significant drop in PPC, and
abrupt deciduous forest reduction have been documented in
our cores corresponding to NAEGC1 event (Fig. 9). This is
correlated with the dry episode recorded from marine cores
in the eastern Mediterranean between 3.0 and 1.7 cal ka BP
(Magny et al., 2003; Jalut et al., 2009). It is also evident in
the western and central part of the Mediterranean between
3.2 and 1.4 cal ka BP (Cacho et al., 2001; Sbaffi et al., 2004;
Frigola et al., 2007; Combourieu-Nebout et al., 2009) and is
correlated to the NAC2 event (Bond et al., 1997) (Table 1).

CONCLUSIONS

A multidisciplinary study of the sediments of cores AEX-15
and AEX-23 from the North Aegean Trough enables the
understanding of long- and short-term oceanographic and cli-
matic variations of the last ∼10 cal ka BP in the north Aegean
Sea. The interpretations are based on the down-core variations
of the stable isotope (δ18O, δ13C) values and the abundances
of planktonic foraminiferal, pteropod, and palynomorph
assemblages, in association with temperature- and
productivity-related paleoceanographic data. Overall, the
high sedimentation rates encountered in the analyzed cores
and the high-resolution sampling have contributed to the
detection of six cold/arid events throughout the Holocene,
as well as the preservation of their processes and mechanisms.
Although absolute age control provides only modest con-
straint, these events also appear to correlate with equivalent
events documented within and beyond the Mediterranean
Sea in north latitude areas, northeastern Africa, and theMiddle
East, pointing to large, hemispheric-scale teleconnections.
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Abstract: A multidisciplinary study was conducted in order to investigate the environmental factors
affecting the planktonic foraminiferal and pteropod communities of the south Aegean Sea. Aspects of
the Late Quaternary paleoceanographic evolution were revealed by means of quantitative analyses
of planktonic foraminiferal and pteropod assemblages (including multivariate statistical approach;
principal component analysis (PCA)), the oxygen (δ18O) and carbon (δ13C) isotopic composition
of planktonic foraminifera and related paleoceanographic (planktonic paleoclimatic curve (PPC),
productivity (E-index), stratification (S-index), seasonality) indices, extracted by the gravity core
KIM-2A derived from the submarine area between Kimolos and Sifnos islands. Focusing on the
last ~21 calibrated thousands of years before present (ka BP), cold and eutrophicated conditions
were identified during the Late Glacial period (21.1–15.7 ka BP) and were followed by warmer and
wetter conditions during the deglaciation phase. The beginning of the Holocene was marked by a
climatic amelioration and increased seasonality. The more pronounced environmental changes were
identified during the deposition of the sapropel sublayers S1a (9.4–7.7 ka BP) and S1b (6.9–6.4 ka BP),
with extremely warm and stratified conditions. Pteropod fauna during the sapropel deposition were
recorded for the first time in the south Aegean Sea, suggesting arid conditions towards the end of
S1a. Besides sea surface temperature (SST), which shows the highest explanatory power for the
distribution of the analyzed fauna, water column stratification, primary productivity, and seasonality
also control their communities during the Late Quaternary.

Keywords: paleoceanographic evolution; planktonic foraminifera; pteropods; stable isotopes;
sea surface temperature (SST); stratification; productivity; sapropel S1; Aegean Sea; Late Quaternary

1. Introduction

The Aegean Sea is an ideal archive to investigate climatic evolution at both global and local scale
because of its intermediate position between the higher- and lower-latitude climate systems [1–3],
high sedimentation rate marine records compared to the open Mediterranean Sea [4–7], and its
paleo-latitudinal and land-locked configuration [8,9]. Such marginal seas are often more responsive to

J. Mar. Sci. Eng. 2020, 8, 709; doi:10.3390/jmse8090709 www.mdpi.com/journal/jmse

http://www.mdpi.com/journal/jmse
http://www.mdpi.com
https://orcid.org/0000-0001-9371-6726
https://orcid.org/0000-0001-9646-6240
http://www.mdpi.com/2077-1312/8/9/709?type=check_update&version=1
http://dx.doi.org/10.3390/jmse8090709
http://www.mdpi.com/journal/jmse


J. Mar. Sci. Eng. 2020, 8, 709 2 of 23

paleoceanographic and paleoclimatic changes than global oceans, with climatic signals to be recorded
in an amplified fashion in Mediterranean properties such as temperature, salinity and specific elemental
concentrations, because of their smaller size and partial isolation [10], and therefore can be considered
miniature oceans. In addition to interactions with the Black Sea, northern Aegean, and Levantine
basins with remote and local atmospheric forcing [1,11], the south Aegean Sea is characterized by
intense biogeochemical contrasts in its hydrology in response to a climatic gradient from mid-latitude
to subtropical regimes that appears to be very sensitive to climate changes. However, most of the
current paleoclimatic and paleoceanographic studies are still limited to deep marine records [6,12–15],
and consequently little is known about the continental shelf and/or coastal areas within this marginal
Sea [16–21].

Environmental changes related to the different water column and/or sediment characteristics can
be recorded virtually instantaneously in paleoceanographic proxy data, such as stable isotope and
other geochemical ratios [22–31], and micro-fossil abundances, such as planktonic foraminifera and
pteropods [15,17,28,32–36]. This makes them extremely valuable for both stratigraphic correlations
and paleoenvironmental/paleoclimate reconstructions [15,23,28,29,32,35,37–45]. Their significance
in the study of modern and past marine ecosystems in the eastern Mediterranean Sea is well
underlined [20,31,46–51]. Particularly, they are used as indicators of temperature, salinity, density,
and nutrient content of the water column, making it possible to identify past circulation through
the sedimentary record [7,15,29,47,52,53] and detect long- and short-term paleoclimatic and
paleoceanographic changes in the study area [6,10,12,15,16,53–55] during the last glacial cycle.

Pteropods are widespread and abundant in the global ocean and entirely adapted to a pelagic life
cycle [56,57]. Owing to the aragonite nature of their shells which increases their weight as settling
particles and hence their sinking speed [58], their deposition is expected to be close to their habitat [59].
Particularly in the Mediterranean Sea, preservation of pteropods shells is excellent as a result of
the relatively shallow water, high bottom water temperatures, and probably the limited number
of mud feeders [60]. A considerable number of studies (e.g., [33,34,61–66]) have shown that Late
Quaternary pteropod assemblages and their distribution pattern in the world oceans have changed
with temperature and the overall climatic conditions that also affect the aragonite compensation depth
(ACD). Recent studies [67] have shown that modern eastern Mediterranean pteropod communities are
found to be more abundant than in those at western Mediterranean Sea. Their abundances are positively
correlated with the aragonite saturation state (Ωar), O2 concentration, pH, salinity and temperature,
and negatively correlated with nutrient concentrations [67,68]. However, pteropod assemblages and
their distribution in the Aegean Sea during the Late Quaternary are poorly documented.

The present study focuses on identifying and describing key environmental factors that control
Late Quaternary planktonic foraminiferal and pteropod distribution in the south Aegean Sea, based on
marine sediments retrieved by a 2-m long gravity (KIM-2A) core. In addition, paleoclimatic data were
revealed from their distribution patterns coupled with variations of oxygen and carbon isotopic signals.
The combination of the above data enables speculation on the factors’ response to the climatic changes.

2. Regional and Climatic Setting

The Aegean Sea is in the northern sector of the eastern Mediterranean (Figure 1a), between the
Turkish coastline to the east, the Greek mainland to the north and west, and bounded on the south by
the island of Crete and Cretan Arc. It is connected to the Black Sea through the Straits of Bosporus and
Dardanelles, and to the Levantine Sea through several larger and deeper straits between Peloponnesus,
the islands of Crete and Rhodes, and south-western Turkey (Figure 1b). It is characterized, in general,
by a cyclonic water circulation, although the most active dynamic features are the mesoscale cyclonic
and anticyclonic eddies, either permanent and/or recurrent [8]. It is separated into two major sub-basins
with different climatic conditions: the “north” and the “south” Aegean Sea. The north is more humid
than the semiarid south [8].
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Figure 1. (a) Map of the Mediterranean Sea (including the Aegean Sea); (b) inset shows location of the
south Aegean sediment core KIM-2A (36◦95.464′N, 24◦06.354′E, 640 m depth; in red), and the main
patterns of sea surface-water circulation (grey arrows), cyclonic (solid grey circles) and anticyclonic
gyres (dashed grey circles) in the Levantine and Aegean Seas. Location of the core NS-14 [7,16], that was
used for the age model construction. Map contours show paleobathymetry (water depth in meters) of
the study area.

The south Aegean (extend in between 35◦N and 37◦N) is one of the most oligotrophic areas in the
Mediterranean Sea [8], with its surface water circulation mostly affected by arid climatic conditions,
while it is also modulated by the effect of the Cretan gyre [69]. It mainly consists of the Cretan basin
and the shallow shelf of the Cyclades Plateau, along with the Myrtoan Sea at the NW part of the
region (Figure 1b). Milos and Kimolos islands lie in the westernmost sector of the Cyclades plateau.
Both islands are part of the south Aegean Volcanic Arc; the most important geological structure of
the Aegean Sea. The submarine area between Kimolos and Sifnos Islands is characterized by a rather
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complex relief [70] as it is related to the volcanic arc. The sedimentary and Quaternary tectonic
evolution of the aforementioned submarine area have been studied previously [71], and it is separated
into three parts (the southern, the eastern, and the northern; [70]). The core studied derives from a
submarine depression located at the northern part.

3. Materials and Methods

3.1. Location and Sampling Strategy of Core KIM-2A

A gravity core (KIM-2A; 200 cm length) was recovered with R/V Aegaeo in May 2015 from the
south Aegean Sea and covers the Late Quaternary (the last ∼21 ka BP). Core KIM-2A was collected
from the Cyclades plateau, from a submarine depression (640 m water depth) located north of Kimolos
Island (36◦95.464′N, 24◦06.354′E), as shown in Figure 1b. After splitting, the half core was stored as
archival material, whereas the working half has been sampled for multiple analyses (micropaleontology,
sedimentology, and geochemistry).

Fifty-eight samples were taken and used for paleontological (planktonic foraminifera and
pteropods) and geochemical (Total Organic Carbon; TOC, stable oxygen and carbon isotopes; δ18O,
δ13C) analyses between 196 cm and 4 cm. Samples were taken throughout the core but with different
sampling resolutions. For the first gray interval corresponding to S1a, the sampling resolution was
1 cm; beyond these intervals the sampling was 2 cm, whereas the top 40 cm were sampled at a mean
8 cm resolution.

3.2. Micropaleontological Analyses

All samples were prepared following standard micropaleontological procedures. For the faunal
analyses, approximately 3 cm3 of dried sediment was washed and sieved through a 63 µm screen, and
residues were dried in an oven at 50 ◦C. Qualitative and quantitative analyses have been performed on
both planktonic foraminiferal and pteropod assemblages for the >125 µm size fraction, split into aliquots,
each one containing at least 300 specimens. It should be noted that the 125 µm fraction was selected since
is the most common studied fraction in relevant investigations within the Aegean Sea, which analyze the
Late Quaternary foraminiferal record [10,18,21,32,36], and implement a paleoclimatic analysis [6,15,20,72].
All shells were handpicked, identified following [73], counted in each sample, and then converted
into percentages, based on the extrapolation of a counted split. Planktonic species with phylogenetic
affinities and similar ecological characteristics [35,74] were counted together and grouped to better
interpret distribution patterns. On this regard, all Globigerinoides ruber morphotypes (“Normal,” “Platys,”
“Elongate,” and “Twin” types; [32]) were plotted together, distinguishing only the “alba” and “rosea”
varieties due to their different ecological characteristics [75]. Furthermore, Globigerina bulloides group
includes the species G. bulloides and Globigerina falconensis, the Globigerinoides sacculifer group includes
Globigerinoides trilobus and G. sacculifer, and the Globigerinella siphonifera group includes the species
Globigerinella aequilateralis, Globigerina calida, and Globigerina digitata. The species Globigerinita glutinata
includes the morphotypes with and without bulla. Within the group of Neogloboquadriniids, two types
were discerned: Neogloboquadrina pachyderma and Neogloboquadrina dutertrei.

3.3. Total Organic Carbon and Stable Isotopes

Total organic carbon (TOC) was determined based on the [76] methodology with the [77] adaptation
at the Laboratory of the Hellenic Survey of Geology and Mineral Exploration (H.S.G.M.E.). For stable
oxygen and carbon (δ18O, δ13C) isotope measurements, 30 specimens of the planktonic species
G. ruber f. alba were picked from the 250–300 µm size fraction. In particular, we exclusively used the
morphotype “Normal” of [32] (equivalent to G. ruber sensu stricto [75]) in order to minimize potential
morphotype-specific differential responses in stable isotope compositions [24,78,79]. This narrow
size fraction was used to minimize ontogenetic and growth rate effects on shell geochemistry [80].
The analyses were carried out at the Laboratory of Geology and Geophysics at Edinburgh University.
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Foraminiferal δ18O and δ13C data were calibrated to National Bureau of Standards 19 (NBS19), and the
isotope values are reported in %� relative to Vienna Pee Dee belemnite scale. The external standard
errors of the stable carbon and oxygen isotope analyses are <0.06%� and 0.08%�, respectively.

3.4. Chronology

The chronology of the core KIM-2A is based on five accelerator mass spectroscopy radiocarbon
(AMS 14C) dates (on G. ruber tests at Beta Analytics laboratories), supplemented by tie-points which
correspond to well-dated bio-litho-stratigraphic horizons (e.g., sapropel and planktonic foraminiferal
biozone boundaries) from nearby Aegean cores (Table 1). Conventional 14C ages were calibrated by
means of the Calib version 7.0.2 software [81] and the Marine13 data set with a regional reservoir age
correction (∆R) of 139 ± 40 years for the S1 interval [82] and of 58 ± 85 years outside the sapropel S1
interval [83]. The chronology adopted in this study for core KIM-2A was derived from a polynomial fit
through the calibrated dates and the chronostratigraphic control points’ dating as shown in Table 1.
Hereafter, ages in this study are reported in calibrated thousands of years before present, notated ka BP.

Table 1. Calibrated radiocarbon dates (AMS 14C) and chronostratigraphic control points’ dates.

AMS &
Chronostratigraphic

Control Points

Depth
(cm)

Conventional
Radiocarbon

Age (BP)

Two Sigma
Calibrated Age

Range (BP)

Mean
Calibrated

Age (ka BP)
References

Beta—425634 14.5 4890+/−30 4845–5325 5.08
Ia/Ib boundary 20 5.2 [84]
Beta—425635 28 5320+/−30 5444–5855 5.65

S1b top 40 6.4 [7,16]
Beta—425636 50.25 6790+/−30 7036–7292 7.16

S1b base 52.5 7.3 [7,16]
S1a top 65.5 7.9 [7,16]

Beta—425637 79.5 8320+/−30 8532–8883 8.71
S1a base 89 10 [7,16]

Ic/II boundary 109 11.3 [84]
II/III boundary 153 15.5 [84]

δ18OG. ruber depletion 159 15.9 [52]
Beta—425638 195 18890+/−70 21962–22508 22.24

3.5. Multivariate Statistical Analyses

Principal component analyses (PCA) is used to reduce the dimensionality of a multivariate
data set to a few principal factors that determine the distributions of species. For this analysis all
raw data for the totality of the samples and specimens were used. Raw data were processed using
PAST (2.17) multivariate statistical software package of [85]. The resulting factor scores show the
contribution of each factor in every sample, and therefore the down-core contribution of each factor.
The total number of factors was defined by minimizing the remaining “random” variability, and by the
possibility to relate the factors to modern hydrographic conditions and planktonic foraminiferal and
pteropod ecology.

3.6. Paleoceanographic Indices

The planktonic foraminiferal relative distributions were used as a first-order estimate of sea-surface
temperature (SST) variations. An index of the SST variations was constructed based on the down-core
variation of planktonic foraminiferal abundances, referred to as planktonic paleoclimatic curve (PPC).
The PPC was obtained by the formula 100 × (w − c)/(w + c), where w represents the warm-water
indicators (G. ruber f. alba, G. ruber f. rosea, Orbulina universa, G. sacculifer gr., Globoturborotalita rubescens,
and G. siphonifera gr.), and c the cold-water indicators (Globorotalia inflata, Globorotalia truncatulinoides,
Turborotalita quinqueloba, G. glutinata, and Globorotalia scitula). The eutrophication index (E-index; [7]) was
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estimated using the sum of the eutrophic species (N. pachyderma, N. dutertrei, G. bulloides, T. quinqueloba,
and G. inflata) versus the sum of the eutrophic plus oligotrophic species (G. ruber alba, G. ruber rosea,
G. rubescens, G. sacculifer, O. universa, and G. siphonifera). The down-core ratio between G. bulloides and
G. ruber was also estimated showing the degree of the stratification of the upper water column [86].
Following [7], this ratio is referred to as S-index, and its values reflect periods of strong summer
stratification of the water column where oligotrophic taxa dominate (low values) and/or periods of
strong winter mixing of the water column where eutrophic taxa dominate (high values).

4. Results

4.1. Lithological Description, Time Stratigraphic Framework, and Sedimentation Rates

Lithologically, the study core contains a distinct organic-rich dark interval, divided into two
separate sub-units (S1a and S1b respectively), representing the regional expression of the most recent
sapropel S1 [87,88] (Figure 2a). From the bottom up to 87.5 cm, light gray clay can be observed (Munsell
soil color 5Y 7/1). The following 24 cm are of gray color (5Y 5/1) and correspond to the lower sub-unit
(S1a) of the sapropel. Between 63.5 cm and 52 cm light gray clay (5Y 7/1) can be observed, indicative of
the sapropel interruption (S1i). From 52 cm to 40 cm mud of gray color (5Y 5/2) characterizes the upper
sapropel sub-unit (S1b). The clay continues up to 13.5 cm with a light gray clay (5Y 7/1) color. From this
point to the top of the core watery clay of light-yellow color (5Y 7/4) can be observed (Figure 2a).J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 7 of 26 
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Figure 2. (a) Lithologic log of core KIM-2A along with the total organic carbon (TOC) concentration
and δ18OG. ruber and δ13CG. ruber isotope values; (b) time stratigraphic framework of the study
core; blue triangles represent AMS 14C datings, whereas red dots represent control points and
bio-litho-stratigraphic horizons used as stratigraphic markers. The errors of AMS 14C datings are
also shown.

Chronology adopted in this study for core KIM-2A derived from a polynomial fit through the five
AMS 14C datings mentioned above, and the time markers correlative to the start and end of sapropel
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deposition, as well as the planktonic foraminiferal biozone Ia/Ib, Ib/Ic, Ic/II and II/III boundaries of [84]
in the Mediterranean Sea (Table 1). The resulting age model is illustrated in Figure 2b and is consistent
with the multi-proxy chronological framework of [37] for the Aegean sediment cores, thus supporting
the robustness of our chronology. For the ages of the onset and termination of sapropel deposition, we
have used the relevant ages from the nearby core NS-14 [7,16,17]. Additional control points related
to the planktonic foraminiferal biozone boundaries were used for the age model construction, since
they are useful chronologic standards for dating late Quaternary sequences in the central and eastern
Mediterranean (including the Aegean Sea; [6,7,52,89] due to their Mediterranean-wide applicability
and synchroneity [90–92].

Based on the relative abundances of the planktonic foraminifera species (Figure 3) the interval
between 196 cm and 153 cm is characterized by the dominance of N. pachyderma, T. quinqueloba, G. scitula
and G. glutinata with additional components the species G. ruber f. alba and G. bulloides. This glacial
fauna corresponds to assemblage III and it has been recognized throughout the Mediterranean Sea
(e.g., [6,52]). The interval between 153 cm and 109 cm corresponds to assemblage II and is characterized
by high relative abundances of Neogloboquadrinids and G. glutinata and the presence of and G. inflata.
In the lower part of this interval G. ruber f. rosea appears for the first time. Subzone Ic (109–40 cm)
was identified by the warm subtropical species (G. ruber f. rosea, G. siphonifera gr. and O. universa).
In addition it includes abundant G. bulloides and G. rubescens specimens. The sharp increase in the
abundance of G. inflata at 41.5 cm is inferred to mark the onset of the Ib subzone. The Ia/Ib boundary
(at 20 cm) is marked by the decrease of the latter species along with the decrease in the N. pachyderma
abundance. In this core the Bioevent “Start of δ18Oruber depletion T1a” of [52], was also detected at
159 cm.
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According to our proposed age model (Figure 2b), the sedimentary horizons sampled in this
study span the interval from the late glacial period, and the subsequent transition (Termination 1;
T1) to the middle Holocene (Northgrippian stage) (i.e., ~5–22 ka BP). The average sedimentation rate
is 11.86 cm/ka, and is in good agreement to those reported in the marginal Aegean basin [4,7,13,52].
These sedimentation rates were derived from the age model, assuming that the sediment accumulation
has been moderately consistent throughout each interval. In particular, the average sedimentation rates
are 8.10 cm/ka for the late glacial, 10.30 cm/ka for the Termination T1, and 16.46 cm/ka for the Holocene.
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4.2. Planktonic Foraminifera Distribution Pattern

The qualitative analysis revealed 19 planktonic foraminiferal species lumped into 14 groups:
G. ruber f. alba, G. ruber f. rosea, G. sacculifer group, G. bulloides group, G. siphonifera group, G. scitula, G.
truncatulinoides, G. inflata, O. universa, T. quinqueloba, G. glutinata, G. rubescens, N. pachyderma, N. dutertrei.
The down-core stratigraphic distributions of their relative abundance are shown in Figure 3.

From the bottom of the core up to 153 cm, the fauna is characterized by high relative abundances
of the species G. ruber f. alba (22–34%), N. pachyderma (10–40%), T. quinqueloba (3–30%), and G. bulloides
gr. (8–33%). Additional components of the fauna are N. dutertrei, G. glutinata, and G. scitula. After the
153 cm, an abrupt decline in Neogloboquadrinids and T. quinqueloba can be observed, while G. bulloides
follows an opposite trend with relative abundance of 33%. From that point up to 127 cm N. pachyderma
and N. dutertrei reach their maximum abundances (45% and 15% respectively), whereas T. quinqueloba
is still present but with low percentages (up to 10%). The relative abundance of G. bulloides does not
exceed 16% and G. ruber f. alba is also present but with equally low frequency (lower than 20%).
Between 127 cm and 100 cm the fauna is characterized by the dominance of G. bulloides, N. pachyderma,
N. dutertrei, G. ruber f. alba, G. glutinata, and G. rubescens. Additional components, with lower
percentages, are the species T. quinqueloba and G. inflata. The interval between 100 cm and 41.5 cm is
characterized by a shift in fauna. Most of the species dominating the previous interval are decreasing
or becoming absent (T. quinqueloba, Neogloboquadrinids, G. glutinata and G. inflata). Prevailing species
of this interval are O. universa (44%), G. ruber f. rosea (38%), G. bulloides gr. (27%), G. siphonifera
gr. (20%), and G. sacculifer gr. (14%). In the final segment of the core, from 41.5 cm to the top, the
sampling presents poor resolution, but certain significant changes can be observed. The G. ruber f.
alba, G. inflata and G. truncatulinoides present a peak (57%, 31%, and 7% respectively) and the relative
abundances of G. ruber f. rosea, O. universa, and G. siphonifera gr. are decreasing. N. pachyderma,
G. inflata, and G. glutinata are re-appearing, but with low percentages.

4.3. Pteropod Distribution Pattern

All samples examined for foraminifera include significant amounts of aragonitic pteropods
indicating excellent preservation (without any signals of dissolution) along with the strong carbonate
preservation potential of the eastern Mediterranean basin [72,93]. A total of 12 species of Euthecosomata
(Heliconoides inflatus, Limacina trochiformis, Limacina bulimoides, Limacina retroversa, Creseis acicula,
Creseis sp., Boasia chierchiae, Hyalocyclis striata, Styliola subula, Clio pyramidata s.l., Diacria trispinosa,
Cavolinia spp.) were identified. Adult specimens, when present, were fragmented (Cavolinia spp.,
C. pyramidata). The protoconchs (Clio, Diacria and Cavolina) made the identification of certain species
and genera possible, as they were the only residue left. The down-core variation of their abundance is
presented in Figure 4.

Within the basal part of the core sequence, the fauna is composed almost exclusively of the
pteropod L. retroversa. An additional component is the species C. pyramidata, but with very low
percentages (<3.5%). Between 153 cm to 127 cm the pteropodal fauna becomes more diverse with
the species H. inflatus, D. trispinosa, C. acicula, and B. chierchiae appearing in the fauna. The relative
abundance of C. pyramidata gradually increases (up to 45%), in contrast to the decline of L. retroversa
(drops to ~40%). The latter disappears completely from the fauna at 105 cm. Between 109 cm and
85 cm the pteropod fauna consists mainly of H. inflatus, C. acicula, C. pyramidata, and D. trispinosa, with
L. bullimoides appearing for the first time at 109 cm. The species C. pyramidata and D. trispinosa are
exponentially decreasing untill, and including, the top of the core sample. In the last 85 cm of the core,
Cavolinia spp. appears in the fauna, reaching its maximum abundance (58%) at 41.25 cm and 85.5 cm,
with the species H. inflatus and B. chierchiae (15–58% and 3–40% respectively) as additional components.
At 65.5 cm, L. trochiformis presents a short occurrence and between 65 cm and 60 cm Creseis sp. presents
its maximum relative abundance (36%). Towards the top of the core L. trochiformis and S. subula present
their highest percentages (~6% and 15% respectively).
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4.4. Total Organic Carbon and Stable Isotopes

Total organic carbon (TOC) in KIM-2A generally exhibits values around 1%. This pattern is
interrupted in two intervals related to the sapropel sub-units deposition. The first interval (S1a; 89–64 cm)
is characterized by high TOC concentration, ranging from 1.5% to 3.4%, and in the second interval
(S1b; 52.5–40 cm), TOC concentration ranges from 1.8% to 2.4% (Figure 2a). Thus, the deposition of S1
sapropel layer started at 89 cm and terminated at 40 cm. The interruption of sapropel S1 layer (S1i) is
detected between 64 cm and 52.5 cm, as suggested by the TOC content (~1.3%).

As shown in Figure 2a, between 196 cm and 159 cm, δ18OG. ruber values range from +2.9 to +3.2%�.
From 157 cm to 115 cm, a depletion in δ18OG. ruber values is observed (up to +0.9%�) and persists
until the 34 cm with even lower values. More precisely, the depleted values were recorded from two
intervals (88.5–65.5 cm and 50.25–34 cm) with an average value of −0.08%� and +0.25%� respectively.
In the interval corresponding to 66.5–61 cm, slightly heavier δ18OG. ruber values were observed (+0.6 to
−0.1%�). In the final unit of the core, from 28 cm until the top, a core enrichment in δ18OG. ruber is
recorded. The δ13CG. ruber values of KIM-2A core exhibit more scatter than the δ18O records. In the
basal part of the core (200–88 cm) values range between +1.3 to +0.2%�. In the interval between 88 cm
and 61 cm the δ13CG. ruber ranges between 0.3 and 0.9%� with the exception of three high-positive peaks
at 80.5 cm, 73.5 cm, and 71.5 cm with values of 1.4%�, 1.2%�, and 1.3%� respectively. From 50.25 cm to
the top of the core, δ13CG. ruber exhibits heavier values with an average of +1.29%� (Figure 2a).

4.5. Principal Component Analysis

A standardized principal component analysis (PCA) was carried out on the total data set using
the varimax method, in order to determine the impact of various environmental parameters on the
planktonic distribution. The application of this statistical analysis yielded a three-factor model for both
planktonic foraminiferal and pteropod communities (Supplementary Materials; including PCA scores
and biplots). The interpretation of the three components in each case was based on the screen plots of
eigen values, and the factor loadings of the planktonic foraminiferal and pteropod species respectively.
The 3 distinguished factors were considered to account for 81.57% and 82.81% of the total variance in
each category respectively (Tables 2 and 3), with their factor loadings showing the contribution of each
factor in every sample and therefore the downcore contribution of each factor (Tables 4 and 5; Figure 5).
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In the case of a bipolar factor, which has extremes of positive and negative loadings, high positive
factor scores are related to the positive pole and high negative scores to the negative pole, respectively.

Table 2. Principle component analysis (PCA) factors based on planktonic foraminifera and their
percentages of the total variability for core KIM-2A.

PCA Factors Eigenvalue % Variance Cumulative % of the Total Variance

1 432.137 50.26 50.26
2 193.038 22.45 72.70
3 76.2131 8.86 81.57
4 53.3399 6.20 87.77
5 38.4841 4.47 92.25
6 24.4952 2.85 95.09
7 15.5611 1.81 96.90
8 7.97016 0.93 97.83
9 7.63218 0.89 98.72

10 5.03693 0.58 99.30
11 2.88765 0.33 99.64
12 2.25794 0.26 99.90
13 0.666282 0.08 99.98
14 0.159802 0.02 100.00

Table 3. PCA factors based on pteropods and their percentages of the total variability for core KIM-2A.

PCA Eigenvalue % Variance Cumulative % of the Total Variance

1 1209.14 58.66 58.66
2 273.91 13.29 71.95
3 223.817 10.86 82.81
4 104.846 5.09 87.89
5 100.727 4.89 92.78
6 63.5077 3.08 95.87
7 53.2518 2.58 98.45
8 23.7844 1.15 99.60
9 4.32791 0.21 99.81

10 2.86233 0.14 99.95
11 0.755953 0.04 99.99
12 0.236728 0.01 100.00

Table 4. Ranking of the planktonic foraminiferal species and their factor loadings along the PCA factors
in core KIM-2A. Bold data indicate the most important factor loadings in each factor.

Variables Factor 1 Factor 2 Factor 3

O. universa −0.511 0.363 0.194
G. ruber f. alba −0.158 −0.776 0.443
G. ruber f. rosea −0.375 0.302 0.101
G. sacculifer gr. −0.028 −0.091 −0.122
G. siphonifera gr. −0.251 0.099 −0.152
G. inflata 0.079 −0.020 −0.136
G. bulloides gr. 0.094 −0.199 −0.691
G. rubescens 0.008 −0.012 −0.209
N. pachyderma 0.643 0.320 0.305
N. dutertrei 0.155 0.100 0.051
T. quinqueloba 0.197 0.001 0.258
G. truncatulinoides 0.007 −0.060 0.004
G. glutinata 0.129 −0.014 −0.110
G. scitula 0.032 −0.009 0.064
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Table 5. Ranking of the pteropod species and their factor loadings along the PCA factors in core
KIM-2A. Bold data indicate the most important factor loadings in each factor.

Species Factor 1 Factor 2 Factor 3

H. inflatus −0.387 0.693 0.453
L. bulimoides −0.015 −0.012 0.010
L. retroversa 0.895 0.175 0.304
L. trochiformis −0.005 0.000 0.008
B. chierchiae −0.154 −0.334 0.286
C. acicula −0.064 0.227 −0.328
Creseis sp. −0.027 −0.031 −0.038
H. striata −0.004 −0.002 0.008
S. subula −0.006 0.015 0.004
C. pyramidata 0.009 −0.024 −0.437
D. trispinosa 0.051 −0.020 −0.420
Cavolinia sp. −0.131 −0.570 0.380J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 13 of 26 
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Figure 5. Environmental factors controlling planktonic foraminifera and pteropod distribution resulting
from the PCA. (a) PCA1 of planktonic foraminifera as a temperature factor; (b) PCA2 of planktonic
foraminifera as a stratification factor; (c) PCA3 of planktonic foraminifera as a seasonality factor;
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and (f) PCA3 of pteropods as a stratification factor.
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4.5.1. Planktonic Foraminifera

The first varimax factor (PCA1; Figure 5a) accounts for 50.26% of the total variance (Table 2) and
is interpreted as temperature indicator. Species with positive loadings (N. pachyderma, T. quinqueloba,
N. dutertrei, G. glutinata, G. inflata, G. bulloides, and G. scitula; Table 4) thrive in cold–water masses,
while the species with negative loadings (O. universa, G. ruber f. rosea, G. siphonifera gr., and G. ruber f.
alba; Table 4) thrive in warm–water conditions. Factor PCA2 (Figure 5b) accounts for 22.5% of the total
variance (Table 1), with the positive pole being expressed by species living in a highly stratified water
column (O. universa, G. ruber f. rosea and Neogloboquadrinids) and negative pole by species typical of
the weak development of these conditions (G. ruber f. alba and G. bulloides gr.). The third varimax
factor (PCA3) describes 8.9% of the total variance (Table 2), and also display a bipolar character, with ts
positive pole to be represented mainly by G. ruber f. alba and N. pachyderma and the negative pole
by G. bulloides. The above species that characterize the PCA3 factor are the main exponents of the
seasonal contrasts governing planktonic foraminiferal assemblages in the Mediterranean Sea during
the last glacial cycle [94–96]. Thus, the third varimax factor (PCA3; Figure 5c) is referred to as a
seasonality factor.

4.5.2. Pteropods

The first varimax factor (PCA1; Figure 5e) accounts for 58.66% of the total variance (Table 3) and
was interpreted as a temperature indicator. Negative loadings consist mainly of the warm–water
species H. inflatus, whereas positive loadings consist mainly of the subarctic species L. retroversa
(Table 5). The second factor (PCA2; Figure 5e) describes 13.29% of the total variance (Table 3) and
was interpreted as a productivity factor, as its positive pole is represented mainly by the mesopelagic
oligotrophic H. inflatus. The third varimax factor (PCA3; Figure 5f) explains 10.27% of the total variance
(Table 3). The positively loading taxa expressed by the epipelagic Cavolinia sp., L. retroversa and
B. chierchiae, as well as the mesopelagic and tolerant to low oxygen concentration H. inflatus, whereas
the negatively loading taxa (mesopelagic C. pyramidata and D. trispinosa) prefer a well-ventilated water
column (Table 5). Thus, the third factor (PCA3) can be regarded as a stratification factor.

5. Discussion

5.1. Factors Controlling Planktonic Fauna Distribution in the Aegean Sea

Of the oceanographic factors typically considered, SST shows the highest explanatory power
for the distribution of the planktonic fauna during the Late Quaternary. This is in accordance with
previously published studies showing temperature as the dominant factor controlling the biogeography
of planktonic foraminifera and pteropods at both global and local scales [61,67,97]. However, the 2
remaining factors (PCA-2, PCA-3) exhibit a bipolar character and could be considered as indicators
of the annual stability of the water column. For the planktonic foraminifera fauna, they show that
the faunal composition in the south Aegean Sea was not only controlled by SST, but also seems to be
affected by the degree of development and location of a permanent or seasonal thermocline/pycnocline.
Its vertical placement in the water column is a direct consequence of changes in sea surface salinity
(SSS) and productivity (SSP), which ultimately reflected the seasonal fluctuations of the periods of
vertical mixing of water in the periods of intense stratification. The interpretation of the second
axis focused on the appearance depths of pycnocline and deep chlorophyll maximum (DCM) and
the thickness of mixed layer. The interpretation of the third axis focused on upwelling currents
and/or river inputs (e.g., G. bulloides), parameters which primarily control the food availability and
reproductive cycles of foraminifera [73] and are directly correlated to the seasonal fluctuations they
present [94,98–100]. Therefore, a useful additional dimension of planktonic foraminifera ecology that
is underlined by the PCA conducted in this study is the degree of vertical stratification of the water
column and the way it is recorded (seasonal presence/absence pycnocline and DCM and upwellings
and runoff), which are inextricably linked with the factors of primary productivity and seasonality.
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Similarly, the second and third factor (PCA2, PCA3) of pteropods are focused on the hydrological
conditions and the overall oxygenation of the water column. Particularly, the down-core scores of
the second factor coincide with the δ13C and E-index values, indicating that variations in primary
productivity have an impact on pteropod abundances. Even though nutrient concentrations are not a
limited factor for their distribution [67], our data suggest that fluctuations in nutrients and salinity
due to the increased freshwater inputs during the sapropel deposition favor the flourishment of some
species (Cavolinia spp., B. chierchiae; Figure 4). Additionally, the third factor suggests that oxygen
concentration, and thus the intensity of the oxygen minimum zone (OMZ), are parameters that affect
pteropod distribution and particularly the mesopelagic species [66].

5.2. Paleoceanographic Reconstruction

The results of the multivariate statistical analyses, in combination with paleoceanographic
indices and isotopic data (Figure 6), reveal a succession of Late glacial to Holocene paleoclimatic and
paleoceanographic changes. The evidence of these changes is interpreted and discussed in terms of
the events that mainly accompanied the transition out of the late glacial period and the deposition of
sapropel S1 during the Holocene Climatic Optimum (HCO).
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Figure 6. Comparison between down-core score plots of the factors revealed by PCA analysis,
micropaleontological and geochemical results of core KIM-2A: (a) planktonic paleoclimatic curve (PPC);
(b) oxygen isotope record (δ18OG. ruber); (c) factor 1 of planktonic foraminifera (PCA1; temperature
factor); (d) factor 1 of pteropods (PCA1; temperature indicator); (e) eutrophication index (E-index);
(f) carbon isotope record (δ13CG. ruber); (g) factor 2 of pteropods (PCA2; productivity factor); (h) factor 2
of planktonic foraminifera (PCA2; stratification factor); (i) factor 3 of pteropods (PCA3; stratification
factor); (j) G. bulloides/G. ruber ratio (S-index); (k) factor 3 of planktonic foraminifera (PCA3; seasonality
factor); and (l) G. glutinata %.

5.2.1. Late Glacial

During the late glacial period (21.1–15.7 ka BP), the heaviest δ18O values (2.49–3.26%�),
accompanied by relatively low PPC values (−32% to +4%), suggest a cold upper water column
(Figure 6a,b). Particularly, this interval was characterized by high percentages of the cold water
foraminifera species T. quinqueloba (~30%), accompanied by G. glutinata (9%), and G. scitula (8%),
and significant percentages of the warm-water G. ruber f. alba (~34%), that are suggestive of milder
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climate after the Last Glacial Maximum (LGM), which is in accordance with other records in the
Mediterranean [101,102]. Pteropod fauna is composed mainly by the cold water species L. retroversa
(98%) and the cold-tolerant mesopelagic C. pyramidata in very low percentages (3%) which is consistent
with relevant late glacial Mediterranean records [33,61,103]. Eutrophic species are also abundant in
this interval (N. pahyderma, N. dutertrei, T. quinqueloba and G. bulloides) and are associated with the high
values of E-index (Figure 6e). Notably, the high abundance of N. pachyderma (26%) indicates shallowing
of the pycnocline and the formation of a DCM layer. In addition, δ13C values, around +1%�, and the
trend to higher S-index values (Figure 6f,j), also support the development of eutrophicated waters.
The moderate abundance of G. bulloides (5−17%; Figure 3) suggests little to no upwelling and/or runoff

contribution in primary productivity. Therefore, the injection of nutrients into the euphotic zone can
be attributed to the intensification and southward shift of westerly winds, as indicated by atmospheric
circulation models for this time interval [104].

5.2.2. Deglaciation

At 15.7 ka BP an abrupt shift of PPC to positive values, accompanied by lighter δ18O values (+2.2%�)
(Figure 6a,b), are indicative of the climatic amelioration that occurred during the last deglaciation.
These warmer conditions are also supported by the occurrence of the warm water species H. inflatus and
D. trispinosa (up to 60% and 50% respectively), and the decrease in L. retroversa percentages (between
33% and 85%). This warming trend is in agreement with relevant paleoclimatic records from the
eastern Mediterranean, and is attributed to the Bølling–Allerød (B-A) interstadial [7,13,14,105,106].
The increased SST and humidity are also recorded by the higher abundance of the terrestrial biomarkers
in the south Aegean [17], and by a change in the benthic faunas from oxic to dysoxic indicator
species [13]. In the beginning of this interval, Neogloboquadrinids were temporarily replaced by
G. bulloides (26%), suggesting local upwelling. Though, later on the eutrophic N. pachyderma and
N. dutertrei present their highest abundance (42% and 14% respectively). Additional components of
this interval are G. ruber (both variants), G. bulloides, T. quinqueloba, and G. inflata, suggesting temperate
and meso- to eutrophic waters, with strong seasonal mixing and local upwelling.

This state persisted until the onset of the Younger Dryas (YD) at about 12.9 ka BP, which is
depicted in the abrupt decrease in PPC (from +28% to −10%) and in heavier values of δ18O (1.0–2.5%�)
(Figure 6a,b). The planktonic foraminiferal fauna shows an increase in cold water species (N. pachyderma,
T. quinqueloba, G. inflata and G. glutinata). Pteropod fauna is composed mainly of the cold-water species
epipelagic L. retroversa and the mesopelagic temperate to warm-water species C. pyramidata and
D. trispinosa, while the warm-water H. inflatus presents a decreasing trend (Figure 3). This climate
response of south Aegean depression to the YD event (12.9–11.7 ka BP) seems to be in accordance
with relevant signals from other Aegean sub-basins [6,7]. Towards the end of YD (12.6–12.2 ka BP) the
species G. rubescens, C. acicula, and B. chierchiae are added to the fauna suggesting that mild climatic
conditions prevailed for a brief time interval of about 400 years within the YD event. This brief climatic
amelioration in the mid YD, which has been attributed to the displacement of the polar front by a
few degrees north [26], has been also observed in north-central Aegean marine records [7,106] and
coincides with the pattern of GRIP and NGRIP ice-core records [107,108], pollen-based reconstructions
from the Jura [109] and the Balkans [110], as well as chironomid-based reconstructions from North
Italy [111]. The increases in the S-index and E-index at around 12.2 ka BP (Figure 6e,j) coincide with
this amelioration, reflected by the improved ventilation and eutrophication of the water column.

5.2.3. Holocene

With the ending of the YD, a general climatic amelioration is seen in the records (increase in PPC,
lighter values in δ18O, decline of temperature factors PCA1; Figure 6a–d) marking the beginning of the
Holocene. Planktonic foraminifera fauna consists mainly by G. ruber f. alba that increases in abundance
towards the onset of sapropel deposition, along with G. bulloides and N. pachyderma. The two latter
species present an opposite trend, decreasing towards the onset of sapropel deposition. This trend
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suggests the gradual development of stratified and oligotrophic surface waters. Pteropod fauna
follows a similar pattern with the decreasing abundances of the species D. trispinosa and C. pyramidata,
which are indicative of a well ventilated water column [112], and the increase in the epipelagic
B. chierchiae and C. acicula (Figure 4). The reduction of E-index along with the values of δ13C and the
S-index (Figure 6e–j) are further evidence for the development of these conditions. The replacement of
G. inflata by G. glutinata (Figure 3) may be tentatively explained in terms of increased seasonality, and
of increased freshwater input, which reduced surface buoyancy loss and hence suppressed mixing
during the beginning of the Holocene [7]. This was also enhanced by the presence of the epipelagic
pteropods (Creseis spp.) that proliferate in low-salinity waters [113], and the seasonality factor (PCA3
of planktonic foraminifera; Figure 6k).

At around 9.4 ka BP, the deposition of sapropel S1 as witnessed by their high organic carbon content
(Corg: 1.8–3.3%, Figure 2a), coincided with the start of the overall δ18O depletion (+0.6%� to −0.9%�;
Figure 6b). The changes of the planktonic foraminifera fauna are characterized by an increase in G. ruber
f. rosea, G. ruber f. alba, G. siphonifera and O. universa that are suggestive of extremely warm and stratified
conditions (PPC ~100%; PCA1 low values; Figure 6b–d). The lower values of G. bulloides/G. ruber ratio
in this interval are also indicative of strongly stratified water column and are in agreement with the
stratification factor for both faunas (PCA2 of planktonic foraminifera and PCA3 of pteropod; Figure 6h–j).
An increase in temperature and humidity around this time has been documented in all marine and
terrestrial pollen records in the eastern Mediterranean region [6,7,14–16,114]. This paleoclimate
change coincides with the Holocene summer precession-related insolation maximum in the Northern
Hemisphere [115], and the monsoon intensification that resulted in a widespread increase in humidity
over the Mediterranean region and concomitant increase of freshwater input to the Mediterranean
Sea [116,117]. Pteropod fauna is characterized by the dominance of the warm oligotrophic H. inflatus,
and the warm epipelagic B. chierchiae, C. acicula, and Cavolinia spp. (Figure 4). Mesopelagic species
(C. pyramidata and D. trispinosa) are decreasing dramatically due to the enhanced stratification of the
entire water column. Mesopelagic pteropods are affected by the OMZ alterations, which are climatically
controlled [63,112]. In the humid and warmer conditions that persisted during the formation of S1,
the subsequent stratification of the water column favored a strong and well developed OMZ that
probably led to the reduction of mesopelagic species. The presence of the mesopelagic H. inflatus into
the sapropel sublayers can be explained by its habitat. More explicitly, this species adopts a variable
depth habitat during its growth stages, and it is more susceptible to the low oxygen concentration
in the OMZ [63,118,119]. The presence of L. bulimoides in the upper part of S1a, with peaks at
8.4 ka BP, 8.1 ka BP, and 7.9 ka BP (~6%) and its absence in the S1b, suggest that during the end of
S1a (8.6–7.7 ka BP) the conditions were more arid than during the onset of S1a (9.4–8.6 ka BP) and the
interval of S1b (6.9–6.4 ka BP). In these two phases of S1a, δ13C present a decreasing trend with an
average value of +0.8%� in the first phase and +0.6%� in the second (Figure 6f).

The warm and stratified conditions favorable for the sapropel deposition were interrupted between
7.7 ka BP and 6.8 ka BP. This interval (S1i) is marked by the decrease in PPC (from 90% to 60%) and
the heavier values of δ18O (+0.5%�) and δ13C (+0.8%�) as shown in Figure 6a,b,f. The subsequent
cooling is also reflected in significant faunal changes, such as the increase in abundance of G. inflata,
T. quinqueloba, G. bulloides, and N. pachyderma (Figure 3). These species are associated with relatively
cold temperatures and increased food supply, suggesting high primary production and stronger mixing
of the water column [46,52]. In addition, the pteropod L. trochiformis, which is related to the mixed layer
of the water column and thrives in upwelling conditions [120–123], presents a peak at the beginning of
S1i (Figure 4).

From 6.4 ka BP to the top of the core (~5.0 ka BP), a trend to heavier δ18O values (from 0%� to
+1.3%�) and the drop of PPC (~60%) are recorded (Figure 6a,b). In planktonic foraminifera fauna
an increase in G. inflata, G. truncatulinoides and N. pachyderma along with the reduction of G. ruber
f. rosea, G. siphonifera gr. O. universa indicate lower SST, and stronger seafloor oxygenation due to
vertical mixing. This latter is also suggested by the increase in the mesopelagic pteropod D. trispinosa.
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The peak of L. trochiformis at 5.7 ka BP (Figure 4) is suggestive of upwelling conditions. At this point,
and up to 5.0 ka BP, increased percentages of G. bulloides and G. sacculifer are indicative of increased
productivity. This is also indicated by the high values of E-index, the heavy δ13C (up to +1.7%�) and
the PCA2 factor of pteropods (Figure 6e–g).

6. Conclusions

The results of the analysis of planktonic foraminifera and pteropods, combined with the
results of principal component analysis and oxygen and carbon isotopic signals, describe the
key factors controlling the formation of the micropaleontological assemblages, and therefore the
paleoenvironmental and paleoclimatic changes during the last ~21 ka BP. Our data suggests that the
sea surface temperature, stratification of the water column, seasonality, and productivity are the main
controlling factors of the faunal distribution. During the Late Glacial, all the records indicate the
occurrence of cold and eutrophicated waters. The time interval of 15.9–11.7 ka BP, corresponding to
the deglaciation phase, was characterized by gradual climatic amelioration. During this interval, the
warm interstadial Bølling–Allerød was identified, while low SST records at 12.9 ka BP revealed the
onset of the YD. During this event, mild climate conditions were observed for around 400 years, and
are attributed to the displacement of the polar front by a few degrees north. With the onset of the
Holocene, a general climatic amelioration can be observed, with the gradual development of stratified
oligotrophic surface waters. These conditions were intensified during the sapropel S1 deposition,
which appears in two layers (S1a and S1b). The faunal and isotopic data suggest that conditions were
more arid towards the end of S1a than at the onset of the S1a and the S1b. The interruption of sapropel
deposition (S1i) and the post-sapropel interval are characterized by lower SST and stronger seafloor
oxygenation due to vertical mixing.
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